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Abstract 

Previous studies have investigated biological activities of plant extracts and their subcomponent 

compounds as antimicrobial treatments. The addition of adjunct substances in varying 

combinations to such agents has also been shown to enhance their antimicrobial activities - a 

desirable outcome in the development of novel treatment substances to combat pathogens. Whole 

extracts of tea leaves processed in different ways to produce black, green and white tea types (BT, 

GT,WT) show different activities. In addition, the effects on pathogens of highly active GT extract 

rich in flavan-3-0Is which are catechins have also been investigated alone and with additives and 

these can compare favourably with the activities of conventional antibiotics such as oxacillin and 

ciprofloxacin. However, relatively little attention has been paid to enhancing the activity of whole 

WT or its weak antimicrobial subcomponents. 

The activities of GT and BT were compared to the less researched white tea (WT). Principal tea 

flavan-3-0Is were also screened for activity alone, and combined with a known antimicrobial agent 

copper(I1)sulphate against Staphylococcus aureus NCTC 06751. WT, a sub-fraction, (WTF<1 kDa) 

and the weak antimicrobial catechin were further tested with another antimicrobial agent vitamin C. 

A catechin-copper(II) combination was initially tested against a panel of 4 bacterial species and 

then investigated further against the least susceptible S. aureus using the antimicrobial agents: 

caffeine, and iron(II), as well as vitamin C additions. Escherichia coli NCTC t 4441 was also tested 

for comparison. Reaction mechanisms of catechin enhanced with additives were investigated using 

stoichiometry, crystallisation, UV -vis, solubility, heat treatment, pH, EOT A, H20 2 generation, 

catalase, kinetics and the effects of storage on antimicrobial activity. 

In 30 minute exposures and within the other conditions tested, the following were seen: Copper(II) 

alone, and combined with WT produced similar antimicrobial activities. Other teas reduced the 

copper(II) activity indicating the presence of inhibitory components. Copper(II) combined with 

vitamin C or WTF increased activity. Iron(II) enhanced catechin against S. aureus but not against 

E. coli; subsequent addition of copper(Il) or vitamin C did not raise activity further. Caffeine, and 

further antimicrobial agent zinc, and manganese had no effect against S. aureus whereas heat 

treatment of catechin raised activity of catechin-copper(lI) against S. aureus. A catechin-copper(II) 

solution, stored at 20°C for 1 day, revealed enhanced activity against Proteus mirabilis NCTC 

7827 and E. coli. Vitamin C added to catechin-copper(II) did not enhance activity of stored 

solutions, but caused losses in activity. However, freeze-drying preserved mixture activities. WTF; 

freshly-made as well as stored catechin solution; and iron(I1) combined with copper(I1) generated 

bactericidal H20 2 whose formation was prevented by EOT A and removed by catalase. Addition of 
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copper(II) to catechin caused a fall in pH, a rise in solubility and in UV -vis absorption indicating a 

complex which showed rapid effects against S. aureus. Catechin heat treatment raised both speed 

and level of effect against S. aureus probably due to the production of novel substances. 

This is the first time, we believe, that an enhancement of a weak antimicrobial such as catechin by 

adjuncts and by heating has been reported and the findings suggest new ways to develop 

antimicrobials. An additional finding was that catechin was enhanced most by copper(II) in its 

activity against Pseudomonas aerugjnosa NCTC 950, a finding which may find importance in 

agricultural as well as other settings. The addition of catechin may facilitate a reduction in the use 

and footprint of copper(lI) in the environment. 
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Chapter 1: Introduction 

1.1 Introduction to infection control 

Microbes that cause infections are referred to as pathogens, and these can generate the signs and 

symptoms of disease. Despite considerable progress in treating infections over millenia the 

challenge of infection control remains and is likely to continue, particularly with the rise in human 

numbers and as a consequence increasing proximity to other humans as potential sources of 

infection. The same arguments also apply to large economically important monocultures of farmed 

animals and plants as well as bees that live as social insects. 

In contemporary times considerable efforts are being made worldwide to combat infections that 

affect humans as well as animals and plants of economic importance. These efforts include 

investigations into a very broad range of different types of pathogenic microbes that can cause or 

predispose individual people, and other organisms, to important endemic and emerging infections 

and conditions, e.g. malaria, human immunodeficiency virus (HIV), hepatitis C, Clostridium 

difJicile, vaginosis, gonorrhoea, chlamydia, turkey clostridial dermatitis and cellulitis, and pumpkin 

fungal blight (Moonen et al., 2010; Levitt et al., 2011; Lambers et al., 2011; Lo Vecchio and 

Zacur, 2012; Mitchell et al., 2011; Clark et al., 20 I 0; Grube et al., 2011). 

Efforts to combat infections include developing novel disinfective agents and procedures for use in 

hospitals and community health settings, food preparation areas, veterinary and agricultural 

settings, aquaculture and water treatment systems (Nakai et al., 2000; Winward et al., 2008; 

Purcaro et al., 2009; Gra~a et al., 2011; Fleurat-Lessard et al., 2011). 

Measures of infection control include surveys of numerous species of pathogens. This is to identify 

and monitor developing trends and patterns of disease within specific regions, e.g. European 

censuses of medically important human pathogens (Antimicrobial resistance surveillance in Europe 

2010, revised December, 2011), and global trends in zoonotic infections (Greger, 2007). 

1.2 Some currently prominent infections and their traditional treatment 

Different and varying types of pathogens become more or less prominent within infection control 

due to reasons such as changing world climate, translocation of species, natural and artificial 

selection, changing health practices, life style choices, and political upheavals such as war (Garratt, 

1996; Ansart et al., 2007; Mavroidi, 2008: Wingfield et al., 2010; Alvarez et al., 2011; Munro and 

Wall ace, 2011). However, certain pathogens such as Staphylococcus aureus impact particularly on 



western health policy due to their growing effects on human health as well as economic 

consequences (Shorr et al., 2010). S. aureus is a facultative anaerobic Gram-positive coccal 

bacterium that colonises the skin and nostrils of about 30% of healthy humans. Although mainly 

harmless, S. aureus can cause severe infection. An antibiotic-resistant form that is resistant to 

methicillin (methicillin-resistant S. aureus, MRSA) is 'the most important cause of antibiotic

resistant healthcare-associated infections worldwide' (Antimicrobial resistance surveillance in 

Europe, 2010). Infections with MRSA may result in prolonged hospital stays and in higher 

mortality rates, owing mainly to limited effectiveness of treatment regimens. MRSA is currently 

the most commonly identified antibiotic-resistant pathogen in hospitals in many parts of the world, 

including Europe, the Americas, North Africa and the Middle- and Far East (Antimicrobial 

resistance surveillance in Europe, 2010). 

In Europe the proportion of S. aureus isolates found to be MRSA is stabilising or decreasing in 

most countries. Between 1996 and 2010, seven countries reported decreasing trends while four 

countries reported an increasing trend (Antimicrobial resistance surveillance in Europe, 20 I 0). 

Countries showing a more evident and sustained decrease of MRSA are Austria, Cyprus, Estonia, 

France, Ireland, Latvia and the UK (Antimicrobial resistance surveillance in Europe, 2010). 

Although these observations provide reasons for optimism, MRSA remains a public health priority, 

as the proportion of MRSA strains isolated from samples of S. aureus is still above 25% in eight 

out of 28 European countries - mainly in southern and eastern Europe (Antimicrobial resistance 

surveillance in Europe, 20 I 0). S. aureus in humans can also cause food poisoning and certain skin 

infections as well as toxic shock syndrome (Floret, 2001; Franco et al., 20 I 0; Parsonnet et al., 

2010). S. aureus has also been shown to reduce colonisation resistance by predominant indigenous 

gut bacteria (Sannasiddappa et al., 2011). 

Whatever means may be found to control MRSA in humans, these means may also find application 

in controlling animal infections caused by S. aureus. This species can, for example, cause mastitis 

in cows and bumblefoot in poultry and waterfowl (Cooper and Needham, 1981; Keefe, 2012). The 

use of antibiotics as treatment agents in farmed animals to treat infections caused by S. aureus and 

other bacterial species is however controversial, partly due to residues of antibiotics found in meat 

and other products. As a consequence animal infections pose special control problems (Donkor et 

al., 2011). 

In humans, another opportunistic, nosocomial pathogen is Pseudomonas aeruginosa. This is a 

Gram-negative, aerobic, cocco-bacillus bacterium with unipolar motility. P. aeruginosa is an 

opportunistic pathogen causing infections of the pulmonary and urinary tracts, bums and other 

wounds, and can cause blood sepsis, which can be fatal. In hospital and clinic bum units, it is very 
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difficult to eradicate colonising strains of P. aeruginosa with classic infection control procedures. 

Because it thrives on most surfaces, this bacterium can be found on and in medical equipment, 

including catheters, causing cross-infections in hospitals and clinics which have also proved 

difficult to control (Antimicrobial resistance surveillance in Europe, 2010). In the community, P. 

aeruginosa is a frequent cause of skin infections such as folliculitis and otitis externa among 

recreational and competitive swimmers. In patients with cystic fibrosis, P. aeruginosa causes 

severe bacterial complication leading to chronic colonisation and intermittent exacerbation of the 

condition with, for example, bronchiolitis and acute respiratory distress syndrome (Antimicrobial 

resistance surveillance in Europe, 2010). In agricultural settings, Ps. aeruginosa and other 

species of Pseudomonas, being part of the soiJ flora, have also become opportunistic pathogens of 

plants (Wagner et al., 2008). Pseudomonas is ubiquitous in aquatic environments in nature and is 

resistant to many detergents, disinfectants and antimicrobial compounds. 

Another species, Escherichia coli, has become more prominent in the UK popular media due to a 

number of serious human food poisoning cases caused by particular strains which have the capacity 

to act pathogenically, e.g., E. coli OI57:H7. This species is a rod-shaped Gram-negative, 

facultative anaerobe, that is commonly found in the lower intestine of warm-blooded organisms. It 

is the most frequent cause of bacteraemia, community and hospital-acquired urinary tract 

infections, and is associated with spontaneous and surgical peritonitis and with skin and soft tissue 

infections. E. coli is the most frequent Gram-negative rod isolated from blood cultures in clinical 

settings. It also causes neonatal meningitis and is one of the leading causative agents in food-borne 

infections worldwide (Antimicrobial resistance surveillance in Europe, 2010). Although part of the 

normal gut flora, the species can also cause urinary tract infections such as cystitis (Clements et al., 

2012). SimiJar urinary tract infections can also be caused by Proteus mirabilis, which is also 

commonly found in human intestines (Alamuri et al., 2010). P. mirabilis is also a Gram-negative, 

rod-shaped facultative anaerobe. However, unlike E. coli, it shows swarming motility and urease 

activity. 

The performance of many conventional antibiotics, such as penicillin and streptomycin in common 

use since the 1940's, is now under review due to rising resistance to antibiotics within bacterial 

populations (Hseuh et al., 2005). Part of the response to failing conventional antibiotic treatments 

has been to enhance a given antibiotic with other substances, such as other antibiotics, vitamin C 

and honey (Salaman, 2004; Mandal et al., 2010). 

Whilst research into the control of infection of humans and other organisms of importance is 

paramount, the development of new products to control infections needs to take into account side 

effects that can arise from their use (Volcheck, 2004). Such side effects, e.g. raised blood pressure 
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and anaphylatic shock can be potentially serious in susceptible patients (Navas, 2002). In the 

control of infection within agricultural settings the side effects of anti-infective treatments, may be 

extensive on collateral, non-target species, as well as on whole ecological communities and 

ecosystems, e.g. due to 'run off from fields (Dagostin et al., 2011). This has proved to be the case 

historically with agents such as copper-based anti-fungal products used on crops in bulk amounts 

and which affect operatives and the environment (Montuelle et 01.,2010; El Hadri et 01., 2012). 

Replacing the use of harmful substances such as copper, with other substances to control 

pathogenic fungi in field crops and in aquaculture would reduce the footprint of these substances 

on the environment (Schrader et 01.,2003; Darwish et 01.,2012). 

1.3 Historical perspectives on anti-infective agents 

Many traditional practices used in folk medicines have received little evaluation and consequently 

are ignored in the development of antimicrobials. Recently however, some products such as herbs, 

spices, wine products and honey have been scientifically evaluated (Bekele et 01.,2006; Aween et 

al., 2012; Chan-Rodriguez et 01.,2012). Throughout history humans have used animal, plant and 

mineral products, singly or in combination, to combat infection. Many plant products are 

convenient to obtain and economical to use. Substances used for wound dressings such as alcohol, 

wine, honey and moss have also contributed to the therapeutic effect of other applied plant products 

since ancient times. 

The therapeutic properties of plant products have been realised following extraction procedures 

such as the slow heating of woody stems such as pine or birch to manufacture tree tar (Stockholm 

tar), or brewing tea leaves in hot water to produce extracts with enhanced antimicrobial activity 

(Asaka et al., 2000). Heat-treated plant products stored as geological deposits such as coal tar or 

bitumen have also long been used in human history as antimicrobial treatments (Kopteva et 0/., 

1988). Many chemical derivatives formed during thermo-geological processes such as cresol or 

xylol show considerably greater antimicrobial activity than the original plant products from which 

they were derived. Curing harvested plant organs for food at much lower temperatures of around 40 

to 60 °C to produce, e.g., black tea, vanilla or other products can result in substances with higher 

antimicrobial activities than those of the parent substances (Fitzgerald et al., 2004; Kim et al., 

2011). 

Plants which have evolved to produce high concentrations of antimicrobial compounds to defend 

themselves from pathogens have often been selected by humans as a source of agents to treat 

infections and to preserve food. These include tea, garlic, grapes, cloves, olives and pomegranate 

fruits (Arora and Kaur, 1999; Voravuthikunchai and Mitchell, 2008). 
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The antimicrobial properties of metals particularly copper have long been recognised (Baker et al., 

2010). For example, the ancient Eygyptians used powdered meteorites containing iron, and mined 

malachite containing copper, as anti-infection agents dusted onto wounds (Sipos et al., 2004). 

Combinations of minerals from such metals used in ceramic glazes have also proven to be 

antimicrobial (Kim et al., 1998; Dowling et al., 2003). Other combinations have applications in 

agriculture, e.g. Varro (116 - 27 B.C.), an ancient Roman scholar and writer, noted in the first 

century B.C. that crushed olives boiled with salt in copper pans showed good pesticidal and 

herbicidal qualities. In Roman agriculture, wild cucumber leaves and roots were boiled together 

and sprinkled on vines to prevent mildew (Niaounakis, 2011). 

Throughout history people have used acidic plant extracts such as wine, vinegar and citrus fruits as 

disinfective and antiseptic agents (Imade et al., 2008; Niaounakis, 2011). Short term exposure of 

pathogens to high or low pH alone may however have little effect on their survival. In Captain 

Cook's use of sauerkraut as a compress to sailors' wounds to prevent the onset of gangrene, the 

therapeutic effect it has been stated was probably due to vitamin C and lactate rather than any pH 

effect. However, in recent studies the antimicrobial effects of lactic and acetic acids may in part, be 

possibly due to pH (Tejero-Sarina et al., 2012). 

Novel agents and combinations with each other and with adjuncts as potential therapeutic 

antimicrobial treatments need to be effective, fit for purpose, and not show unacceptable or 

unreasonable levels of secondary effects. There is a growing belief that plant products can fulfil 

these criteria, whether used alone or in combination with each other, or with synthetic drugs 

(Takahashi et al., 1995; Bikels-Goshen et al., 2010). 

1.4 Plant extracts as new antimicrobial agents 

Plants produce a very large number and variety of chemical compounds to defend themselves 

against the harmful actions of animals, fungi, bacteria, viruses, and other plants (Cowan, 1999; 

Kim et al., 1998; Borochov-Neori et al., 2011). If novel compounds are to be sourced from nature 

for use as anti microbials and other purposes, it is useful to know in which plant organs they are 

most highly concentrated. Other factors affect their concentration levels such as seasonal 

variations, growing conditions and soil types (Wang et al., 2011). Further that relationships of 

plants with other species and environmental conditions can also affect levels of antimicrobial 

substances, e.g., colonisation of the tea bush by mycorrhiza can stimulate increases in host plant 

polyphenols and alkaloids and stressing tea bushes by drought, temperature and pH results in 

similar effects as well as inoculating bushes with selected colonising organisms (Singh et al., 

20 10). These findings may throw light on alternative ways to investigate tea polyphenol effects on 

microbes (Ghassempour et al., 2011; Luna et al., 2012). 
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Plant root systems within soil offer a noteworthy potential source of anti microbials as the mixture 

of mineral particles, water, mineral ions, and humus support extensive numbers of pathogenic 

bacteria which challenge plant roots to manufacture antimicrobials as a defence (Challice, 1973). 

An example has been shown by Dziri et al. (2012) who investigated the phenolic content and 

antimicrobial activity of flower, leaf, stem and bulb extracts of rosy garlic (Allium roseum var. 

odoratissimum). They showed that only the stem extract was effective against S. aureus and E. coli 

whereas all extracts were effective against Enterococcus faecium. None of the extracts were 

effective against Ps. aeruginosa. The activity of extracts depended on the plant subspecies, season 

and cultivation region. 

Plants respond to the type and numbers of attacking organisms as well as other environmental 

factors by synthesising appropriate types and concentrations of defensive compounds (El Modafar 

et al., 1996; Feucht et al., 1997; Punyasiri et al., 2005; Cheruiyot et al., 2008; Choudary et al., 

2008) Defensive, antifeedant and antimicrobial compounds are often phenolics, including tannins 

and flavanols such as catechins, as well as odorous volatiles such as resins and essential oils; 

alkaloids including glycosides; and carotenoids. Individual antimicrobial compounds often have 

additional roles, e.g. as pigments, odours and antioxidants (Cevallos-Casals et al., 2006; Mimica

Dukic and Bozin, 2007). Some tannins are effective against certain species of bacteria whereas 

others are not, e.g. in a study by Costabile et al. (2011) gallotannins were found to be particularly 

effective against Salmonella Typhimurium whereas other types of tannin had little or no effect. In 

order to develop the commercial potential of a product sourced from a organism it is useful to 

know which stressors can increase the concentration of these substances as well as which 

antimicrobial candidates have other useful properties for example as anti-inflammatories. Examples 

of plant product uses include: as medicines (e.g. quinine against skin pathogens, Wolf et al. 2006), 

as preservatives (e.g. turmeric and garlic, Paramasivam et al., 2007), as disinfectants (e.g. 

essential oils added to grey water, Winward et al., 2008), and as pesticides (e.g. black tea against 

phytopathogenic microbes, Nuri, 2004). 

Catechins (flavan-3-0Is) are a group of tea phenolics and belong to the general group of plant 

flavanoids, many of which provide partial protection against human diseases (Ververidis et al., 

2007; Cushnie and Lamb, 2011). There is considerable interest in tea catechins due to their wide 

ranging biological effects including antimicrobial activity (Ferrazzano et al., 2009). Tea catechins 

are found mainly in white and green teas (WT and OT) with only trace amounts in black teas (BT) 

(Scoparo et al., 2012). Catechins are also present in many food products derived from plants such 

as berries, apples, wine and cocoa (Auger et al., 2004). Catechins are mainly ingested by humans in 

tea beverage (Friedman et al., 2006). The main tea catechins in terms of abundance are: catechin· 

(C), epicatechin (EC), epicatechingallate (ECO), and epigallocatechingallate (EGCG) (Gradisar et 
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al., 2007). Various isomers are also found in smaller quantities. Besides growing conditions the 

amounts and relative proportions of catechins depend on cultivar and post-harvesting treatments 

which result in black, green, white, oolong, puer and other kinds of teas (Chou et al., 1999; Ferrara 

et al., 200 \; Du et al., 2006; Wang et al., 2011). Some main catechins and derivatives are shown 

below (Figure. 1.\). 
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Figure 1.1 Examples of catechins found in green tea and their derivatives formed during the 
'fermentation' process to make black tea. EGCG =epigallocatchin gallate; 1-6 Structures of green tea 
catechins and 7-13 structures of derivatives formed in black tea (taken from Kuhnert et al., 20 I 0). 

*Note: In a recent revision of chemical nomenclature the use of(+) and (-) to denote specific isomers is no 
longer recommended and the alternative use of the prefix term enantiomer is now preferred for the less 
abundant isomer existing in nature, e.g. (+)-catechin becomes 'catechin' whilst the less abundant (-)-catechin 
becomes 'ent-catechin', similarly (+)-epicatechin becomes ent-epicatechin and the more abundant (-)
epicatechin becomes 'epicatechin' (Mueller-Harvey, 20 11). Other flavan-3-0Is not found in tea such as 
robinetinidol and guibourtinidol show further variations in the number of OH groups in the A and Brings. 
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Tea catechins have wide ranging therapeutic effects including anticancer, antidementia, 

antihypertensive. antiobesity. antidiarrhoeal, antidiabetic, antiatherosclerotic, antiviral, 

antiinflammatory, and antilipophilic effects on the brain and pancreas (Suzuki et 01.,2012; Schuier 

et 01.,2005; Maurizio et 01.,2008; Mitsumoto et 01.,2005; Abib et al., 2008; Wolfram 2007; Chen 

et al., 2008; Unno et al., 2009; Cavet et al., 2011; Relja et al., 2011; de Moraes et al., 2012). 

Catechins have also been studied extensively for their antimicrobial effects (Auger et al., 2004; 

Hara-Kudo et al., 2005; Taguri et al., 2006; Friedman et al., 2006; Si et al., 2006; Wu et al., 2007; 

Song and Seong. 2007; Isaacs et al., 2008; Gordon, and Wareham, 2010; Yi et al., 2010; Cushnie, 

and Lamb, 2011). 

Catechins can have wide ranging effects against different microbes. Numerous studies have 

investigated the antimicrobial actions of individual catechins which show them to be active against 

a range of Gram-positive and Gram-negative bacteria such as S. aureus and E. coli. Generally, 

catechins are more active against Gram-negatives than Gram-positives (Ikigai et al., 1993). 

Catechins can even be more active, in some in vitro cases, than antibiotics at comparable 

concentrations (Friedman et al., 2006). Against bacteria, Si et al. (2006) showed that 

epigallocatechin (EGC) and epigalIocatechingallate (EGCG) were the most effective of the tea 

catechins tested against MRSA. Taguri et al. (2006) showed that in a study of plant phenolics 

against a range of bacteria, E. coli was particularly sensitive to EGCG; P. mirabilis was as sensitive 

to EGC and EGCG. By comparison, in another study by Theobald et al. (2008) EGCG was shown 

to have stimulating or inhibitory effects depending on concentration against the wine fermenting 

Oenococcus oeni. 

Topical catechin actions on an animal body are longer lasting than transient actions in the gut and 

this fact offers potential in using them as external antimicrobials, where absorption into the blood is 

of less importance (Leber, 2006; Stockfith et al., 2008). Crop plants might also be sprayed with 

phenolics, or submerged, for sustained disinfective action (Schrader et al., 2003; Darwish et al., 

2012). Sustained antimicrobial action also points to a potential role for catechins as food 

preservatives and disinfectants and since they are easily broken down, within the manufacture of 

biodegradable products (Kim et al., 2006; Sun et al., 2011). 

1.5 Combining plant products and witb adjuncts to enbance antimicrobial adivity 

It is now generally accepted that plants synthesise a battery of antimicrobial compounds which act 

collectively against invasive pathogens (Lewis and Ausubel, 2006). This theory argues that 

individual types of compounds act on different bacterial cell systems such as cell wall synthesis, 

efflux pump activity and nucleic acid mechanisms simultaneously, so reducing the chances of 
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recovery by the cell. Combinations of substances to combat bacteria therefore may be a rational 

way to raise the antimicrobial activity of treatments. This has been supported by studies which have 

compared the antimicrobial activity of whole plant extracts with those of individual sub

components (Hsieh et al., 2001; Pretorius et al., 2003; Perumalla and Hettiarachchy, 201]; Wang et 

al., 201 I). As an example, in an investigation on goldenseal (Hydrastis canadensis), Junio et al. 

(2011) showed that leaf extracts and root extracts produced different antimicrobial activities against 

Staphlococcus aureus. The leaves were found to contain more flavonoids than the roots whilst the 

roots contained more of the alkaloid berberine. The flavonoids, containing three newly identified 

sideroxylins, were shown to be able to act in synergy with berberine by inhibiting the NorA 

multidrug resistance pump of S. aureus. A combination of the roots and leaves of this plant, the 

authors suggest, may provide a mixture with optimal activity against S. aureus. These findings can 

be compared with the ancient practice of combining of wild cucumber leaves and roots boiled 

together described above to produce a liquor to control fungi. 

Extracts from different species, particularly from plants have been mixed together to investigate 

antimicrobial activity, e.g., Hsieh et al. (200]) tested the effect of additives, including metal ion 

salts, on the antimicrobial activity of a food seasoning mixture of corni fructus (Cornus 

ojJicinalis), cinnamon (Cinnamomum cassia) and Chinese chives (Allium tuberosum). They tested 

the activity of the mixture against S. aureus, E. coli, Ps. aeruginosa and other food spoilage 

bacteria, yeasts and moulds. The effect of adding a range of different metal ions to the mixture 

showed varying effects of enhancement or inhibition, or even no effect. McCarrell et al. (2008) 

showed that antimicrobial pomegranate rind extract (PRE) could be enhanced by transition metal 

(Il) ions and further with vitamin C against certain species such as S. aureus, P. mirabilis and E. 

coli but not against Ps. aeruginosa or Bacillus subtilis. Further investigations by Gould et al. 

(2009a, 2009b), showed that copper (1I) considerably enhanced antimicrobial activity of PRE 

against the clinical isolates of S. aureus, MRSA and Panton-Valentine Leukocidin positive 

community-acquired methicillin sensitive S. aureus (MSSA). 

1.6 Tea as a rich source of antimicrobial agents and adjuncts 

Certain species of plants, particularly ones with a rich folkloric history, have attracted considerable 

interest as potential sources of novel treatment agents, e.g. chamomile, aloe vera, neem, and tea 

(Cinco et al., 1983; Mehrotra et al., 2010). For millennia tea beverage made from the leaves of the 

tea bush (Camellia sinensis) has been used as a treatment against a range of conditions, e.g. as a 

demulcifying astringent in catarrh (Wu et al., 2012). Other tea actions include activity against: 
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oxidative stress (Almajano et al., 2008); inflammation (Wu et al., 2012); the malaria causing 

protozoan (Sannella, 2006) and infections caused by microbes (Yam et al., 1997; Friedman, 2006); 

and cancer (Lim and Cha, 2011). 

Tea leaves are used to make white and green teas (WT, GT) and contain high levels of 

antimicrobial compounds which diffuse into the water during the process of brewing including 

phenoJics (Weisburger and Chung, 2002). Other anti-microbial compounds such as condensed 

tannins, theaflavins and theasinensins are formed by oxidation in the 'fermentation' process when 

GT leaves are converted into black tea (BT) (Ferrara et al., 2001; Karori et al., 2007). Previous 

investigations have reported that teas show antimicrobial activity against a range of Gram-positive 

and Gram- negative bacteria such as S. aureus, S. epidermidis, Streptococcus mutans and E. coli 

(Almajano et al., 2008; Neves et al., 2010; Sharma et al., 2012). Comparisons have been made of 

the activity of different tea extracts against target bacteria; e.g. Taguri et al. (2006) showed that 

fresh GT extracts had higher activity than fermented teas. Different tea extracts also vary in their 

specificity against bacteria. In one study, Ankolekar et al. (2011) showed that tea extracts were 

active against Helicobacter pylori whilst beneficial lactic acid bacteria were unaffected. In another 

example, Su et al. (2008) found that GT extract minimum inhibitory concentrations (MICs) against 

pro biotic strains of Lactobacillus and Bifidobacterium were considerably higher than the MICs of 

S. aureus and Streptococcus pyogenes. This finding suggests that GT extract may be used to inhibit 

or kill susceptible species in certain mixed populations such as may be found on food or within 

animal biofilms, e.g. the mouth and vagina. WT containing unique glycosides has been shown to 

contain particularly active components which may form part of the basis of its antimicrobial action 

(Schiffenbauer et al., 2004; Ozcelik et al., 2006; Lin et al. 2008). 

Tea has recently also found use as an antibacterial component in surgical dressings and as a 

synergist with antibiotics against enteropathogens (Leber, 2006; Tiwari et al., 2005). Tea extracts 

are a rich source of a range of different antimicrobial substances which can be exploited in a 

potentially wide range of settings. 

1.7 Antimicrobial activity of tea with different adjuncts 

Whole tea extract can be combined with other agents in an attempt to raise antimicrobial activity or 

to raise the antimicrobial activity of other agents within a mixture. The antimicrobial and anti

oxidant properties of GT extracts suggest that it may be used as a food preservation agent in 

combination with other extracts, such as from garlic and grape seed (Hsieh et al., 2001; Perumalla, 

and Hettiarachchy, 2011). By comparison, in an investigation Tabasco et al. (2011) showed that 

flavanol (catechin and epicatechin) enriched grape seed extract was remarkably active against 
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certain species of Lactobacillus whilst other types of Lactobacillus were unaffected. Perumalla and 

Hettiarachchy (2011) reported that a GT with grape seed extract combination was further enhanced 

synergistically with organic acids including malic. tartaric. and benzoic acids; bacteriocins, e.g. 

nisin; and the chelating agent ethylenediamine tetra-acetic acid (EDT A) - the latter suggesting the 

presence of deactivating metal ions. Conversely von Staszewski et al. (2011) showed that GT 

activity against S. aureus and E. coli, was reduced by adding whey protein in a dose dependent 

manner. Hsieh et al. (2001) tested the effect of adding GT and BT extracts to a food preservation 

mixture of corni fructus, cinnamon, and Chinese chives described above. They found that GT 

enhanced the seasoning mixture more than BT against food pathogens. 

Tea extracts can show synergy when combined with conventional antibiotics, e.g. Isogai et al. 

(2001) showed that GT fed to mice increased their survival rate when challenged orally with E. coli 

0157:H7 and that this effect was enhanced synergistically with levofloxacin. Yam et al. (1998) 

similarly showed synergy between different BTs, Oolong tea and GT with f3-lactam antibiotics 

against MRSA. In another investigation GT and the yeast, Hanseniaspora uvarum, were shown to 

both act against the grey mould infection of grape caused by Botrytis cinera. Applied in 

combination the tea and yeast enhanced each other's effects against the mould (Liu et al., 2010). 

However,; not all antimicrobial plant extracts show enhancement effects when combined with other 

antimicrobials, e.g. pannarin isolated from lichen species of the genus Pannarz'a showed minimal 

effect, no effect, or antagonism of different antibiotics against MRSA isolates (Celenza et al., 

2012). In comparison to tea studies it is noteworthy that other antimicrobials, such as bacteriocins 

are also being combined with classical antibiotics to combat antibacterial resistant microbes 

(Montalban-Lopez et al., 2011). 

1.8 Antimicrobial effects of metal ions and vitamin C adjuncts 

It is known that the addition of particular transition metal ions can enhance the activity of many 

biological agents such as enzymes and other proteins as well as some conventional and novel 

therapeutic agents, e.g., antibiotics and polyphenols (Zago et al., 2000; Ming and Epperson, 2002; 

McCarrell et al., 2008). In addition, oxido-reduction agents such as vitamin C can further enhance 

the activity of biological compounds. Both transition metal ions and vitamin C have been 

investigated as potential additives to increase the potency of a range of substances (Murata and 

Yano, 1990; McCarrell et al., 2008). However, if the concentration of certain micronutrients such 

as copper, iron, zinc, and manganese is increased beyond normal requirements this can become 

harmful to the life of a cell. Aarestrup and Hasman (2004) demonstrated large variations in 

susceptibility to copper (11) and zinc (11) ions in different species of bacteria. Other investigations 

have explored the effects of combined as well as single transition metal ions with other substances 
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(Hassan et al., 2001; Aarestrup, and Hasman, 2004; Cavaco et al., 2011). As examples, metal ions 

such as copper (11) and iron (11) ions above particular concentrations are harmful to bacteria and 

their harmful actions may be enhanced further by silver (I) or zinc (11) ions (Goncharuk, 1995). 

Findings from many investigations suggest that metal ions are able to act as enhancers or 

antagonists to antimicrobial compounds. Ming and Epperson (2002) showed that the antimicrobial 

peptide bacitracin requires activation via a divalent metal cation which could be zinc, manganese, 

cobalt, nickel or copper. Podlesek and Comino (1994) found that bacitracin was inhibited by 

magnesium (11) ions, calcium (11), citrate and pyrophosphate. Interestingly, Sultana et al. (2005) 

reported erythromycin synergism with a range of essential and trace elements and conversely that 

cephalosporins were inhibited by essential and trace elements (Sultana et al., 2007). 

Vitamin C has also been shown to be ineffective against a wide range of bacteria as well as viruses 

without any evident harmful effect at high dosages (Jungeblut, 1939; Murata and Yano, 1990). In 

certain cases vitamin C can activate a compound which contains transitional metal ions, e.g. Van 

Asbeck et al. (2005) showed that vitamin C enhanced the bacterial inhibitory action of the iron 

chelating deferoxamine. If, however, reducing agents such as vitamin C are present even trace 

amounts of certain metal ions such as copper (11) ions are sufficient to show bactericidal effects. 

This enhancement effect is believed to considerably increase the amount of hydrogen peroxide 

generated by the copper (11) ions by Fenton chemistry. In other contexts, naturally occurring or 

artificial compounds may decrease or increase the antimicrobial effects of transition metal ions by 

chelation or enhancing chemical attraction to cellular structures, respectively (Weber, 1998; 

Hoshino et al., 2000; Braud et al., 2010). 

1.9 Antimicrobial activities of whole tea combined with metal ions and vitamin C 

Some studies have shown that tea can interfere with the biological activity of certain ions such as 

iron (11) and tin (Il) but not with others such as calcium (11), zinc (11) or magnesium (Il) (Addy et 

al., 1997; Perez-Llamas et al., 2011). Other investigations found varying enhancing or inhibitory 

effects from different metal ions with whole plant extract combinations, including tea, dependent 

on the concentrations used and the target bacterial species (Hsieh et al., 2001). In other 

investigations combinations have been tested, e.g. GT, vitamin C and grape seed extract (GSE) 

were shown to be mutually enhancing and increase the shelf life of beef patties reducing the need 

for sulphite preservative (Banon et al., 2007). 

12 



1.10. Antimicrobial activity oUea sub-fractions with adjuncts 

Plant extracts can be fractionated to investigate which type of components show the greatest levels 

of antimicrobial activity (Ebi et al., 1999; Nakai et al., 2001; Sokmen et al., 2003). It is possible 

however, that whole plant extracts contain substances which inhibit the activity of antimicrobial 

substances found within the same extract. It is useful, therefore, to consider whether a low activity 

whole extract, therefore, contains such inhibitory substances or whether the whole extract simply 

contains no, or very few, active antimicrobial agents (Akhavan et al., 2012). 

1.11 Alternative methods of enhancing the antimicrobial activity ofwbole tea extracts 

In ancient times combinations of plant products and other additives were used to combat plant 

diseases and infestations. The activity of these mixtures was sometimes raised by heating (see 

section 1.3). It is useful to consider whether different physical and chemical methods might be used 

to modify antimicrobial agents and their adjuncts to raise antimicrobial activity. Beside heating 

other means could include: the inoculation of harvested tea leaves with specific fungi or bacteria as 

in the manufacture of Pu-erh tea or Kombucha beverage (Battikh et al., 2012); adjusting the acidity 

or alkalinity of tea extracts in solution (Hsieh et al., 2001); altering the chemical structure of 

specific tea components (Park and Cho, 2010); and to prepare cold tea extracts to reduce loss of 

active substances through oxidation (Nishiyama et al., 2010). 

Heating extract substances may lead to an increase, or a decrease, or no change in their 

antimicrobial activity. Heating GT and BT had no effect on inhibitory activity against 

Campylobaeter spp. and Helicobacler pylori (Diker et al., 1991, 1994). Asaka et al. (2000) found 

that Bacillus subtilis and B. stearothermophilus spores germinated in GT previously heated to 95 

°C but not in GT infusion heated to 120 QC. Kim et al. (2011) investigated the effect of heating 

fresh tree tannic acid, and whilst this is not found in teas, it is a useful polyphenol for comparison 

and was found following heating between 65°C and 200°C to result in an increase in antimicrobial 

activity particularly against the tested Gram-positive strains, S. aureus compared to Gram~negative 

strains. Thermal treatment of tea products may raise the antimicrobial activity of tea products 

against target bacteria (Asaka et al., 2000). 

The pH value of a tea extract may also affect its antimicrobial activity. Sreeramula et al. (2000) 

reported that BT extract samples adjusted to pH 5 and 7 had no effect on the growth of S. aureus, 

E. coli, or Ps. aeruginosa. Li et al. (2009) in a later investigation of tea saponins against test 

species of bacteria found the highest antimicrobial activity at pH 4.8 and the minimum 

antimicrobial activity at pH 8.0. It appears however, that while tea contains substances whose 
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individual sUbcomponent antimicrobial activities are affected by pH that, overall, activities of the 

whole tea extract are apparently not affected by pH. 

Tea catechin solutions may show greater antimicrobial activity if spontaneous auto-oxidation 

occurs following exposure to atmospheric oxygen (Nakai et al., 2000, 2001). Photochemically 

induced changes also take place if catechins are exposed to light. Such processes may be 

accelerated by the presence of copper (11) ions and by heating (Hathway and Seakins, 1957; Es-Safi 

et al., 2003). The oxidation offlavanols within foods has received considerable attention due to its 

effects on food quality, e.g. colour changes, taste, and texture (Hsieh, 2000; Es-Safi et al., 2003; 

Kim et al., 2011). Investigations have shown that the degree of oxidation of tea leaf flavanols 

during the 'fermentation' stage of the manufacture of black tea affects antimicrobial activity (Yam 

et al., 1997, 1998; Chou et al., 1999). Besides flavanols, tea extracts also contain glycosides which 

show antimicrobial activity (Engelhardt et al.,1993; Lin et al., 2008). In non tea sourced 

glycosides, oxidation via heating in solution with certain metal salts, has been shown to release the 

constituent residues of aglycones such as alkaloids which have themselves been shown to be 

antimicrobial (Jackson and Hudson, 1937; Tran et al., 2012). Glycosides from other plants such as 

~-D glycoside ofvanilJin found principally in the vanilla orchid (Vanilla planifolia) can be oxidised 

by slow curing to release the antimicrobial vanillin (Dignum et al., 2001; Fitzgerald et al., 2004). 

1.12 Therapeutic applications of whole tea extracts and sub-components 

Besides the pharmacological effects of tea it has also been used to treat bowel upsets and 

diarrhoea. More recently the action of tea against different types of cancer has been recognised 

(Butler and Wu, 2011). Cold tea bags are used to soothe wounds and reduce inflammation and may 

also reduce pathogen numbers causing vaginal thrush, although their effectiveness against 

pathogens has not been proven. Certain tea metal ions may show antimicrobial activity at typical 

tea beverage concentrations although this has also not been investigated (Karak and Bhagat, 2010). 

Some metals and their compounds particularly those from the transition elements show 

antimicrobial activity. Copper, iron, manganese and zinc, are all found in tea although their 

antimicrobial activity appears not to have been investigated at tea concentrations. Some of these 

metals particularly copper are now being incorporated into antiseptics and into garments, wound 

dressings and surfaces to act as disinfective agents to reduce bacterial loads (Borkow et al., 2010; 

Espirito Santo et al., 2011). Vitamin C found in tea shows antimicrobial activity within 

combinations and is also used in wound dressings and in toothpaste (Wolinsky et al., 2000; 

Salaman, 2004; Szabo and Nemeth, 2010). Caffeine found in tea is being investigated for its 

antimicrobial activity in preserving chicken products (MaJetta and Were, 2012). Tea flavanols and 
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other polyphenols are increasingly being incorporated into potential treatments with other 

antimicrobial and antifouling substances, e.g. with copper (11) ions in paints, with antibiotics such 

as oxacillin, with antifungal agents and are also being investigated as potential enhancers of 

disinfective agents (Kaur et al., 2005; Leber, 2006; Bellotti et al., 2010; Perez et al., 2006; 

Takabayashi et al., 2004; Wolska et al., 2012). Tea polyphenols have recently been recognised as 

prebiotic substances along with other food substances, as diverse as cheese and globe artichokes, to 

manage the profile of bacterial species within biomes (Khalil, 2010; Costabile et al., 2010; OJiveira 

et al., 2012). Tea catechins specifically have been investigated and recommended for treatments 

against oesophageal cancer, breast cancer, prostate cancer, Alzheimer's disease; and for use as a 

longevity agent, and as antioxidants in food and wine preservation. 

1.13 Mechanisms ofaction of whole tea extracts and with additives 

When exposed to the atmosphere, heating of tea extract may evaporate water, essential oils and 

other volatile substances, which may result in changes of their antimicrobial activities. This may 

possibly be due to an increase in concentration of antimicrobial compounds; evaporation of 

inhibitory substances; degradation of inhibitory substances; or the production of more active 

antimicrobial substances via condensation or polymerisation of poJyphenoJs such theaflavins and 

theasinensins produced in the manufacture of BT during within the heat treatment stages of 

'fermentation' (Hsieh et al., 2000, 2001). Asaka et al. (2000) found that B. subtilis and B. 

stearothermophilus spores germinated in OT extract previously heated to 95°C but not in OT 

extract heated to 120°C. However, spores germinated and outgrew in the 120 °C OT extract 

following removal of tannin components by polyvinyJpolypyrroJidone (PVPP). Heating the OT 

extract at 120°C produced a lower molecular weight catechin polymer, which was antimicrobial. 

Other effects of heating OT resulted in the conversion of catechins (flavan-3-0Is) to their epimers 

although this did not affect bactericidal activity on spores. Friedman et al. (2006) showed that 

freshly-made tea infusions (7 types of OTs and 4 BTs) showed higher antimicrobial activity than 1 

day old teas against Bacillus cereus. 

OT extract is enhanced by NaCl when tested against S. aureus and E. coli (Nakayarna et al., 2012). 

This combination forms high MW complexes on the surface of the cells. A possible mechanism of 

action on the cells is an effect on the uptake and secretion of substrates as weU as an inhibition of 

enzyme activities (Nakayarna et al., 2012). 

OT extract has been shown to sensitise Listeria innocua cells to the antimicrobial effects of lactic 

and citric acid stress on cell membrane structures, causing a more hydrophobic cell surface and a 
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less negative ~- (zeta) potential (Lehrke et al., 2011). A further example of cell sensitisation by 

other natural substances was reported by Perurnalla and Hettiarachchy (2011) who showed that 

organic acids, e.g., malic and lactic acids, as well as nisin increased the antimicrobial activity of a 

combination of GT and GSE. Similar enhancement effects of tea extracts against S. aureus, E. coli 

and other microbes were seen with acetic acid produced in the fermentation of a sweetened tea 

beverage 'Kombucha' (Battikh et al., 2012). It is possible that these other acids and bacteriocins 

work by interfering with the cell membrane as in the Lehrke et al. (2011) study above, and possibly 

by affecting metal ion availability, since EDTA had the same effect on the GT/GSE mixture as the 

other test substances. Sivarooban et al. (2008) showed that aT extract combined with nisin against 

Listeria monoctogenes resulted in an altered cell membrane and condensed cytoplasm. 

Goodman et al. (2012) used electron paramagnetic resonance (EPR) and found that both BT and 

GT extracts produced at least 6 types of complexes with copper (11) ions, the formation of each of 

which was pH dependent. GT and BT also showed several common complexes. This evidence 

supports the notion that by forming metal ion complexes, tea components may reduce the 

availability of copper (11), iron (II) and zinc (11) transition metal ions, which are required for 

adequate nutrition by many bacteria. Another possible consequence of this could be a reduction in 

the effects of free, non-complexed tea agents. Conversely complexation between tea agents and 

metal ions may raise the biological activity of either or both. 

1.14 Mechanisms of action of tea fractions and with additives 

Chosa et al. (1992) compared the antimicrobial activities of aT and BT to their components, 

EOCO and theaflavin digaIJate (TF3), against Mycoplasma spp. Both components were active 

against Mycoplasma salivarum whilst neither of the whole teas were. It is possible that other 

factors within the teas inhibited the effects of EGCO and theaflavin digallate. 

Mehrotra et al. (2010) tested the antimicrobial activity of two thin layer chromatography fractions 

of Assam tea (BT) adjusted to pH 2.0, 7.0, and 8.0 against S. aureus. The antimicrobial activity of 

the lower fraction was reduced at pH 2.0 and pH 8.0 whereas the upper fraction was unaffected by 

pH. In another investigation OT extract caused cell perforations, cell aggregates and the leakage of 

material from cells (Cho et al., 2010). 

Scanning electron microscopy (SEM) has revealed that MRSA, but not MSSA, grown with a pure 

component of aT, showed that cell division and separation of daughter cells was disrupted with 

nodular packets of unseparated cocci being seen (Hamilton-Miller and Shah, 1999). The cell walls 

dividing individual cells within each packet showed abnormal thickening whilst the external wall 
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of the cluster showed normal thickness. This observation is consistent with selective inhibition of 

the synthesis of penicillin-binding proteins, affecting membrane structure and properties as 

described by Hamilton-Miller and Shah (1999). In another investigation, BT proanthocyanidins 

were shown to bind with lipopolysaccharide on the outer membrane of Gram-negative species, 

affecting their functional characteristics (Johnson et al., 2008). A pure component extract of GT 

has been shown to reverse methicillin resistance in MRSA and to reduce penicillin resistance by S. 

aureus. This was explained by the GT component preventing synthesis of the penicillin binding 

protein, PBP2', and the inhibition of ~-lactamase· (Yam et al., 1998). 

*Footnote: Penicillin, perhaps the best known antibiotic, is a ~-lactam antibiotic which is naturally secreted 
by the ascomycete fungus Penicillium chrysogenum [formerly, nolalum] to eliminate competitive bacteria. 
Bacteria respond to this fungal defence by secreting p-Iactamases to deactivate the penicillin. Practioners 
respond to this bacterial defence by administering p-Iactamase inhibitors to reduce bacterial defences when 
treating infections. 

The above findings support the notion that tea extracts work against bacteria by binding to and 

interfering with cell membrane structure. This in turn negatively affects the ability of a cell to 

control and regulate the transport of substances in and out of the cell. 

1.15 Antimicrobial activity of tea catechins in the presence of other substances 

(i) Polyphenols: Catechins have been shown to enhance the activity of other antimicrobial 

polyphenols within tea. In an investigation to combat the antimicrobial resistance of the nosocomial 

pathogens Acinetobacter baumannii and Stenotrophomonas maltophilia, Betts et al. (2011) showed 

that epicatechin (EC) synergistically enhanced the action of BT theaflavin against both species. 

(ii) Enzymes: ECG has been found to suppress the secretion of coagulase and alpha toxin by S. 

aureus (Shah et al., 2008). EGCG has also been shown to inhibit the enzyme dihydrofolate 

reductase from Stenotrophomonas maltophilia (Betts et al., 2011). Generally, green tea 

polyphenols such as catechins interact with added proteins in vitro forming complexes which 

reduce the biological activity of both the protein and the polyphenol although the particular type of 

polyphenol determines the degree of mutual inhibition between the two (von Staszewski et al., 

2011). Nirmal and Benjakul (2012) found that catechin could inhibit melanosis in Pacific white 

shrimp, and they suggested that the catechin inhibited different types of polyphenoloxidase 

enzymes on account of the catechin binding with copper (11) ions which feature in the active site of 

this enzyme. 
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(iii) Transition metal ions alone and with added vitamin C: Initially in considering copper (1I) ions 

alone, these ions are often required for activating enzymes and other proteins (Basu et al., 2003; 

Yang et al., 2007). Copper metal and its salts, however, beyond trace amounts, are usually 

antimicrobial against a wide range of bacterial species. Zevenhuizen et al. (1979) found that 

different bacterial species showed considerable differences in copper (1I) ion tolerance, e.g. 

Klebsiella aerogenes was inhibited in the range 0.01 ~ - 1.0 ~. However, viable strains of 

Pseudomonas spp. could be isolated from a stock solution of 1 00 ~ copper (I1) sulphate, and 

could tolerate levels up to 1 mM. Bacterial susceptibility to copper (11) ions depended on copper 

(11) ion bioavailability as EOT A removed the harmful effects (Zevenhuizen et al .• 1979). McCarrell 

et al. (2008) found copper (11) ions were more active against Gram-negative than Gram-positive 

species. 

Lebedev et al. (2005) working on E. coli described a model of cell permeability to show that 

copper (11) could exert its effects by binding to membrane protein disulphide groups and opening 

non-specific cation channels for other chemicals to enter or leave the cell. More recently 

Bondarenko et al. (2012) showed that in E. coli the effects of copper (11) oxide nanoparticles once 

solubilised, generated reactive oxygen species (ROS) as superoxide anions (02") and H20 2• which 

are known to damage nucleic acids, proteins and Jipids (including those in the cell membrane) and 

to produce single strands of DNA. Non-solubilised copper (11) oxide had no effect on E. coli. 

In consideration of copper (Il) combined with catechins, Kimura et al. (1998) studied the effects of 

different tea catechins with copper (11) ions on E. coli and showed that EOe but not EC killed the 

organisms in the presence of 1 f.LM copper (11) salt. Similar results were found by Hoshino et al. 

(2000) against S. aureus as well as E. coli. 

The above investigations on the antimicrobial activities of copper (11) ions suggest they can 

enhance the activities of at least, some but perhaps not all of tea catechins. The details of the extent 

of the effect of a catechin-copper (11) ion combination on cell viability is lacking detail. In addition 

the combination's precise mechanism of action with regard to the structure of less active catechins 

such as catechin itself and epicatechin are not yet fully known or understood. 

Iron is required by many bacteria for normal growth and development. However, above normal 

requirements iron can be antimicrobial since it can like copper (I1) ions enter Fenton chemistry and 

produce harmful ROS (Schmidt et al., 2012; Ndounla et al., 2013). Within the cell harmful ROS 

such as H20 2 can be deactivated with catalase or their production reduced by various deactivation 

mechanisms of Fenton reactants like iron (II1III) (Chiancone et al., 2004). Externally, however, 

iron (II/III) ions could be used as antimicrobial agents to generate damaging ROS. McCarrell et al. 

(2008) found that following cell exposure to iron (II) ions when tested alone were antimicrobial to 

a similar degree against a range of Gram-positive and Gram-negative species. 
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It is possible that such iron (II/III) action above may be increased by combining iron (II/III) ions 

with other antimicrobials such as catechins to produce an enhanced effect. Mira et al. (2002) 

showed that flavonoids activated with iron (II/I11) and copper (II), showed a greater reducing 

capacity for copper (U) compared to iron (Ill) and this characteristic may be important in 

explaining the additional potency of flavonoid-copper (Il) combinations compared to iron (WIll). 

The extent of reduction of copper (11) seemed to be dependent on the number of phenolic OH 

groups. Combinations of metal ions may be more effective as antimicrobials than single metal 

treatments at comparable concentrations. It would also be interesting to know whether copper (11) 

and iron (II/III) ions together can enhance one another's antimicrobial actions and if so, whether 

the mixture added to a tea catechin could enhance its antimicrobial activity more than a single type 

of metal ion addition. Other effective antimicrobial transition metal ion combinations have been 

investigated and may be useful under certain circumstances in order to use lower concentrations of, 

e.g. copper on antimicrobial surfaces (Vargas-Reus et al., 2012). 

Zinc (11) and manganese (1I) ions are both micronutrients required for the activation of certain 

enzymes, and can both show antimicrobial activity with varying degrees of effect on different 

species, (Hagerman et al., 2003; McCarrell et al., 2008; Hassan et al., 2012). Zinc (11) and 

manganese (11) ions could therefore, be used as potential antimicrobial adjuncts with untested tea 

catechins. 

In comparison to the above it is worth noting that antimicrobials may be activated or inhibited by 

various ions or other substances. Ming and Epperson (2002) showed that a bacterial secretion, 

bacitracin, requires activation via a divalent metal cation which could be zinc, manganese, cobalt, 

nickel or copper. This and other studies suggest that metal ions are able to act as enhancers or 

antagonists to antimicrobial compounds (Podlesek and Comino, 1994). Other substances which can 

also activate or inhibit antimicrobial components include non-metallic elemental ions as well as 

compounds such as Cl' and vitamin C. Vitamin C on its own has little effect against bacteria. 

However, it can enhance the antimicrobial activity of other antimicrobial substances (Ericsson, 

1954; Hatano et al., 2008; McCarrell et al., 2008). For example, Ragab-Depre (1982) and later 

Murata and Yano (1990) showed that vitamin C acted as reducing agent to copper (II) ions, which 

enhanced the bactericidal effect of copper (11) against Gram-negative species, but less so against 

Gram-positive species. Further addition of hydrogen peroxide enhanced the antimicrobial effect of 

the vitamin C-copper (II) combination. However, the further addition of iron (U) added no extra 

effect. It was suggested that copper (II) combined with dehydro-ascorbic acid or an auto-oxidised 

intermediate produced a lethal agent capable of penetrating the cell membrane and that that free 

radicals were involved. Overall it appears that Gram-positive species are less susceptible to 
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antimicrobial transition metal effects than Gram-negative species. This is possibly due to the 

greater thickness of the cell wall of Gram-positive compared to Gram-negative species. 

(iv) Alkaloids: The antimicrobial activity of catechin may be raised by the addition of alkaloids. 

Bacteria and plants as well as fungi and animals synthesise alkaloids which are often harmful to 

other organisms (Fardiaz, 1995). Plant alkaloids including those derived from purine such as 

caffeine as well as its derivatives including xanthine, theobromine and theophylline have been 

investigated for antimicrobial effects (Raj and Dhala, 1965; Lin et al., 2008). Raj and Dhala, 1965 

demonstrated synergy between caffeine and tetracycline, but less so with streptomycin, suggesting 

inhibition of the effiuxing multidrug resistant pump (MDR pump), a structural feature of cell 

membranes which expels harmful substances from the cell protoplasm, rather than inhibition of 

protein synthesis. 

(v) Antibiotics: Akiyama et al. (2001) investigated the effects of different tea catechins in 

combination with the ~-lactamase inhibiting antibiotic, oxacillin, against S. aureus. They found that 

catechins with gallic acid side chains (ECG, EGCG) were more effective than other polyphenols 

(tannins) with EGCG being more effective than ECG. Further to this investigation, Anderson et al. 

(2011) showed that deletion of the hydroxyl groups from the A and B rings of ECG reduced the 

MIC of oxacillin in this combination. 

t.t6 Structure-activity relationships of tea catechlns as antimicroblals 

Investigations with synthesised analogues of GT catechins have shown that substitutions and 

stereochemistry of functional groups at specific positions within the molecular structure affects 

antimicrobial activities (Figure. 1.1) (Stapleton et al., 2004a, 2004b; Park and Cho, 2010). The 

molecular structure of the common tea catechins affects the different MICs found against S. aureus 

(Figure. 1.2). (Takahashi et al., 1995; Akiyama et al., 2001; Stapleton et al., 2004a, 2004b; 

Gibbons et al., 2004; Taguri et al., 2004; Roccaro et al., 2004). In contrast to S. aureus, Friedman 

et al. (2006) found that Bacillus cereus was not affected by a catechin without a gallate side chain. 
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Figure 1.2 Average MICs expressed as molarities of 10 different tca catcchins against various strains of 
Staphylococcus aurells. '(+)' and '(-)' fo rmerly recommended conventions still in present use are added 
here to emphasise the different isometric forms of the enantiomeric and epimeric tea catechins. Non-epimeric 
catechins are shown in blue, epicatechins are shown in red. Ent (-)-CAT = enantiomer of catechin; en! (+)-EC 
= enantiomer of epicatechin; (+)-CAT = catechin; (-)-EC = epicatechin; (+)-GC = gallocatechin; (-)-EGC = 
epigallocatechin; (+)-CG = catechin gallate; (-)- ECG = epicatechin ga llate; (+)-GCG = gallocatechin 
gallate; (-)-EGCG = epigallocatechin gallate. Data based on 7 publ ished studies. 

1.17 Effects of pH on tea catechin and adjunct antimicrobial activity 

In some cases very low or high pH values may affect ant imicrobial acti vi ty (Hsieh et al., 200 I). 

The knowledge of any pH value or range that optimises antimicrobial acti vity of agent-adjunct 

mixtures, e.g. in the case of food preservation or to maximise disinfec tive action on urfaccs or in 

aquaculture would be useful to know. Yoshida et al. ( 1999) showed that pH cou ld affect the 

binding of tea catechins to bacterial cells and consequently their antimicrobial activity. Mabe et al. 

( 1999) showed that EGCG had bactericidal activity at pH 7, but not at pH 5 or below aga inst 

Helicobacter pylori. Clearly it is necessary to know whether changes in antim icrobial activ ity can 

be brought about by pH alone rather than other possible action of antimicrobial agents or adjuncts. 

1.18 Effects of heat and oxidation on catechin antimicrobial activity 

Structural changes or transformations of catechins molecular structure may offe r a means of 

altering antimicrobial activities. In the production of black tea, compounds produced by the 
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'fermentation' process such as theaflavins and theasinensins have been to shown to possess novel 

antimicrobial activity. This finding suggests that heat treatment may be a way of enhancing the 

antimicrobial activity of catechins (Chosa et al., 1992; Betts et al., 2011) (see Figure 1.1). Auto

oxidation of catechin solutions also offers an additional mechanism for altering their antimicrobial 

activities. 

1.19 Binding studies and stoichiometric effects of catechins combined with putative adjuncts 

Investigating the stoichiometry of reacting chemical species against bacterial cells can lead to the 

development of optimal mixtures and a better understanding of the chemistry involved in reaction 

mechanisms. This in turn can lead to development of a combination treatment. Studies by Mira et 

al. (2002), and Esparza et al. (2005) suggested that a 1: 1 stoichiometry was likely between catechin 

hydrate and copper (H) ions. It would be informative to know whether the antimicobial activity of a 

catechin-copper (H) mixture was optimal at this ratio. 

1.20 Effects of catechins on cell wall structure and function 

Animal and in vitro studies can also provide useful information for investigating responses of 

bacterial cell mechanisms (lkigai et al., 1993; Wil\iams et al., 2003; Tamba et al., 2006; Sun et al., 

2009; Sun et al., 2011). For example, structure-activity relationships of catechins with membrane 

systems may generate insights for developing substances with increased activity against bacteria. 

Bacterial cell wall composition and its electrical charge are important factors to consider when 

studying mechanisms of action as the bacterial cell membrane is exposed to many harmful agents. 

In animal studies, variations in molecular structure of cell membranes determine the extent of 

catechin binding (Uekusa et al., 2008; Sirk et al., 2008, 2009). 

Catechins can interact with cell walls via intercalation (Stapleton et al., 2006, 2007) and modify 

cell aggregation, cell morphology and architecture as well as p-Iactam antibiotic susceptibility of S. 

aureus (Hamilton-Miller and Shah, 1999; Shah et al., 2008). Bernal et al. (2009) showed that S. 

aureus grown in the presence of ECG had thickened cell walls due to a disruption of D-alanyl 

esterification of cell wall teichoic acids, which changed teichoic acid chain flexibility into a more 

random coil conformation. Cui et al. (2012) found that EGCG generated H20 2 and this affected cell 

walls via aggregation and lysis in S. aureus and Streptococcus mutans, and as perforations and 

grooves in E. coli. 

Catechins also damage living and model cell membranes by causing cell contents to leak out. 

Leakages include metal ions (e.g. such as potassium), proteinacious substances and fluorescent and 
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dye indicators which had been previously introduced artificially. Cushnie et al. (2008) found that in 

both f3-lactam sensitive and resistant forms of S. aureus, exposure to 3-0-octanoyl-epicatechin 

resulted in a loss of 50% of internal potassium within 10 minutes. The authors suggested that 

further structural modifications of this epicatechin derivative may lead to enhanced antimicrobial 

activity. Caturia et al. (2003) showed that galloylated catechins penetrated phospholipid model 

membranes by intercalating between the hydrocarbon chains. However, the non-gaIloylated 

catechins gave only shallow penetration and were located close to the phospholipid/water interface. 

Catechins promoted carboxyfluorescein leakage from cells only if phosphotidylethanolamine 

formed part of the membrane suggesting that this component could be responsible for cell leakage 

in bacteria that are exposed to catechins. 

Catechins that are complexed with copper (11) ions are positively charged (Weber, 1988). This may 

explain the greater antimicrobial activity of positively charged catechin-copper (11) complexes on 

negatively charged Gram-negative E. coli cells compared to Gram-positive S. aureus cells 

(Hoshino et al., 2000). Pirker et al. (2012) showed that the speciation of EGCG with copper (11) 

depended on pH. Therefore, pH may also affect the antimicrobial activity of catechin-copper (11) 

ion combinations. 

1.21 E~onomi~ and ~ologi~al perspectives on development of new antimicrobial agents 

Considerable efforts are being made to combat pathogens using novel disinfective agents for use in 

various settings, in order to meet the on-going challenges of antibiotic resistance of pathogens such 

as methicillin-resistant S. aureus (MRSA). Clearly, there is also a need for low cost, 

environmentally friendly preparations for use in diverse geographical locations (SimOes et al., 

2009; Gra~a et al., 2011; Roekel and Fernandez. 2012). Developing new antimicrobials from waste 

products is also of particular interest. 

Plants provide a convenient and economical source of substances that can act alone or in 

combination with other substances as agents. Plant extracts can be used whole or fractionated to 

concentrate active components, or to remove inhibitory substances, and to isolate individual 

substances for particular uses. Plant extracts can be heat-treated to raise antimicrobial activity. 

Studies of the mechanism of plant antimicrobials are needed in order to find substances that can 

mimic effective antimicrobial agents. 

Tea leaf extracts offer promise as they possess therapeutic effects for the treatment of various 

infections. Polypheno]s from tea, particularly the catechins are an area of active research in finding 
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new treatments and combinations of treatments to respond to the continuing problem of 

antimicrobial resistance. 

1.22 Aims and objectives of this study 

The principal aim of this project was to probe catechin activities under a range of conditions to 

generate antimicrobial agents. Of specific interest were tea extracts, which may have the potential 

to overcome the increasingly encountered resistance of pathogens such as methicillin-resistant S. 

aureus (MRSA). Enhancement of antimicrobial activity was studied by combining the most active 

tea extracts with putative adjuncts and to reduce the effect of any inhibitory substances that may be 

present. 

This study first surveyed the literature for minimum inhibitory concentrations of different tea 

catechins against S. aureus with a view to selecting the weakest in order to enhance antimicrobial 

action with adjuncts and by using heat treatments. Following preliminary screening of 5 main tea 

catechins alone and with copper (11) sulphate, subsequent experiments investigated the kinetics and 

reaction mechanisms of enhanced mixtures and their activity during storage. 

Objectives 

1. To measure the antimicrobial activity at different pH values of white tea (WT), green tea (GT). 

and black tea (BT) extracts against laboratory strains of S. aureus, Ps. aeruginosa, P. mirabilis and 

E. coli using diffusion assays and viable cell counts. 

2. To measure the activity of tea extracts combined with the putative adjunct copper (II) sulphate. 

Controls included copper (II) concentrations as found in the most active teas. Activity enhancement 

was attempted by the addition of vitamin C. Thereafter, sub-fractions with the same combinations 

were tested to establish the most active molecular weight range against S. aureus. 

3. To investigate the antimicrobial activity of the weakest tea catechin tested alone and with 

adjuncts against S. aureus and to compare these activities with those of related isomers with 

adjuncts against S. aureus. This part focused on identifying molecular features that affected 

antimicrobial activity most. 

4. To investigate any effect from physically altering the molecular structure of catechin by heat 

treatment of catechin solutions at different temperatures and for different lengths of time. To test 

such treated solutions with adjuncts against target bacterial species. 
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5. To investigate mechanisms of activity by the use of metabolic inhibitors in order to investigate 

the possibility that active mixtures acted via ROS generation and if so to suggest possible 

mechanisms of action. These studies included: UV-vis spectrophotometry, solubility, 

crystallisation, pH measurements and antimicrobial kinetics to investigate the formation of 

chemical complexes between catechin and various adjuncts as well as examination of mixture 

effects on cells using by microscopy. 

6. To investigate the stability of active mixtures over time during storage under different conditions 

and to attempt to account for any observed changes in activity. 
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Chapter 2: Materials and Methods 

2.1 Materials 

All substances below were purchased from Sigma-Aldrich, UK, unless stated otherwise and were 

of analytical grade. 

2.1.1 Organisms and strains used 

The organisms were sourced in disc form from Pro-Lab Diagnostics, UK and stored at -20 °C until 

revival with brain heart infusion, and thereafter were stored at -80 °C (see section 2.2.5). 

Staphylococcus aureus, a facultative anaerobic, Gram-positive coccal bacterium, was the principal 

target species used to test susceptibility towards novel combinations of putative antimicrobial 

mixtures. For comparison, mixtures were tested against organisms selected from the following 

Gram-negative pathogenic types: Pseudomonas aeruginosa (aerobic coccobacillus with unipolar 

motility), Escherichia coli (facultative anaerobic bacillus, non-motile), and Proteus mirabilis 

(facultative anaerobic bacillus, motile) all of which are causative agents for several disease states. 

Staphylococcus aureus NCTC 06571 

Pseudomonas aeruginosa NCTC 950 

Escherichia coli NCTC ) 444) 

Proteus mirabilis NCTC 7827 

NCTC = National Collection of Type Cultures 

2.1.2 Microbiological media and other reagents 

All solutions and extracts were made up using sterile deionised water unless specified otherwise. 

Growth and cell suspension media were manufactured by Oxoid, Basingstoke, UK and were 

prepared using deionised water prior to autoclaving. 

Growth media were prepared in half or whole litre volumes using de ionised water prior to 

autoclaving at 121 °C for 15 minutes. Brain heart infusion broth was prepared in volumes of half of 

a litre. Nutrient agar was prepared generally, 3 or 4 litres at a time and following sterilisation left to 

cool at room temperature until ca. 60 °C when the glass Short bottle containing the medium could 

be handled and the contents poured. Following gentling swirling to homogenise the contents, the 

medium was poured out into sterile plastic Petri dishes to a depth of ca. 4 mm for diffusion assays 

and ca. 5mm for other purposes, and the lid replaced immediately to reduce contamination from 
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aerial spores. Plates were then left until the contents set into a solid and usually stored on a bench 

surface for 1 day to allow some drying before use. After 2 days any remaining plates were placed 

into polythene sleeve-shaped bags to maintain hydration levels. Any unused plates thereafter were 

discarded. 

(i) Growth medium for initial cell revival 

Brain heart infusion broth (product code g L'I 
CMl13S) 

Brain infusion solids 12.5 
Beef heart infusion solids 5.0 

Proteose peptone 10.0 
Glucose 2.0 

Sodium chloride 5.0 
Disodium phosphate 2.5 

pH in solution 6.8±0.2 

(ii) Growth medium for further cell revival and suspension assays 

Nutrient aaar (product code CMOO3B) g L'l 
Lab-Lemco powder 1.0 

Yeast extract 2.0 
Peptone 5.0 
NaCl 5.0 
ARar 15.0 

pH in solution 6.8±0.2 

(iij) Growth medium for diffusion assays 

Mueller-Hinton agar (product code CM337) a L'l 
Beef infusion 300 

Casein hydrolysates 17.5 
Starch 1.5 
Agar 17 

pH in solution 7.3±0.1 

(iv) Suspension medium for preparation of inocula and controls in some suspension assays 

Ringer's solution (product code BROOS2) g L'l 
Sodium chloride 2.25 

Potassium chloride 0.105 
Calcium chloride heptahydrate 0.12 

Sodium bicarbonate 0.05 
pH in solution 7.0 

Ringer's solution was prepared following manufacturer'S instructions prior to autoclaving. 
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(v) Suspension medium to wash cells for electron microscopy 

Phosphate buffered saline (Si2ma) 2 L-J 

Sodium chloride 8.0 
Potassium chloride 0.2 

dj-Potassium hydrogen phosphate 1.15 
Potassium dihydrogen phosphate 0.2 

pH 7.3 

(vi) Lambda buffer adjusted to pH 7.2 used as a control in cell suspension assays 
(Stewart et al., 1998) 

Key: Tris = 2-Amino-2-hydroxymethyl-propane-t ,3-diol 

(vii) Suspension assay stop solution 

Tween®-80 was used to neutralise any inhibitory activity on cells from test sample mixtures 

following timed exposures. A 2% (v/v) Tween®-80 in in Lambda buffer was freshly-made for each 

cell suspension assay experiment. Unused stop solution was discarded. 

2.1.3 Antimicrobial test agents (whole teas and their sub-components) 

Leaves from commercial cultivars of the tea bush (Camellia sinensis, Linnaeus) were obtained 

from local commercial sources as fresh products within sell by dates. Product descriptions 

indicated that the teas were grown and harvested by traditional means in their country of origin 

(Darjeeling, India) and subsequently processed by further traditional methods such as drying and 

oxidative 'fermentation'. 

The investigated teas and suppliers were as follows: 

White tea 'Silver Tips' (WT) Fortnum & Mason Ltd .• London, UK 

Green tea 'Sencha' (GT) Waitrose Ltd .• Kingston-upon-Thames, UK 

Black tea 'Yorkshire' (BT) Waitrose Ltd., Kingston-upon-Thames, UK 

These three types of tea product represent teas, firstly, with little or no post harvesting processing 

(WT); secondly with wilting and drying (GT); and thirdly with extensive curing of the leaves to 
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producing 'Indian tea' (BT) via the oxidative 'fermentation' process. These three types of tea leaf 

are believed to contain varying profiles of different antimicrobial agents. 

For antimicrobial activity investigations, aqueous tea extracts were prepared using the methods 

described below (see section 2.2.2). Individual tea sub-components were also purchased 

commercially as pure substances and investigated as antimicrobial agents or as putative adjuncts 

(Sigma-Aldrich, UK). The sub-components investigated were: green tea flavan-3-ols; ·catechin, 

enantiomer of catechin, epicatechin, enf-epicatechin, epicatechin gallate, epigallocatechin, 

epigalIocatechin gallate; vitamin C and caffeine. Flavan-3-0Is ('catechins') were stored in powder 

form at 5 QC, whilst vitamin C and caffeine were stored at room temperature at ca. 20 QC. 

2.1.4 Transition metal ions investigated as putative antimicrobial adjuncts in suspension assays 

Stock solutions of salts of the transition metal ions below were made up in sterilised deionised 

water and stored at 5 QC for subsequent use directly or following dilution with sterile deinonsed 

water. Iron (I1) sulphate was freshly-made for each assay experiment (see 2.2.1 b below for further 

details). 

Copper (11) sulphate pentahydrate 
Iron (II) sulphate heptahydrate 
Iron (Ill) chloride 
Zinc (11) sulphate monohydrate 
Manganese (II) sulphate tetrahydrate 

2.1.5 Substances used to investigate antimicrobial mechanisms of reaction 

Following the method of Brown et al. (1998) disodium ethylenediamine tetra-acetic acid (EDTA), 

a transition metal ion chelating agent, was added to samples containing added copper (II) and iron 

(11) ions and tested against S. aureus NCTC 06751 and E. coli NCTC 14441 to remove the 

bioavailability of transition metal ions from test solutions. 

Tested samples which showed antimicrobial activity as well as relevant controls were also tested 

by adding fixed or progressive concentrations of commercially available bovine liver catalase 

solution (50 mg mL·1 with an activity of ca. 47 kU mg ·1 protein, stored at 5 OC) to remove 

hydrogen peroxide from extracellular solution in suspension assays testing the effect of samples 

against S. aureus NCTC 06751 and E. coli NCTC 14441. 

*Note: Prior to recent conventions the above principal tea catechins, were and are generally known as: (+)
catechin, (-)-catechin, (-)-epicatechin, (+ )-epicatechin, (-)-epicatechin gallate, 
( -)-epigaUocatechin, (-)-epigallocatechin gallate 
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Hydrogen peroxide generation by active samples was also investigated by a colormetric method 

(modified after Lespinas et al., 1989) to measure hydrogen peroxide present in suspension assay 

samples where the inoculum was replaced by Ringer's solution. The reagent was prepared as per 

the table below and was used to measure levels of test sample hydrogen peroxide with which, the 

components develop a magenta chromophore (see 2.2.9 (v». A solution of hydrogen peroxide 5% 

(w/v) was serially diluted and used as assay control as well as to construct a calibration curve. 

Modified reagent after Lespinas Quantities per litre 
HEPES buffer adjusted to pH 7.2 50mM 

Horseradish peroxidase 3 kU 

Phenol 16mM 
4-aminophenazone 0.4 mM 

TritonllPX-IOO 19 
Not autoclaved, stored at S° C and used within 3 weeks 

Key: HEPES = N-2-Hydroxyethylpiperazine-N'-2-Ethanesulfonic acid. Triton® X-lOO, a non-ionic 
surfactant detergent used for solubilising protein 

2.1.6 pH adjustment reagents 

Commercially available pH 4 and 7 buffer solutions (Thermo Electron Corporation, UK) were used 

to calibrate a Coming pH meter. This was used to measure the pH of aqueous solutions and 

mixtures, and to adjust similar solutions and mixtures to specified pH values. Alkali and acid, IM 

NaOH and IM HCl, were used to adjust the pH of copper (11) sulphate, Ringer's, N-2-

Hydroxyethylpiperazine-N' -2-Ethanesulfonic acid (HEPES), and lambda buffer solutions, as well 

as whole tea extracts. 

2.2 Methods 

All media were made up following manufacturer's instructions in deionised water and sterilised 

using an autoclave at 121°C for 15 minutes at a pressure of IS lbs. per sq. inch, unless specified 

otherwise. 

Extracts and solutions stored at -20°C were aliquotted for convenience and tested periodically for 

any changes in antimicrobial activity for up to 3 years to monitor stability (see section 5.2). 

2.2.1 Preparation and maintenance of stock and test solutions 

All fresh and thawed solutions and extracts; reagents and buffer were tested periodically for 

contamination by streaking onto nutrient agar plates and incubated aerobically overnight at 37°C 
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since this is an optimal temperature for the growth of human pathogens. Any solutions showing 

colony growth were discarded. 

en Buffer: Lambda buffer adjusted to pH 7.2* using 0.1 M NaOH was made according to Stewart 

et al. (1998) prior to autoclaving for subsequent use in cell suspension assays and in a cell assay 

stop solution described below. 

* A Coming glass pH electrode and meter was used to measure the pH of test samples and for prior 

adjustment of reagents and extracts to a standardised pH using 1 M NaOH or 1 M HCI as necessary. 

Readings of pH were taken following repeated calibrations with pH 4 and 7 buffers, (Thermo 

Electron Corporation, UK). 

(ii) Untreated fresh solutions (not autoclaved): Stock solutions of 19.2 mM copper(ll) sulphate 

pentahydrate; 472 I!M zinc (II) sulphate; 472 I!M manganese (U) sulphate; 2140 JlM disodium 

ethylenediaminetetra-acetic acid (EDT A); and modified Lespinas H20 2 assay reagent were each 

made up with sterile deionised water and stored in dark conditions at 5 DC, and diluted with sterile 

water as necessary prior to use. Freshly-made 1888 mM iron (11) sulphate heptahydrate; 472 JJM 
iron (Ill) chloride; and a range of concentrations of caffeine between 0.01% and 1 % (w/v), were 

made up and serially diluted as required prior to aliquotting and storage at -20 DC until use. The tea 

catechins: (+)-catechin, (-)-catechin, <+epicatechin, (+)-epicatechin, (-)-epicatechin gallate, (-)

epigallocatechin, (-)-epigallocatechin gallate were made up to 1 mM in sterile deionised water and 

serially diluted as required and used fresh or subsequently stored at -20 DC until use. 

Commercially available bovine liver catalase solution was stored at S° C prior to use and diluted 

with Ringer's solution as necessary. Freshly-made 1712 JlM vitamin C was made up and diluted 

with sterile water as necessary prior to immediate use with any remaining unused solution 

discarded. Freshly-made and thawed reagent solutions were stored in the dark and used at room 

temperature within 20 minutes. For further details of dilutions of the above reagents see 

Appendices HA and lIB. A stop solution used to neutralise any inhibitory activity of cell viability 

as well as cell growth was freshly-made for each experiment using 2% (v/v) Tween-SO in Lambda 

buffer previously prepared as above. 

(Hi) Heat-treated solutions: Purchased bovine liver catalase solution and freshly prepared solutions 

of: I mM catechin, 1888 JlM copper (U) sulphate, iron (II) sulphate, and iron (Ill) chloride solutions 

were rapidly brought to 100°C and held at this temperature for 10 minutes. An additional sample 

of catechin solution was also similarly heat-treated for 30 minutes. Original volumes were restored 

using sterile deionised water at ca. 20°C, before use or aliquotting prior to storage at -20°C. 

The following solutions were pretreated by autoclaving at 121°C for 15 minutes before use or prior 
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to storage at -20°C: 4.8 mM copper (11) sulphate; 1888 J.4M iron (11) sulphate; iron (III) chloride; 

500 J.4M catechin, and 500 JiM catechin previously heated at 100°C for 10 minutes (prepared as 

described immediately above). In addition combinations of 500 JiM catechin and 500 JiM 

previously heated catechin (100 °C for 10 minutes) each with 4.8 mM copper (11) sulphate using 

suspension assay volumes were autoclaved before use or prior to storage at -20°C. 

(iv) Aged solutions: To investigate the antimicrobial activity of test solutions over time the 

solutions described below were made up and stored exposed to the atmosphere in dark conditions. 

Freshly prepared 1 mM catechin was made up and stored at room temperature for 14 days. A 

solution of freshly-made combined equimolar 321 J.4M catechin plus copper (11) sulphate was made 

up and subsequently divided into 3 portions; the first stored portion was stored for 7 days at room 

temperature; a second portion was stored at 5°C; and the third portion added to 1284 mM vitamin 

C and mixed. This third portion was then subdivided, with one half stored at room temperature and 

the other half in stored in at 5°C. 

(v) Freeze-dried solutions: In order to test the feasibility of storing solutions of antimicrobial 

mixtures without loss of antimicrobial activity, freeze-dried preparations were made and assayed 

using suspension assays. A freshly prepared 10 mL mixed solution of combined catechin, copper 

(11) sulphate, vitamin C, in a molar ratio of 1 catechin : 1 copper (H) sulphate : 4 vitamin C was 

prepared, this ratio having been investigated previously in suspension assays. A separate 10 mL 

solution of each of the 3 components was also prepared as controls. The amounts of dry 

components weighed out for each 10 mL mixture was equivalent to 500 X the amount needed for a 

single cell suspension assay of 1 mL prior to the addition of inoculua were as follows: 

0.0465 g catechin + 0.04 g copper (11) sulphate + 0.1129 g vitamin C 

Immediately following mixing, the 4 solutions were each placed into a round bottom flask and 

placed onto dry ice for rapid chilling and freezing. The frozen mixtures were freeze-dried using a 

Telstar Cryodos 50 Freeze Drier, refrigerated at -50 QC and connected to a Varian OS 102 vacuum 

pump for the sublimation of ice for 6 hours. Following drying the residue was removed and placed 

into open tubes with cotton wool bungs and stored in a desiccator at 5 °C in the dark. 

2.2.2 Preparation and maintenance of tea extracts and sub-fractions 

Teas were prepared using boiling water extraction from 'Silver tips' WT, 'Sencha' GT and 

Yorkshire' BT obtained from commercial outlets. An 8 g sample of WT, GT, or BT loose tea 

leaves was added to 100 mL boiling, de ionised water and maintained at boiling for a period of 10 

minutes. Initial volumes were restored with cold deionised water after leaves were removed using a 
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sterilised tea strainer prior to extracts being adjusted to pH 7 using 1 M NaOH (for pH method, see 

below). All solutions were kept in the dark and used fresh or stored at -20 DC. 

WT extract was also centrifuged for 15 minutes at 3,220 g using a Sigma 2/16 Centrifuge (Model 

no. 1360472) to produce a white tea supernatant (WTSN) which was removed for use or for storage 

at -20 DC. Further WT sub-fractions were prepared from WTSN by syringe filtration (0.45 JlM and 

0.1 JlM Whatman) to remove particulate matter prior to ultra-filtration through a series of 

decreasing molecular weight cut-off ultra-centrifuge tubes (Amicon Centriprep: 30 kOa, 10 kOa, 5 

kOa,3 kOa, and Pall: 1 kDa) at 3,220 g for 60 minutes. The final filtrate was used fresh or stored in 

1 mL aliquots at -20 DC. 

2.2.3 Measurement of pH 

Measurements of various test solutions were taken following repeated calibrations using buffers as 

described above (see section 2.1.6). Lambda buffer was freshly-made and adjusted to pH 7.2 as 

described by Stewart et al. (1998) using IM HCI and IM NaOH prior to autoclaving. HEPES 

buffer was similarly freshly-made and also adjusted to pH 7.2 for use in preparing hydrogen 

peroxide assay reagent (Lespinas et a/., 1989). Tea extracts and copper (11) sulphate solutions were 

adjusted in pH values to 3.0, 5.5, 6.0, 7.0, 7.2, and 9 using lM HCI and lM NaOH prior to the 

addition of inoculum or substituted Ringer's solution for use in various assays (e.g., Tables 3.1, 

4.1) 

The pH levels of 4.8 mM copper (11) sulphate, WT extract and white tea sub-fraction (WTF) 

solutions were measured before and following combination together as WT -copper (1I) ions, WTF

copper (11) ions using the same volumes as in the suspension assays, substituting Ringer's solution 

for the bacterial suspension. Mixtures were allowed to stand for 10 minutes prior to pH 

measurements. Fresh and heat-treated 214 J.LM catechin (final concentration) solutions were 

similarly tested prior to and following combination with equimolar and with 4.8 mM copper (ll) 

sulphate. 

Suspension assay concentrations of 214 J!M (final concentration, f.c.) catechin were combined in 

molar ratios with copper (Il) sulphate (0.25, 0.5, 0.75, 1.0,2.0,4.0, and 8.0) and after 10 minutes 

tested for resulting pH value (Figure 4.10). 

2.2.4 Ouantification of levels of copper in WT samples by ICP-AES 

In order to investigate the antimicrobial activity of any endogenous copper found in tea extracts, 

aliquots of 1 mL samples of freshly prepared whole WT and WTSN were prepared as above on 

three separate occasions. Using Inductively Coupled Plasma - Atomic Emission Spectrometry 
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(Jobin Yvon Ultima 2C ICP atomic emission spectrometer) a total of seventeen samples from 

batches prepared on different days were analysed to investigate their levels of copper. 

2.2.5 Preparation of cells 

Pure uncontaminated sources of Staphylococcus aureus NCTC 06571, Pseudomonas aeruginosa 

NCTC 950, Proteus mirabilis NCTC 7827 and Escherichia coli NCTC 14441 purchased in disc 

form (pro-Lab Diagnostics, UK) were each suspended in 5 mL of sterilised brain heart infusion 

broth and grown aerobically overnight at 37°C. The resulting culture was poured into cryogenic 

tubes and stored at -80°C. 

2.2.6 Preparation of inocula for cell suspension assays 

Cells were revived following storage at -80 °C by passaging twice onto nutrient agar plates and 

incubated aerobically overnight at 37°C. Such cultures were then stored at 5 °C and used within 7 

days. In all assays growth phase inocula were prepared from these plates by overnight culture on 

nutrient agar and a sample suspended in Ringer's solution to produce a turbid suspension 

equivalent by eye to a 0.5 McFarland standard·. Bacterial suspensions were used within IS minutes 

of preparation 

·Note: These standards are used to produce bacterial suspensions with cell numbers within a given 

range (Zamora and Perez-Gracia, 2012). A traditional McFarland standard of 0.5 is a barium 

sulphate aqueous suspension similar in appearance to a bacterial equivalent with a cell density of 

-1.5 x 108 colony forming units (cfu) mL". 

2.2.7 Antimicrobial assays using diffusion assays 

To investigate whether adjusting the pH of tea extracts would affect subsequent antimicrobial 

activity, samples of each tea were individually adjusted to a specific pH; either pH 5, or 6, or 7 

using the method described above (2.2.3) and tested against three species of bacteria: 

Staphylococcus aureus NCTC 0675 I, Pseudomonas aeruginosa NCTC 950 and Proteus mirabilis 

NCTC7827. 

Protocol: All assays were carried out following equilibration of test samples to room temperature. 

Aliquots (10 ilL) of each tea sample were spotted on to individual plates of Mueller-Hinton agar 

previously seeded with 100 ilL of each species at a concentration comparable to a 0.5 McFarland 

suspension. The plates were incubated at 37°C for 24 hours. Thereafter, any zones of inhibition not 

showing any growth (usually, approximately circular) were measured using callipers. Average zone 

diamaters were calculated based on at least four meansurements. 
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2.2.8 Antimicrobial assays using suspension assays and viable cell counts 

Comparisons were made of the antimicrobial activities of WT, GT, BT and WTFs. Tea sub

components including catechin and its flavan-3-01 isomers were also tested along with oxidised and 

heat-treated catechin solution. 

The methods described here follow the design of those of Stewart et al. (1998) and McCarrelI et al. 

(2008). Whole tea extracts and WT sub-fractions were assayed followed by 5 main tea flavan-3-0Is 

and thereafter catechin and its flavan-3-ol isomers found in tea. All tea substances were tested with 

the putative adjunct copper (11) sulphate and further with additional vitamin C in the case of WT 

and WTF « 1000 Oa). Catechin was also further tested with other putative adjuncts as well as 

following heat treatment. Initial assays as well as controls investigated the antimicrobial activity of 

adjuncts tested alone. A summary of the protocol is given first with individual experiments detailed 

afterwards. 

(i) Protocol 

All assays were carried out following equilibration of test samples to room temperature. 

Initially, 330 ilL aliquots of tea extract or sub-component, or Ringer's solution as a control, were 

added to 700 ilL samples of putative adjunct (typically copper (II) sulphate solution plus other 

additions in some cases) or a control of Ringer's solution placed into a sterile Eppendorf micro

centrifuge tube. Following mixing, the volume was adjusted from 1030 ilL to 1 mL in order to 

follow the Stewart et al. (1989) protocol, and a further control of 1 mL Lambda buffer adjusted to 

pH 7.2 was used in this and all future experiments. All mixtures were allowed to stand in the dark 

for 10 minutes prior to the addition of bacterial suspensions. A 0.5 McFarland inoculum of a single 

species of bacterium was prepared as described above and, following gentle agitation, a 500 ilL 

aliquot added to the mixture. Following mixing of contents the tube was incubated at room 

temperature in dark conditions for 30 minutes unless otherwise specified. Following the exposure 

period and mixing, 150 ilL was removed from each tube and added to an equal volume of 2% (v/v) 

Tween-SO made up in Lambda buffer pH 7.2 and mixed to stop any antimicrobial activity against 

the cells. 

Serial dilutions were undertaken using a 96-well microtitreplate with 20 !!L transferred into 180 ilL 

of Ringer's solution. Dilutions down to 10-6 were taken followed by 20 ilL aliquots transferred and 

spread onto quarter nutrient agar plates. Where necessary. volumes of 100 - 1000 ilL were plated 

to reduce the cell detection limit. As a guide if the number of cfus grown from the lowest dilution 

in the first experiment was less than 40 per sampling area (e.g. a within a quarter plate) sampling 

areas and sample volumes were increased in subsequent repeat experiments. This procedure was 

based on the premise that the cell detection limit might not have been reached with the initial 

spread volume of20 ilL. 
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In order to adequately increase cell detection it was found that as a rule of thumb that cell 

viabilities of between 3 - 4 10glO units typically required half plates with 100 J.1L of spread sample; 

for between 2-3 log)o units required whole plates with 200 J.1L spread sample; between 1-2 10glO 

units required whole plates with 500 ilL sample volumes; and < 1 loglO units required whole plates 

with 1000 J.I.L spread sample. Dry plates were selected for the larger sample volumes and, if 

necessary, extended drying time prior to incubation. 

Plates were incubated at 37°C aerobically for 24 hours when they were read. Observations of 

plates were made during a further 3 days incubation in order to note any recovery of injured cells 

which resulted in the appearance of new colonies. Each assay was conducted in triplicate as a 

minimum. 

(ii) Assays of putative adjuncts and tea extracts (copper (ll) sulphate and vitamin C), tea extracts 
and combinations of the two) See Appendix I. 

OH) Assays of putative adjuncts and tea catechins (fresh and heat pre-treated catechin; putative 
adjuncts: iron (II1Il1) salts, zinc (I1), manganese (Il), and copper (H) sulphate, vitamin e, caffeine; 
catechin and other flavanols with molar ratios of copper (H) sulphate) See Appendix n. 

(iv) Assays of stored mixtures (stored solutions and freeze-dried mixtures) See Appendix III. 

2.2.9 Investigations of mechanisms of action 

Experiments to explain the observed enhancement effect of copper (11) sulphate on the 

antimicrobial activity of catechin were carried out using suspension assays, pH measurements, 

crystallisation studies, and measurements of solubility, and of UV -vis absorbance. 

(i) Putative chemical complex formation with copper (11) ions: 

(i-a) WT and WTF plus 4.8 mM copper (11) sulphate using suspension assays 

The effect of subdividing WT into lower molecular weight fractions with subsequent combination 

with 4.8 mM copper (lI) sulphate was investigated following the suspension assay protocol 

described above and investigated for their effects against S. aureus NCTC 06751 (see section 

2.2.8). See section 3.8 for results of experiments. 

(i-b) Fresh catechin plus copper (In sulphate in molar ratios using suspension assays (Figure 4.1) 
To investigate stoichiometry and using standard assay volumes described above (see section 2.2.8) 

an aliquot of 472 J.1M catechin was combined with each of the following copper (11) sulphate 
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concentrations: 118, 236, 354, 472, 944, 1888, 3776, and 7552 J.IM resulting in molar ratios of 

catechin 1: 0.25,0.5,0.75, 1,2,4,8, and 16. These mixtures were then investigated for their effects 

on the viability of S. aureus NCTC 06751. 

(i-c) WT and WTF plus copper (In sulphate using pH (Figure 3.15) 

pH measurements using the methods described above (see section 2.2.3) were used to investigate 

potential chemical changes within mixtures due to the possible formation of complexes between 

copper (11) ions and whole WT and sUb-components. Investigations used suspension assay volumes 

substituting Ringer's solution for inoculum (see section 2.2.8). WT extract and WTF « 1000 Da) 

mixtures were tested with both 4.8 mM copper (H) sulphate, and with Ringer's solution substituted 

for copper (11) sulphate solution as a control. The pH levels of 4.8 mM copper (ll) sulphate with 

Ringer's solution substituted for tea extract was used as a control (See Appendix I: Table L for 

further details of mixture combinations, solution strengths and volumes). 

(i-d) Fresh and heat-treated catechin plus copper (Il) sulphate using pH (Figures 4.10, 4.12, Table 

4.2) 

Combinations of freshly-made commercial 1000 jlM catechin combined with 472 jlM copper (11) 

sulphate resulted in equimolar 214 J.IM final concentrations for each of the two solutes in the 

samples which were tested as above and similarly used suspension assay volumes substituting 

Ringer's solution for inoculum (see section 2.2.8). Thereafter varying molar ratios of copper (11) 

sulphate were tested with 1000 jlM catechin at suspension assay concentrations previously tested 

(see section (i-b) above). Controls included 330 ).1L Ringer's solution plus the same molar ratios of 

copper (11) sulphate; 330 /!L 1000 /!M catechin solution diluted with deionised water; 330 jlL 1000 

!lM catechin solution plus water acidified with IM HCI to result in the same pH as 472 jlM copper 

(11) sulphate solution (i.e., pH 6.6) and diluted in proportions to that of the catechin: varying copper 

(11) sulphate ratios (See Appendix I: Table L for further details of mixture combinations, solution 

strengths and volumes). 

(i-e) Fresh catechin plus copper (11) sulphate using crystallisation 

If a crystal from catechin and copper (11) sulphate mixed in solution could be grown at a particular 

ratio of component concentrations, it may suggest an optimal antimicrobial activity ratio of these 

components for investigations using suspension assays against test organisms. Catechin and copper 

(II) sulphate were combined in catechin: copper (H) sulphate ratios of 1 : 0.75, 1 : 1, and 1 : 1.5 at 

two strengths of catechin solution (1 roL of 10 mM or 100 mM) for each of the 3 ratios tested with 

copper (Il) sulphate. Copper (11) sulphate was added as 1 mL 7.5 mM or 7S mM copper (lI) 

solution for the 1 : 0.7S ratio; 1 mL 10 mM or 100 mM copper (11) solution for the 1 : 1 ratio; and 1 

mL 15 mM or 150 mM copper (11) solution for the 1 : 1.5 ratio. The degree of precipitation and 
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flocculation, colour of precipitate, shape, pattern and colour of protocrystals and other deposits 

were noted during the solvent evaporation process which occured at room temperature in the dark 

at ca. 20°C. 

(i-t) Fresh catechin plus copper (11) sulphate using solubility (Table 4.4) 
Experiments were carried out to investigate whether the solubility of catechin in water could be 

raised by the addition of copper (11) sulphate. The solubilities of catechin combined with copper 

(11) sulphate in deionised water were compared to catechin, and copper (11) sulphate tested alone. 

A dry mixture with a molar ratio of 1: 1 of catechin and copper (II) sulphate was made up using 

0.29 g catechin with 0.233 g copper (11) sulphate. Approximately 0.01 g of the mixture was added 

to 1 mL deionised sterile water. Catechin (O.5g) was tested alone in a similar way and copper (II) 

sulphate (0.5g) was also tested alone. Following agitation the remaining undissolved mixture was 

gradually brought into solution with 100 J.1L additions of water shaking in between each addition 

until a clear solution was observed. The total amount of water used was noted and the solubility of 

the sample calculated. This procedure was repeated ten times and a mean taken. All solubilities 

were investigated at 25°C. 

(i-g) WT plus copper (II) sulphate using UV-vis (Figures 3.12, 3.13) 

Whole tea extracts and WT sub-components as well as fresh and heat-treated catechin (heated for 

10 minutes at 100°C) prepared as above were investigated using UV -vis as a possible means to 

reveal any absorption differences between them as well as a means to investigate the possible 

formation of chemical complexes between the substances and added copper (11) ions. The addition 

of EDT A to tea component solutions mixed with copper (11) !ons was also investigated at 2.5 X the 

final concentration of copper (11) sulphate in the test sample (Brown et al., 1998). Samples were 

made up as per suspension assays with 1 000 ~ catechin to a volume of 1500 J.1L, substituting 

Ringer's solution for inoculum. Mixtures were allowed to stand in the dark for 10 minutes before 

dilution to 50 % and 2S % strength using Ringer's solution in order to increase reliability of 

absorbance readings using a Varian Cary 300 Bio UV-Visible Spectrophotometer scanning 

between 190 - 900 nm. All cuvettes containing whole tea extracts were gently agitated 

immediately prior to UV -vis exposure to ensure homogeneity of the sample. 

(i-h) Fresh and heat-treated catechin plus copper (ID sulphate using UV -vis (Figure 4.11) 

Solutions of fresh and heat-treated catechin (heated for 10 minutes at 100°C) were investigated 

using UV -vis following similar methods as decribed above. Samples were made up as per 

suspension assays with 1000 J.LM catechin to a volume of 1500 J.1L, substituting Ringer's solution 

for inoculum. 
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(iil Kinetic studies to compare the rate offall of viability of S. aureus NCTC 06751 when exposed 
to fresh and heat-treated catechin each combined with copper (11) ions (Figures 4.13, 4.14). See 
section 4.9 and Appendix 11: Table G for further details. 

(iii) Exogenous catalase to remove effects of putative hydrogen peroxide production (Figures 

4.15, 4.16, 4.17). To test the hypothesis that antimicrobial mixtures investigated using suspension 

assays generated harmful hydrogen peroxide, exogenous catalase was added to combinations of 

both WT and WTF « 1 000 Da, the most antimicrobial sub-component of WT) with copper (II) 

sulphate. Further, catalase was also added to a combination of WTF « 1000 Da) plus copper (ll) 

sulphate and vitamin C. In each case the additions were made to suspension assays tested against S. 

aureus NCTC 06751 (see Appendix I: Table K for further details) (Figure 3.14). 

Following the tea studies catalase was also added to combinations of catechin with adjuncts tested 

against S. aureus NCTC 06751 and E. coli NCTC 14441. Catalase was tested by adding fixed or 

progressive concentrations of the enzyme to: catechin alone; to catechin plus copper (U) sulphate, 

and plus iron (Il) sulphate, separately, as well as combined; and the same combinations with the 

further addition of vitamin C (For further details see Appendix 11: Table A and 'Notes on 

Methodology' Main Treatment (MT) 8,9, & 10). In order to investigate whether catalase simply 

removed copper (11) ions from assay mixtures by forming a complex and thus removing the copper 

ions ability to generate hydrogen peroxide, the enzyme was combined at 50 and at SOO ~g mL-1 

with 214 ~M (f.c.) copper (II) sulphate and investigated using UV-vis (Figure 4.16). 

(iv) EDTA to remove effects of putative antimicrobial transition metal ions 

Following the method of Brown et al. (1998) EDTA was added to samples to remove the biological 

effects of transition metal ions by chelation. EDTA was added to solutions containing added copper 

(U) and iron (11) sulphate using a concentration of EDTA 2.S X the final concentration of each 

added transition metal (II) ion, and were tested using suspension assays against S. aureus NCTC 

06751 and E. coli NCTC 14441 (For further details see Appendix 11: Table A and 'Notes on 

Methodology' Main Treatment (MT) 6 & 7). 

Cv) Hydrogen peroxide generation by test sample mixtures (Figure 4.19) 

Sample mixtures tested against cells were also tested for the presence of hydrogen peroxide 

because in previous experiments when catalase was added to such mixtures antimicrobial effects 

were removed. In these experiments antimicrobial mixtures of flavan-3-01 isomers of catechin as 

well as heat-treated and room stored catechin were tested for hydrogen peroxide generation when 

combined with equimolar copper (11) sulphate. 
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The method used to measure H20 2 followed that of Lespinas et al. (1989) with modifications which 

removed the first four reaction stages of a urea assay, starting with a reaction mixture of phenol and 

4-aminophenazone to test for the presence of H20 2 which was assayed colorimetrically via the 

generation of a magenta chromophore which absorbed UV -vis radiation maximally at 500 nm. The 

assay reagent was made up as described above (see section 2.1.5) and 1 mL aliquots were used to 

test each 5 ).LL sample oftest substance. Following mixing, the sample was left to stand at 37°C for 

15 minutes and the absorbance measured against a reagent blank at 500 nm (Lespinas et al., 1989). 

Initially a calibration curve was constructed using serial dilutions of stock 5% (v/v) hydrogen 

peroxide solution (stored at 5°C) between 0.01% and 0.5% which was found to be reliably linear 

between 0.05 and 0.5% (Figure 2.1). The curve was subsequently used to convert absorbance 

measurements into percentage concentrations of hydrogen peroxide generated by antimicrobial test 

samples. 
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~ 1.20 
.... 1.00 
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~ 0.80 

= 0.60 ell 
,Q 0.40 ... 
~ 
III 0.20 ,Q 
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Concentratioll of hydl'o~ell peroxide (~/o) 

Figure 2.1 Calibration curve showing the UV-vis absorbances at SOO nm of different concentrations of 
hydrogen peroxide measured following a method by Lespinas et al. (1989). DV-vis measurements taken 
between 450 and 550 nm with maxima measured at 500 nm. Serial dilutions of 5% H20 1 were made in 
deionised water. Non-linear region below 0.025% H20 1 not shown. Result based on 3 replicates. 

Following construction of the curve, 5 ).LL samples of the different catechin isomers and treated 

catechin suspension mixtures, where Ringer's solution replaced inoculum, were assayed. Mixtures 

with and without added copper (11) sulphate were also sampled and assayed. 

(vi) Effects of mixtures on cells usini microscopy 

(vi-a) Light microscopy: In order to explore the possible visible effects of sample mixtures on cell 

structures which could be related to reductions seen in viability, 20 ).LL samples from stopped 

solutions were spotted on to glass microscope slides for examination following Gram staining 
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(Beveridge, 200 I). Spotting was repeated five times to increase the density of cells seen in the 

visual field at X 1000 magnification. The slide was allowed to dry between each spotting to 

minimise spreading of the sample to maintain a small spot diameter. The method used was as 

follows: Slides with specimens dried at room temperature were heat fixed and a primary stain of 

70% crystal violet applied. Following rinsing with deionised water, slides were flooded with the 

mordant iodine and rinsed again. Thereafter specimens were rapidly decolourised with 70% alcohol 

for a few seconds before rinsing again and counterstaining with 70% carbol fuchsin. After final 

rinsing slides were patted dry and examined by oil immersion light microscopy at x 1000 

magnification (Leica A TC 2000). Cells were examined for changes in Gram staining characteristics 

and cell morphology, cellular adhesion, and the presence of pronounced cellular extrusions. 

(vi-b) Electron microscopy (Figure 4.20): Aliquots of 3 mL of stopped sample mixtures were 

centrifuged at 9000 g for 15 minutes using an SLS SciQuip Centrifuge. Following removal of the 

supematant, samples were re-suspended in PBS, to reduce any cell adhesion due to particulate 

matter, and re-centrifuged at 9000 g for 15 minutes. Samples were then used or stored at -20°C for 

up to 6 weeks. Thereafter, following thawing at room temperature if necessary, samples were 

filtered through 0.1 !lm polycarbonate membrane filters (MiIlipore). For primary fixing samples 

were suspended in 2.5% gluteraldehyde in 0.1 M phosphate buffer for 1 hour. The samples were 

then washed in O.1M phosphate buffer for 2 hours. Following a secondary fix in 1% osmium 

tetroxide in phosphate buffer for 1 hour, the samples were dehydrated through a graded series of 

ethanol (50%, 70%, 80%,90%, and 95%) each for 20 minutes and then 3 changes of 100% ethanol. 

Following dehydration samples were dried using hexamethyledisilizane and air drying for a further 

24 hours. Samples were splutter coated with gold and palladium using a Polaron SC7640 splutter 

coater and viewed using a Zeiss EVO 50 scanning electron microscope. 

2.2.10 Statistical analysis 

All data were processed using Microsoft Excel statistical software and expressed as means and 

ranges as appropriate following experiments conducted at least in triplicate (n=3 up to n=lO). 

Further MS Excel statistical processing was used to calculate standard deviation, and standard error 

of the mean (SEM) for experimental groups. The Student independent 2 sample, two tailed, t-test 

with symmetrical parametric dispersion of data was used to determine between which groups 

statistical significance occurred (p<O.OS). 

41 



Chapter 3: Antimicrobial action of teas against different bacteria 

3.1 Introduction 

The therapeutic effects of plant extracts dissolved in water and/or alcohol have been known in 

folklore since ancient times and some of these effects may be due to the presence of antimicrobial 

substances within the extracts (Sharangi, 2009). Tea beverage made from the leaves of the tea bush 

(Camellia sinensis) has been drunk for millennia as an invigorating and medicinal substance 

mainly in the form of a hot water infusion of dried leaves, popularly known as a brew (Weisburger, 

1997). Tea extracts once cooled can be drunk or applied topically to prevent and treat a range of 

different conditions including microbial infections, cancer, inflammation, catarrh, sunburn and 

insect bites (Dufresne and Farnworth, 2001; Chen et al., 2008; Butler and Wu, 2011). Different 

types and degrees of post-harvest tea leaf processing methods produce leaves of varied appearance 

and contents, from the simple dried leaf buds of white tea (WT) to the 'fermented' leaves of black 

teas (Chung et al., 1998; Kim et al., 2011). White, green, and black teas (GT, BT) typically contain 

varying amounts of substances common to all three types of tea as well as substances specific to 

each (Zhao et al., 2011; Wang et al., 2011; Aksuner et al., 2012). Tea types differ in their food 

qualities and therapeutic effects such as mineral content and varying effects on microbes (Sharangi 

et al., 2009; Aksuner et al., 2012). 

WT, GT, and BT, on account of their different profiles of agents with varying antimicrobial 

activities, are suitable candidates to investigate against Staphylococcus aureus and other 

microorganisms of medical importance and within other applications, and this choice of teas is 

investigated in this study. Following the traditional method of preparation to make a 'strong brew' 

cup of tea, with hot water, commercially available WT, GT, and BT leaves were used to make 

infusions and then subsequently strained. These teas were then allowed to cool and their 

antimicrobial activities investigated. Commercial tea leaf products, where possible, were sourced 

from similar geographical locations in order to reduce variation in leaf constituents such as 

polyphenols and alkaloids due to different soils and other variations in environmental growing 

conditions. 

The extracts of the tea bush leaves, rich in antimicrobial polyphenols, can be enhanced with 

additives or by physico-chemical processes that can increase the antimicrobial effects of the tea 

(Yam et al., 1997; Chou et al., 1999; An et al., 2004; Takabayashi et al., 2004; Si et al., 2006; 

Tiwari et al., 2005; Wu et al., 2007; Lin et al., 2008; Yi et al., 2010). Other plant extracts such as 

pomegranate fruit rind extract have been investigated in a similar manner (McCarrell et al., 2008; 

Gould et al., 2009a, 2009b). In the present study the effects of adding copper (II) sulphate and 

vitamin C on tea were investigated as these adjuncts had previously been shown to enhance the 
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antimicrobial activity of pomegranate rind extract (Mc Carrell et al., 2008; Gould et al., 2009a, 

2009b). Factors that may affect the antimicrobial activity of different teas such as pH and 

sequencing of adjunct additions, including copper (11) sulphate, vitamin C, and the length of 

exposure time were also investigated in an attempt to improve antimicrobial activity. 

Various mechanisms have been suggested for the action of teas on microbes including their roles as 

agglutination agents as well as substances which interfere with the cell envelope structure and 

function (Johnson et al., 2008; Cho et al., 2010; Zhang et al., 2010). Therefore, investigations were 

made in the present study to elucidate possible mechanisms of action using fractionation, pH 

measurements, UV-vis spectroscopy, removal of generated hydrogen peroxide by exogenous 

catalase, the metabolic inhibitor BOT A, and investigations of the relationship between molecular 

structure of the principal tea *catechins and their antimicrobial activities. 

Catechins sourced from the tea bush and other plants have attracted considerable interest due to 

their effects on microbes as well as other biological actions and inductrial applications. Analysis of 

both WT and GT show they are both rich in flavan-3-o1 polyphenols and contain small quantities of 

other antimicrobial compounds (Engelhardt et al., 1993; Lin et al., 2008). These tea flavanols show 

a varying abundance and a spectrum of antimicrobial activity dependent on their molecular 

structure with epimerised and galloyl derivatives of catechin showing the highest abundances and 

antimicrobial activities (Gibbons et al., 2004; Stapleton et al., 2004b). Tea catechins (flavan-3-0Is) 

were investigated for antimicrobial activity in the present study. These were tested alone as well as 

combined with the putative adjuncts copper (H) sulphate and vitamin C by measuring zones of 

inhibition in diffusion assays as well as using suspension assays to establish viable cell counts. 

Comparisons were made between different species of bacteria and possible mechanisms of action 

were investigated. 

*Commonly used alternative terms for catechins, viz., flavan-3-ols and flavanols are used interchangeably 
throughout this and other chapters. Catechin used in the singular only means (+)-catechin unless the context 
indicates otherwise, e.g. 'a type of tea flavanol'. The stereoisomer (-)-catechin is usually referred to by 
present current conventions using an abbreviated prefix enl-catechin, for enantiomer of catechin. Similarly, 
the diastereoisomer or epimer, epicatechin only refers to (-)-epicatechin unless the context indicates 
otherwise. The stereoisomer (+)-epicatechin is referred to usually as ent-epicatechin. 
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3.2 Antimicrobial activities of teas at different pH values on S. aureus NCTC 06751 

It is possible that tea leaf extracts produced from different types of processed leaves could show 

varied pH values in aqueous solution, partly due to chemical differences produced by different post 

harvesting process methods and partly due to different brewing methods (Chou et al., 1999). 

Different pH levels of tea extracts and levels of ionisation of antimicrobial components within 

extracts may affect any antimicrobial activity. In general, solutions and suspensions of 

antimicrobial treatments, wherever possible, are adjusted to a neutral pH in order to avoid acidity 

or alkalinity effects causing harm to animal or plant tissues on which they may be used (Nas, 

2004). In addition, a neutral pH may reduce the likelihood that mixtures when used in applied 

settings could cause adverse effects due to acidity or alkalinity on personnel. Treatments which 

retain antimicrobial activity across a wide range of pH values are adjusted to pH 7 for these 

reasons, and this enables comparison with other similarly pH adjusted substances. 

Growth inhibition zones 

The background to this work includes consideration of established facts such as the effects of pH 

on biological dependent variables - in this case antimicrobial activities of different substances. In 

addition, antimicrobial substances such as tea extracts are likely to show different levels of 

activities following different post-harvesting processing methods (Chou et al., 1999). 

Consequently, the hypotheses being tested in this experiment are that both pH and type of post

harvesting treatment of tea leaves affects subsequent antimicrobial activity when tested against 

different types of bacteria. 

In these experiments in order to investigate whether adjusting the pH of tea extracts would affect 

subsequent antimicrobial activity, samples of WT, GT, and BT were individually adjusted to a 

specific pH, either pH 5, or 6 or 7. Subsequently, each adjusted tea sample was investigated using 

the broadly qualitative diffusion assay method which produced zones of inhibition where extracts 

were seen to be active. The activities of the pH adjusted WT, GT, and BT were investigated against 

three species of bacteria: Staphylococcus aureus NCTC 0675 I, Pseudomonas aeruginosa NCTC 

950 and Proteus mirabilis NCTC 7827 (Table 3.1). 
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Table 3.1 The inhibitory effects of pH adjusted white, green and black teas on tbe growth of 
three laboratory spedes of bacteria 

Diameter of zone of inhibition produced by different types of tea adjusted to 
Species different pH values on bacterial growth (mm) 
tested White Tea Green Tea Black Tea 

pH: 5 pH: 6 pH: 7 pH: 5 pH: 6 pH: 7 pH: 5 pH: 6 DH: 7 
16 15 15 20 22 21 22 21 23 

S.aureus (±0.5 (±0.3 (±0.2 (±0.7 (±1.9 (±0.5 (±O.5 (±1.5 
(±0.43) 

8 3) 2) 4) 6) 9) 8) 0) 

Ps. 
8 8 11 9 8 8 9 7 

9 
aeruginosa (±OJ (±0.6 (±0.2 (±0.2 (±OA (±0.1 (±O.O (±0.1 

(±O.98) 
8) 0) 2) 9) 2) 7) 1) 7) 

8 8 8 IS 15 
IS 13 15 

P. mirabilis (±O.I (±O.I (±1.2 (±2.0 (±0.1. (±1.6) 
(±O.1 (±1.2 15 

0) 0) 0) 0) 5) 0) 5) (±2.0) 
Key: S. aureus = Staphylococcus aureus NCTC 0675 I; Ps. aeruginosa = Pseudomonas aeruginosa NCTC 
950; P. mirabilis = Proteus mirabilis NCTC 7827. Aliquots of 10 ilL of each tea sample were spotted onto 
MuelIer-Hinton agar plates previously seeded with 100 ilL inocula of each species at a concentration 
comparable to a 0.5 McFarland suspension. The plates were incubated at 37°C for 24 hours. Resulting 
measurements from triplicate tests were averaged from 3 separate experiments and adjusted to nearest whole 
millimetre (SEMs in brackets). 

The results with S. aureus NCTC 06751 showed the following results: WT adjusted to pH 5 or 6 or 

7 units produced similar circular zones of inhibition of ca. 15 mm diameter; GT and BT each 

adjusted to pH 5 or 6 or 7 units produced zones of ca. 20 mm in diameter. In summary against S. 

aureus NCTC 06751, WT had an effect of approximately 25% less (p<0.05) than that of either the 

GT or BT, which themselves had similar effects to each other. The results with Pseudomonas 

aeruginosa NCTC 950 showed that WT, GT, and BT, each adjusted to pH 5 or 6 or 7 units, 

produced similar circular zones of exclusion of ca. 9 mm in diameter. These results show that the 

different teas are approximately, equally effective against Ps. aeruginosa NCTC 950 irrespective of 

adjusted pH. The results with Proteus mirabilis NCTC 7827 showed that WT adjusted to pH 5, 6 or 

7 units produced similar inhibition zones of ca. 8 mm diameter whilst, GT and BT adjusted to same 

pH's produced zones of ca. 15 mm (Table 3.1.). Against this species WT extract had around half 

the inhibitory effect ofGT and BT, which had a broadly similar effect to one another. 

The effect ofWT at the three different pH's was greatest against S. aureus NCTC 06751 producing 

zones of ca. IS mm irrespective of pH compared to the effects against the two Gram-negative 

species, Ps. aeruginosa NCTC 950 and P. mirabilis NCTC 7827 where zones of ca. 8 mm were 

produced. The results with the GT and BT showed a similar pattern with the greatest effects against 

S. aureus NCTC 06751 producing zones of ca. 21 mm compared to zones of ca. 8 mm against Ps. 

aeruginosa NCTC 950 and ca. 15 mm against P. mirabilis NCTC 7827. Overall the growth of S. 

aureus NCTC 06751 was affected most by the teas than the other two species. 
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A discussion of the results from the diffusion assay (zone of inhibition) experiments presents a 

possible issue of interpretation due to any possible physico-chemical interaction between the 

diffusing test substances and the solid medium supporting the growth of the target species of 

bacterium. This is despite that fact that Mueller-Hinton agar is a loose agar formulated to minimise 

diffusion limitations and interactions with bacteria (Pujol et al. , 2008). In order to obtain a more 

reliable assessment of the degree of inhibition, or death of cells, the three tea types were also tested 

and compared using viable cell counts (Papagianni et al., 2006). WT, GT, and BT were adjusted to 

pH 7 and their activitites investigated using suspension assays followed by viable cell counts 

against S. aureus NCTC 06751 and Ps. aeruginosa NCTC 950 for comparison. The choice of Ps. 

aeruginosa NCTC 950 was based on its greater resistance to the inhibitory effects of all the teas 

compared to the other two species of bacteria within the di ffusion assay experiments (Table 3.1). 

The results with Staphylococcus aureus NCTC 06571 showed that in sllspension assays all three 

teas at pH 7 showed similar vi abilities against S. aureus NCTC 06751 (p>0.05) (Figure 3.1). The 

results with Pseudomonas aeruginosa NCTC 950 also showed no statistically significant 

differences in effect between the three types of tea (p>0.05). 
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Buffer WT GT BT 

Type of te .. l tested 

Figure 3.1 The effect of white, green and black tca extrncts ench ndjusted to pH 7 on the viability of 
Staphylococcus aureus NCTC 06571 and Pseudomonas aerucinosa NCTC 950 Red bars = S. allrellS, 
green bars = Ps. aeruginosa, Buffer = control, WT = white tea, GT = green tea, BT = black tea. Incubations 
were in the dark at room temperature for 30 minutes. The plates were incubated at 37°C for 24 hours. Results 
were based on triplicate tests from 3 separate experiments Results were based on triplicate tests from 3 
separate experiments. Bars show SEMs. 
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In conclusion, the results from the zone experiments suggested that WT showed a greater 

antimicrobial activity against the principal target species in this study, S. aureus NCTC 06751, than 

the two comparison species, Ps. aeruginosa NCTC 950 and P. mirabilis NCTC 7827. Relatively 

few studies have addressed the antimicrobial activity of WT compared to GT and BT and for these 

reasons it was considered that further investigation into possible antimicrobial effects of WT 

extracts was justified (Schiffenbauer et al., 2004). 

White tea experiments 

To further investigate the effects of white tea on Staphylococcus aureus NCTC 06571 further 

suspension assays followed by viable cell counts were carried out using WT extracts adjusted to 

greater range of pH values (from 3 to 9) than had been done in the zone experiments (pH values 

from 5 to 7). The rationale for this was to investigate whether more acidic or alkaline pH values 

would affect the antimicrobial activities shown by the WT. 

Table 3.2 Effects of adjusting the pH value of Ringer's solution and white tea on the viability 
of Staphylococcus aureus NCTC 06571 

Sample tested at pH indicated Viability 10lbo du mL' 
Lambda buffer 7.2 6.9 (±O.54) 

Ringer's 3 6.8 (±O.44 
Ringer's 9 7.1 (±O.53 

WT 3 7.1 (±O.38 
WT 5 6.8 (±0.47) 
WT 7 7.1 (±0.49) 
WT 9 7.0 J±0.40) 

Key: Ringer's solution was adjusted with IM HCI or with IM NaOH solution. Lambda buffer previously 
adjusted to pH 7.2 was used as a control as in all suspension assays. Test samples of 1000 J,tL were combined 
with 500 ~ of inoculum and incubated in the dark at room temperature for 30 minutes. The plates were 
incubated at 37°C for 24 hours. Results were based on triplicate tests from 3 separate experiments (SEMs in 
brackets). 

The results suggest that neither Ringer's solution adjusted to pH 3 or 9, nor WT adjusted to pH 3, 

5,7 or 9 have any effect on the viability of S. aureus NCTC 06571, with no significant differences 

being shown between the buffer control and test samples (p>O.OS) (Table 3.2). These more detailed 

findings based on suspension assays support the findings of the zone studies on S. aureus NCTC 

06571 that pH does not affect the antimicrobial activity of this organism within the range tested. 

Furthermore these assays show that WT, contrary to the results from the zone ex.periments, does 

not have any antimicrobial activity towards S. aureus NCTC 06571, but may well inhibit growth 

within these conditions. Following these results the effects of copper (ll) sulphate, a putative 

adjunct, were investigated against three laboratory strains to answer the question whether adjuncts 

tested alone would show any antimicrobial activity. Cells were ex.posed to the copper (11) salt for 

different periods for comparison. 
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3.3 Antimicrobial activity of copper (11) sulphate on different species of bacteria 

following the methodology of Stewart et al. (1998), 4.8, 9.6 and 19.2 mM copper (11) sulphate 

solutions were tested against Staphylococcus aureus NCTC 06751 (Gram-positive type); 

Pseudomonas aeruginosa NCTC 950 (Gram-negative type, motile in some conditions); and 

Proteus mirabilis NCTC 7827 (Gram-negative, highly motile in most conditions). Exposures to 

copper (Il) sulphate were carried out at room temperature for 10 or 30 minutes. Lambda buffer 

adjusted to pH 7.2 acted as a control in each experiment (Stewart et al., 1998) (Table 3.3). 

Table 3.3 The etTect of ditTerent concentrations of added copper (11) sulphate solution for two 
exposure times on tbe viability of three laboratory species of bacteria 

Logto reduction in viability 

Buffer value 
(final concentration and pH given in each case) 

Species tested Oogt/lcfu mL" 4.8 mM 9.6 mM 19.1 mM 
t) (1.17 mM; pH 4.5) (4.35 mM; pH 3.1) (8.70 mM' pH 3.0) 

10 mins. 30 mins. 10 mins. 30 mins. 10 mins. 
30 

mins. 

S. QllrellS 
7.7 2.2 2.7 3.03 3.7 3.3 No 

(±0.40) (±O.l8) (±0.37) (±0.24) (±0.40) (±0.66) cfus· 

Ps. 7.5 1.55 2.05 2.38 Nocfus 
1.92 

Nocfus 
aerllginosQ (±0.50) (±0.27) (±0.40) (±0.70) (±0.65) 

P. mirabilis 
7.7 2.5 4.37 4.11 

No cfus 
4.0 

Nocfus 
(±0.45) (±0.30) (±0.50) (±0.58) (±0.45) 

Key: S. aureus = Staphylococcus aureus NCTC 06751; Ps. aeruginosa = Pseudomonas aeruginosa NCTC 
950; P. mirabilis = Proteus mirabilis NCTC 7827. The plates were incubated at 37°C for 24 hours. Results 
were based on triplicate tests from 3 separate experiments (SEMs in brackets).·Absence of colonies may 
indicate 20 ilL was an insufficient sample volume to detect cfus. 

These results showed that the viability of S. aureus NCTC 06751 showed progressive reductions to 

4.8 mM, 9.6 mM and 19.2 mM copper (11) sulphate after 10 and 30 minute exposures which were 

all statistically significant from the buffer value (p<0.05). P. mirabilis NCTC 7827 showed a 

greater susceptibility to the test conditions than Ps. aeruginosa NCTC 950. No colony forming 

units (cfus) were seen with certain assays which may have been due to any surviving viable cells 

being below the limit of detection of the sample volume. 

Following these findings, the principal target organism, S. aureus NCTC 06751, was investigated 

for its susceptibility to a wider range of concentrations of the putative adjunct, copper (11) sulphate 

in 30 minute exposures based on progressive dilutions of typical MICs found for copper (11) 

sulphate against 43 isolates of S. aureus sourced from cattle in Denmark (Aarestrup and Hasman, 

2004). This was done to facilitate observation of any possible enhancement effects following 
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combination with additional substances to the copper (11) sulphate in subsequent experiments. The 

range of concentrations used in this investigation, up to 10 mM, was similar to that used in the 

Danish study. In the Danish study, 22 of the 43 isolates, showed a MIC for copper (11) sulphate of 2 

mM which is similar to the final concentration of 2.17 mM (4.8 mM added) used in this study, as 

well as in previous investigations by others (Stewart et al., 1998; McCarrell et al. , 2008; Gould et 

al. , 2009a, 2009b). 
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Figure 3.2 Effects of copper (11) sulphate added at increasing concentrations on Staphylococcus aureus 
NCTC 06751 viability Final concentrations of added copper (11) sulphate: 0.5 ~m , 5 ~Im , 45 ~lIn , 0.45 mM, 
2.27 mM, 4.53 mM respectively). Incubations were at room temperature for 30 minutes. The plates were 
incubated at 37°C for 24 hours. Results were based on triplicate tests from 3 separate experiments. Bars show 
SEMs. 

Increasing copper (11) sulphate concentration reduced the viability of S. aureus NCTC 06751 , with 

a reduction of ca. 3.5 10glO units seen with 10 mM added copper (11) sulphate (Figure 3.2). Samples 

tested at or above 100 ~IM concentrations were significantly different from viabilities seen with the 

buffer (p<0.05). These findings supported the choice of 4.8 mM (final 2.17 mM) added copper (11) 

sulphate used by Stewart et al. (1998); McCarrell et al. (2008); Gould et al. (2009a, 2009b), as well 

as being near to the average MIC (5.45 mM) against S. aureus found by Aarestrup and Hasman, 

(2004). For further details see sections: 2.2.3 , 2.2.5, and Appendix I, Table A. Following the above 

experiments, vitamin C, another putative adjunct was then tested alone for any independent 

antimicrobial activity against S. aureus NCTC 06751 . 

3.4 Antimicrobial activity of vitamin C on S. flllrellS NCTC 06751 

Vitamin C has been reported as a substance that can enhance the antimicrobial activity of certain 

antimicrobial agents, e.g. transition metal ions; nitrite, antimicrobials uch as curcumin; and 

siderophores such as deferoxamine (Carlsson et aI. , 200 I; Salaman, 2004; van Asbeck et al. , 2005; 

Braud et al., 2010; Khalil et aI. , 2012). However, vitamin C can often have little effect on bacterial 

cells when tested alone (Ericsson, 1954; Murata et al., 1991). 
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A range of vitamin C concentrations ( I IlM to 20 mM) were tested against S. Q/treus NCTC 06751 

and the viabi lities were similar to buffer values ca. 7 loglo unit (data not shown, see Figures 3.4, 

3.6, 3.10 for typical examples of independent vitamin C assays). In conclusion vitamin C te ted 

alone had no apparent effect on the viability of S. aureus NCTC 0675 1, a finding similar found 

previously by Ericsson, (1954) and Murata and Yano ( 1990). 

S. aureus NCTC 06751 previously showed intermediate susceptibility to copper (11) sulphate when 

compared to Ps. aeruginosa NCTC 950 and P.mirabilis NCTC 7827 (Table 3.2). The effect of 

adding vitamin C to copper (11) sulphate on the viability of S. aurells NCTC 0675 1 was then 

investigated in an attempt to enhance the antimicrobial activity of copper (11) ulphate. The same 

concentration of copper (11) sulphate (4.8 mM) was used as before, combined with equimolar 

(added 4.8 mM) and double concentrations of vitamin C. The results are shown below (Figure 3.3). 
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Figure 3.3 Effects of copper (11) sulphate combined with vitamin on Staphylococcus ullrells N T 
0675 1 viability ClI = copper (11) sulphate, Vit C = vitamin • Figures on x nx i show concent rations of 
adjuncts added in mM (fina l concentrations: copper (11) sulphate, 2.17 I" n ; vitamin , 2.17 Ilm and 4.34 Ilm 
respectively). Sample vo lumes were increased from 20 IlL to I 00 III~ and 200 IlL in the combined mi xtures 
in order to maintain adequate detection). Incubations were at room temperature fo r 0 minutes. The plates 
were incubated at 37°C for 24 hours. Results were ba ed on triplicate te, t from separate ex periments . Bar 
show SEMs. 

The results showed that the mean viabilit ie een with the copper ( 11) sulphate te ted alone and in 

the two combinations with vitam in C were ignificant ly differenl from the values shown by the 

buffer and by the vitamin C te ted alone (p<O.05). When combined with copper (11) ulphate, 

vitamin C enhances the antimicrobial activity by up to ca. 2 loglo uni ts at the higher concentration. 

It is possible that vitamin C acts a a reducing agent with copper (11) leading to the formation of 

ROS via Fenton Chemistry (Murata et al., 1991). 
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3.5 Activities of teas with copper (II) and vitamin C against S. llllrellS NCTC 06751 

The findings above indicated that added 4.8 mM (2.17 mM final concentration) copper (11) sulphate 

tested alone produced antimicrobial activity against S. aureus NCTC 06751 within 10 minutes 

(Table 3.3). The effect of adding this concentration of copper (11) sulphate to WT, as well as GT 

and BT for comparison was investigated in two conditions. Firstly, following mixing of the 

reagents and prior to the introduction of inoculum, a standing time of 10 minutes was allowed for 

any chemical reactions to occur between the copper (11) sulphate and the teas. Secondly, a 30 

minute standing time was allowed for any slower chemical reactions to occur before addition of the 

inoculum (Figure 3.4). 
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Figure 3.4 The effect of varying pre-incubation periods following mixing of tca extracts with copper 
(11) sulphate on the viability of Staphylococcus QurellS NCTC 06571 Cu 4.8 mM, +Cu = added 4.8 mM 
copper (11) sulphate, WT = white tea, GT = green tea, BT = black tea. Tea extracts were adjusted to pH 7 
prior to combination with copper (11) sulphate solution. Figures on horizontal axis show the period in minutes 
that mixtures were allowed to stand in the dark prior to the addition of the inoculum. Incubations were at 
room temperature for 30 minutes. The plates were incubated at 37 0 for 24 hours. Results were based on 
triplicate tests from 3 separate experiments. Bars show SEMs. 

The results showed that viability values for S. aureus NCTC 0675 1 following exposure to the 

copper (11) sulphate control and the WT plus copper ( 11) sample for 0, and for 10 minute tanding 

time were significantly di fferent (p<0.05) from buffer value , wherea all other amples tested had 

means which were not signicantly different from the buffer viability (p>0.05). Viability va lues for 

S. aureus NCTC 06751 following exposure to WT plus copper (11) sulphate for 10 minutes 

standing time as well as copper (11) sulphate controls showed a viabili ty of ca. 5.2 loglo units. Both 

GT and BT, when combined with copper (11) sulphate, removed the antimicrobial effects of copper 

(11) sulphate seen in the controls increasing the viability of S. aureus NCTC 06751 to ca. 6.8 - 7 

10glO units which was similar to the viability of S. aureus NCT 06751 seen with the buffer alone, 

ca. 7 10glO cfu mL-' . However, WT combined with copper (11) sulphate for 10 minutes, or less prior 
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to the addition of inoculum, resulted in no loss of the antimicrobial effect of copper (11) sulphate. In 

contrast, with 30 minutes of standing time prior to the addition of inoculum, the WT had also 

removed the effect of the copper (11) sulphate (Figure 3.4). 

The WT results suggested that when WT was combined with copper (11) and then allowed to stand 

for 0 or 10 minute standing time prior to the addition of inoculum, then the subsequent observed 

viabilities of S. aureus NCTC 06751 were the same as those seen with the copper (11) control. This 

indicates that the presence of WT had no negating effect on the hannful effects of the copper (11) 

ions on the cells when compared to the controls in the conditions tested. However, after 30 minutes 

of standing time prior to the addition of inoculum, the subsequent viabilityof S. aureus to the WT

copper (11) combination was greater than the copper (11) sulphate control suggesting an interference 

with the copper (11) availability by the tea. Following this experiment, all subsequent combinations 

of tea extracts with copper (11) sulphate were allowed to stand for only 10 minutes in the dark prior 

to the introduction of an inoculum unless otherwise stated . WT was then investigated further. 

Following the adopted protocol of allowing the WT to stand with added copper (11) sulphate in the 

dark for 10 minutes, prior to the addition of inocula, exposure times of such combined pre-treated 

WT with copper (11) sulphate to the target species of choice, Staphylococcus aureus NCTC 06571 

was investigated to check an assumption that extended contact from 30 to 80 minutes would result 

in further falls in cell viability (Figure 3.5). 
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Figure 3.5 The effect of copper (11) sulphate I"one and combined with white tell extract during IIn 
extended incubation of 80 minutes on the villbility of Stap"ylococclls OIlrellS NCTC 06571. Horizontal 
axis denotes time elapsed when sample was withdrawn, in minutes. Cu = added 4.8 mM copper (11) su lphate, 
WT = white tea, '+' indicates combination of substances. Tea extracts were adjusted to pH 7 prior to 
combination with copper (11) solution. Mixtures were allowed to stand in the dark for 10 minutes prior to the 
addition of an inoculum. Incubations were at room temperature in the dark for lip to 80 minutes. The plates 
were incubated at 37 QC for 24 hours. Results were based on triplicate tests from 3 separate experiments. Bars 
show SEMs. 
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Statistical analysis of the results showed that the viabi li ty value of S. OI/reus NCTC 0675 1, in 

buffer alone, compared to the copper (11) sulphate alone samples were significantly higher for 

samples taken at IQ minutes and above (p<O.05). Comparing viabi litie of S. m/reus NCTC 06751 

in buffer alone with the viabilities of S. aurells NCTC 06751 in combination of WT and copper 

(11) sulphate taken at different times all showed signifi cant differences (p<0.05). The extended 

exposure with added 4.8 mM copper (11) sulphate showed falls in S. aureus NCTC 06751 viability 

with increasing exposure time. The results with WT combined with copper (11) showed a broadly 

similar pattern indicating that the WT did not interfere with the antimicrobi al activity of the copper 

(11) ions during the exposure time, nor enhance it. 

Following the above assays of WT with copper (11) sulphate the effects of another adjunct, vitamin 

C, was combined with WT and investigated for antimicrobial act ivity. Vitamin C, acting as an anti

oxidant, could act as a tea preservative affecting antimicrobial activity indirectly by removing 

oxygen from an assay sample (Hatano et a/., 2008). Vitamin C wa te ted with WT alone and when 

combined with 4.8 mM copper (11) sulphate against S. allreus NCTC 06571 (Figure 3.6). 
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Figure 3.6 T he effect of add ing vitamin C to white tell II10ne Ilncl wi th copper (11) sulphll te 0 11 t he 
viability of Staphylococclls all reus NCfC 0657 1 WT = white tea, u = added 4.8 mM copper (11) ul phate, 
V = 4.8 mM vitamin e, '+' indicates combination of substances. WT was adju ted to pH 7 prior to 
combination with copper(lI) solution. Mixtures were allowed to stand in the dark for 10 minutes prior to the 
addition of inoculum. Incubations were in the dark at room temperature for 0 minute . The plates were 
incubated at 37°e for 24 hours. Results were based on triplicate test from separate experiments. Bars show 
SEMs. 

The viabili ties of S. aureus when exposed to buffer, or WT, or vitamin , and WT combined with 

vitamin C were simi lar (6.8 - 7.2 10glO cfu mL·1
) with p>0.05 between the means. Wi th the other 

samples, 4.8 mM copper (11) sulphate alone, and combined wi th WT S. am· ' liS N T 06751 

showed similar viabi li ties of ca. 5.2 and 5.4 loglo unit re pectively with p>0.05 between the 

means. When exposed to vitamin C plus copper (11) ulphate S. a lire liS N T 06751 viability wa 
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ca. 3.8 10glO cfu mL-1 and with added WT viability was ca. 3.2 10glO cfu mL-! (Figure 3.6). As 

shown earlier, vitamin C enhanced the antimicrobial activity of copper (11) against Staphylococcus 

aureus NCTC 06571 (Figure 3.4) possibly by reducing the copper (11) to copper (I) and generating 

harmful reactive oxygen species (ROS) via Fenton chemistry. It appears from the results shown in 

Figure 3.6 that the WT did not add to these effects. 

3.6 Activities of teas plus copper (11) at different pH values on the viability of S. aureus NCTC 

06571 

Earlier in the study, the effects of adjusting WT, GT, and BT to pH 5, 6, and 7 was investigated 

against test species using diffusion assays (section 3.1). Subsequently the pH of copper (Il) 

sulphate solutions assayed against S. aureus NCTC 06571 was also measured at assay final 

concentrations (Figure 3.7). Later in the study, the pH values of each of the combined teas plus the 

copper (Il) sulphate was considered to be possibly greater than the individual ranges previously 

tested for each component. In order to establish whether a wider range of pH values could affect 

the bacterial viability the pH of test samples was measured prior to the introduction of an inoculum 

(Table 3.4). These values were then subsequently used to adjust Ringer's solution to a range of pH 

values between 5.5 and 9, and subsequently assayed as independent controls. 

Table 3.4 The pH of unadjusted teas tested alone and when combined with copper (11) 
sulpbate 

Samples tested: controls, teas alone, pRvatue 
and in combination with copper (11) sulphate 

Lambda buffer 7.2 (::1:0.2) 

4.8 mM added copper (Il) sulphate 4.S (::1:0.2) 

Ringer's solution 6.9 (::1:0.4) 

WTalone 6.9 (::1:0.5) 

GTalone 5.7 (::1:0.4) 

BT alone S.3 (::1:0.4) 

WT + Cu(II)S04 4.0 (::1:0.5) 

GT + CU(II)S04 4.2 (::1:0.4) 

BT + Cu(1I)S04 4.0 (::1:0.2) 

Key: WT = white tea, GT = green tea, BT = black tea; '+' denotes addition of substances. Cu(II)SO .. = 4.8 
mM copper (11) sulphate final concentration = 2.17 mM. Samples were allowed to stand for 10 minutes in the 
dark prior to the addition. where appropriate, of Ringer's solution to reach standard suspension assay volume. 
Results were based on triplicate tests from 3 separate experiments (SEMs in brackets). 

In order to investigate this range of pH values for their effects on the viability of Staphylococcus 

aureus NCTC 06571, a range of ca. 3 to ca. 9 was chosen to allow for somewhat greater acidity 
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and alkalinity effects on S. aureus NCTC 06571. The choice of a slightly below and mid-range pH 

of ca. 5.5 was somewhat arbitrary as it was an average of the two more acidic GT and BT pH 

values. As an extension to this work, samples of the WT were combined with copper (11) sulphate 

and copper (11) sulphate adjusted to pH 3, 5.5 and 9 to investigate any effect of pH of the mixture 

on the viability of S. aureus NCTC 06571. 
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Figure 3.7 Effects of copper (11) sulphate alone and combined with whitc tca following pH adjustments 
on the viability of Staphylococcus ullreus NCTC 06571 WT = white tea, eu = added 4 .8 mM copper (11) 
sulphate solution - pH figures indicate pH of samples prior to addition of inoculum. WT added to eu (pH 
5.5) caused an increase in acidification to pH 4.5. Mixtures were allowed to stand in the dark for 10 minutes 
prior to the addition of inoculum. Incubations were in the dark at room temperature for 30 minutes. The 
plates were incubated at 37°e for 24 hours. Results were based on triplicate tests from 3 separate 
experiments. Bars show SEMs. 

The results show that 4.8 mM copper (11) sulphate solution adjusted to pH 5.5 showed a similar 

antimicrobial activity to that of a combined mixture of WT plus 4.8 mM copper (11) sulphate 

adjusted to pH 4.5 and subsequently tested against S. aureus NCTC 06571 with no statistically 

significant difference seen between the two test samples (p>0.05) (Figure 3.7) (A comparable result 

was obtained with similar samples that were adjusted in pH and shown above in Figure 3.6) 

However, in the case of copper (11) sulphate adjusted to pH 9 antimicrobial activity wa 10 t, both 

in the control and in the combination with WT when in each ca e viability values of S. aureus 

NCTC 06751 similar to buffer control values were seen with no statistically significant differences 

between the sample means (p>0.05) (Figure 3.7). This may have been due to the addition of NaOH 

solution, used to adjust the sample to pH 9, reacting with copper (11) ions to form copper (11) 

hydroxide which is insoluble in these conditions. As a consequence, the availability of free copper 

(11) ions was reduced producing the observed loss of viability of S. aureus NCTC 06751 . 
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The results of suspension assays of pH adjusted Ringer's solution against S. aureus NCTC 06571 

tested following 30 minute exposures and in the same conditions as other suspension assays 

produced S. aureus NCTC 06751 viabilities as follows: buffer ca. 8 loglO cfu mL-J
; Ringer's 

solution adjusted to pH 3, ca. 7 10glO units; Ringer's solution adjusted to pH 5.5 ca. 7.5 10glO units; 

and Ringer's solution adjusted to pH 9, ca. 7.6 10glO units. No statistically significant differences 

were seen between the means of the different samples tested (p>O.05). These results indicate that 

compared to buffer values, pH adjustment of Ringer's solution to values between pH 3 and 9 prior 

to the introduction of the inoculum has no apparent effect on the viability of S. aureus NCTC 

06571. 

In all the results described above, S. aureus NCTC 06751 when exposed to any whole tea 

combined with copper (Il) sulphate only showed, at best, a similar cell viability to a copper (Il) 

sulphate control - more often S. aureus NCTC 06751 showing higher viabilities similar to the 

buffer controls (see Figure 3.5). In order to test the possibility that tea extracts may contain 

antimicrobial substances, whether enhanced by added copper (lI) ions or not, further analysis of tea 

components was undertaken. This was also done to investigate whether inhibitory substances could 

be present in the teas preventing enhancement by added copper (11) sulphate. WT sub-components 

were subsequently fractionated as it was considered a possibility that antimicrobial active and 

inhibitory substances could be separated from each other and such fractions were tested for 

antimicrobial activity using suspension assays with viable cell counts. 

3.7 Activities of white tea sub-fractions against S. aureus NCTC 06571 

Initially, WT extract was centrifuged for 15 minutes at 3,220 g using a Sigma 2/16 Centrifuge 

(model no. 1360472) which resulted in the formation ofa pellet of dark brown matter at the bottom 

of the tube and a pale, fawn-coloured, slightly turbid, supematant. This supematant was removed 

and investigated for antimicrobial activity alone and combined with 4.8 mM copper (11) sulphate 

and compared to whole white tea combinations using diffusion assay (zone of inhibition) 

experiments. 

Table 3.5 The inhibitory effects of whole white tea extract and a sub-fraction, each tested 
alone and combined with added 4.8 mM copper (11) sulphate on the growth of 
Staphylococcus aureus NCTC 06571. 

Sample tested Mean Diameter of Zone of Inhibition (mm) (SEMs) 
WT 12 (±0.38) 

WTSN 11 (±0.44) 

S6 



Cu 
WT+Cu 

WTSN+Cu 

Key: Tea extracts were adjusted to pH 7 prior to combination with copper(l l) solution. WT = white tea, 
WTSN = white tea supernatant, Cu = copper (11) sulphate, '+' indicates combination of substances. Mixtures 
were allowed to stand in the dark for 10 minutes prior to the addition of inoculum. A I 0 ~IL aliquot of each 
tea sample was spotted onto Muel ler-Hinton agar plates previously seeded with the bacteria at a 
concentration comparable to a 0.5 McFarland suspension. The plates were incubated at 37°C for 24 hours. 
Results were based on triplicate tests trom 3 separate experiments (SEMs in brackets). 

The results showed that inhibition diameters of S. aureus NCTC 0675 1 growth were as fo llows: 

whole WT ca. 12 mm; WT supernatant ca. II mm, copper (11) sulphate ca. 9 mm, whilst whole 

WT and WT supernatant both with added copper (1\) saw ca. 9 mm inhibition (Table 3.4). These 

results indicate no significant difference in antimicrobial activity between the whole WT or the WT 

supematant nor when combined with 4.8 mM copper ( 11) sulphate on the growth of S. aureus 

NCTC 0657 1 (p<0.05). Following this result similar samples were investigated using suspension 

assays with viable cell counts (Figure 3.8). 
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Figure 3.8 Effects of whole whi te tea and a white tea sub-fraction tested Itlone or combined with 4.8 
mM copper (11) sulphate on the viability of Staphylococclls allrells NCTC 06571. Tea extract were 
adjusted to pH 7 prior to combination with copper (11 ) solution. WT = white tea, WTSN = white tea 
supernatant, Cu = added 4.8 mM copper (II) sulphate so lution, ' , indicates combination of substances. 
Mixtures were allowed to stand in the dark for 10 minutes prior to the addition of inoculum. Incubations were 
in the dark at room temperature for 30 minutes. The plates were incubated at 37° for 24 hours. Results were 
based on trip licate tests from 3 separate experiments. Bars show SEMs. 

There was no significant difference between the antimicrobial activitie of the whole WT and the 

WTSN tested alone when compared to buffer value on S. aI/reus N TC 0675 1 (p>0.05). The 

antimicrobial activities of similar samples combined with added 4.8 mM copper (1\) sulphate 

produced simi lar S. aureus NCTC 0675 1 viabi lities to the 4.8 mM copper (11) sulphate control 

fo llowing exposure. 
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3.8 Activities of endogenous levels of copper found witbin WT and WT sub-fractions against 

S. aureus NCTC 06571 

Previously, WT combined with 4.8 mM copper (11) sulphate showed similar antimicrobial activity 

to 4.8 mM copper (11) sulphate tested alone against S. aureus NCTC 06571. This statement implies 

an assumption that WT contains little or no endogenous copper which, if actually present, could be 

inhibited in its effects by the possible presence of inhibitory substances within the tea. To test this 

assumption typical copper (Il) levels of whole white tea and supernatant were measured by 

inductively coupled plasma atomic emission spectrometry (ICP-AES). These concentrations of 

copper were then independently investigated using copper (11) sulphate against S. aureus NCTC 

06571. 

The results of analysis of WT showed the concentrations of copper were within a range of 0.12 -

0.17 mg L·t with a mean of 0.14 mg L·t (SD±0.03). These levels are similar to published findings 

(Karak: and Bhagat, 2010). The concentrations of copper (Il) found in the WTSN were within a 

range of 0.07 - 0.24 mg L't with a mean of 0.12 mg L'\ (SO ±0.11). The difference in the size of 

the two ranges is curious and may relect slight differences in preparation of the WTSN e.g., 

through variations in the centrifugation process. The difference between the mean for the whole 

WT and the supernatant may be due to copper (11) being adsorbed onto the pellet during 

centrifugation. If so, ca. 12% was evidently lost in this way. 

When copper (I1) sulphate was tested against S. aureus NCTC 06751 in suspension assays at the 

average copper level found in whole WT and WTSN (0.14 and 0.12 mg L'I, being equivalent to 

0.56 and 0.48 flM added copper (lI) sulphate respectively) there was no loss in viability with such 

samples showing the same levels as the buffer control with no significant differences (p>0.05) 

(data not shown). Following further sub-fractionation of the WTSN using a series of decreasing 

molecular weight cut-off (MWCO) ultra-centrifuge tubes, the sub-fractions appeared as clear pale 

yellow solutions which became paler with each successive ultra-filtration. The different sub

fractions showed the following levels of copper (11): MWCO < 10 kDa: 0.8 (SD± 0.02) mg L'); 

MWCO < 3 kDa: 0.52 (SD± 0.04) mg L'); MWCO < 1 kOa: 0.08 (SD± 0.04) mg L·1
• An 

explanation for the decreasing concentrations of copper (11) found in the filtrate of the ultra

filtration tubes may be a retention of copper (II) ions adsorbed onto the residue as well as surface of 

the filter in each case. Earlier suspension assay results indicated that when tested independently the 

endogenous concentrations of copper (II) in whole WT and WTSN did not produce any increase in 

antimicrobial activity when compared to the buffer against Staphylococcus aureus NCTC 06571 

(data not shown). 

In order to investigate any increase in antimicrobial activity of the WT extracts due to an ultra 

filtration concentration effect, two of the above sub-fractions; one with a molecular weight cut off 
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of < 5 kDa and a second with a MWCO < I kDa were assayed separately for antimicrobial activity, 

alone and combined separately with 4.8 mM vitamin C and with 4.8 mM copper (11) sulphate, or 

together as a joint combination. 
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Figure 3.9 Effects of a white tea sub-fraction « 5 kDa) alone and combined with vitamin C or copper 
(11) sulphate on the viability of Staplrylococcus aurells NCTC 06571. WT=white tea, Vit C, or V = 4.8 
mM vitamin C, Cu= 4.8 mM copper (11) sulphate solution, Tea extracts were adjusted to pH 7 prior to use, 
'+' indicates combination of substances. Mixtures were allowed to stand for 10 minutes in the dark prior to 
the addition of inoculum. Incubations were in the dark at room temperature for 30 minutes. The plates were 
incubated at 37°C for 24 hours. Results were based on triplicate tests from 3 separate experiments. Bars show 
SEMs. 

The viabilities shown by S. aureus to the buffer, WT, vitamin C, WT < 5 kDa, WT < 5 kDa plus 

vitamin C were all similar with no significant differences between them (p>O.05) . In addition, 

copper (11) sulphate alone; the WT sub-fraction « 5 kDa) combined with copper (11) sulphate and 

further with added vitamin C; and the vitamin C plus copper (11) sulphate control also all showed 

similar activities against S. aureus with no statistical difference between them (p>0.05) (Figure 

3.9). In summary, at the < 5 kDa level of sub-fractionation the antimicrobial activity of WT is not 

enhanced by the addition of the copper (11) sulphate and vitamin C adjuncts whether eparately or 

when combined against S. aureus NCTC 06571 . The experiment was then repeated with the < 

kDa sub-fraction. 
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Figure 3.10 Activities of white tea sub-fraction « 1 kDa) alone and in different combinations with 4.8 
mM copper (11) sulphate and 4.8 mM vitamin C against Stapltylococcus all reus NCTC 06751 WT = 

white tea, WTF = white tea fraction, Vit C, or V = vitamin C, Cu = copper (11) sulphate, '+' = combination 
specified. Mixtures were allowed to stand for 10 minutes in the dark before addition of culture. Sample 
volumes of 500 ilL of Cu+V it, WTF + Cu and WTF+Cu +Vit were used to reduce the detection limit. 
Incubations were in the dark at room temperature for 30 minutes. The plates were incubated at 37 °C for 24 
hours. Results were based on triplicate tests from 3 separate experiments. Bars show SEMs. 

The results show that when tested and compared to the viability for S. aL/reus NCTC 06751 in the 

buffer, added WT sub-fraction < I kDa to copper (11) sulphate significantly reduced the 

antimicrobial activity of copper (I[) sulphate by ca. 3 logto units when compared to the copper (11) 

sulphate control (p<0.05). The further addition of vitamin C to this combination did not result in 

any significant further increase in antimicrobial activity against S. aureus NCTC 06571 (p>0.05) 

(Figure 3.10). To investigate whether different tea fraction contained different amounts of 

components that could be responsible for the greater or lesser antimicrobial activities of the 

fractions the UV-vis absorption of the WT sub- fractions were compared to the whole WT to 

investigate any differences between them. Any spectra obtained could then be compared and 

contrasted for absorption characteristics such as the number, position and relative sizes of any 

absorbance peaks shown by this technique. Such information could give clues as to the relative 

amounts and types of phenols within the whole WT compared to the different fractions (Hung and 

Yen, 2002; Chen et aI., 2008; Joubert et al. , 2008) . 

3.9 UV-vis spectrophotometry ofWT and sub-fractions 

Three WT fractions were prepared using molecular weight cut ofT (MWCO) filters of less than 10 

kDa, < 5 kDa and < I kDa. To investigate any differences in the chemical content between the 

various fractions which may be related to differences in their antimicrobial activity, ab orption 

spectroscopy was used as a guide to indicate varying polyphenolic contents of the fractions since 

these generally appear coloured. Using UV -vis absorption spectro copy, the ab orption spectra of 
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the whole white tea and each of the sub-fractions was measured between 200 - 900 nm to 

investigate any similarities or differences between them. 
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Figure 3.11 UV-vis absorption spectra between 270 nm and 375 nm of whole freshly-made whole white 
tea extract and sub-fractions prepared using ultra-filtration. Spectra shown downwards in the following 
order: whole WT (blue line), sub-fraction (s.f.) < 10 kDa (purple line), s.f. < 5 kDa (brown line), s. f. < I kDa 
(pink line), water blank (black line). Tea and fraction samples diluted to 25% of final concentrations used in 
bactericidal assays (equivalent to 5.5% of whole tea extract). Absorbance traces below 270 nm and above 
375 nm not shown. The peak absorbances of < 5 kDa , < 10 kDa, and whole WT though similar in repeated 
experiments may be unreliable. Results were based on triplicate tests from 3 separate experiments. 

The results showed that whole WT had the greatest absorbance at 289 nm with progressively 

smaller sub-fractions showing smaller absorbances at 288 nm, 286 nm and 284 nm (F igure 3.11 ). 

Polyphenols are known to be in high concentrations in tea, and since phenol s absorb strongly at ca. 

290 nm it is likely that the absorbance at ca. 290 nm is due to polyphenols. The uccessive 

reduction in absorbance of the spectra suggested a 10 s of material at each of the filtration stages. 

This may be explained by each finer, smaller gauged filt er used in the proce s removing 

successively smaller sizes of polyphenol molecules. Since the colour of aqueous olution of 

individual polyphenols is related to their molecular weight with larger one being a dark brown and 

smaller ones being yellowish or colourless in appearance, the increa ingly paler filtrates found in 

the ultra-filtration process may broadly relate to smaller sized pigmented component (Hathway 

and Seakins, 1957; Joubert et al. , 2008). These observation are unlikely to be due to a simple 

successive increase in dilution of only one component since the peak po ition for each fraction 

vary. The above findings suggest that WT, and its fractions vary in their UV-vis ab orption 

characteristics. In addition, WT and a sub-fraction of < I kDa vary in their antimicrobial activitie 

when combined with copper (11) sulphate against S. aureus NCTC 06751. To explore the 

hypothesis that WT and its sub-fractions may contain active components complexed with copper 
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(11) ions as well as inactivating/inhibitory substances, WT was investigated alone and with copper 

(11) sulphate using UV-vis spectrophotometry to look for any differences in absorption that could 

be caused by the addition of copper (11) ions forming chemical complexes (Goodman et aI. , 201 2). 

WT was also compared to GT and BT. 

3.10 Investigations into the possible formation of chemical complexes between teas and added 

copper (11) ions 

To investigate whether the teas formed complexes with copper (11) sulphate, combinati ons of WT, 

GT, and BT each with added copper (11) sulphate were examined visually and analysed using UV

vis spectroscopy. The results showed that on addition of copper (11) sulphate to the teas, their 

appearance changed from a semi-opaque, turbid pale brown colour to a clearer, less turbid, deeper 

shade of pale brown, suggesting a possible increase in tea component solubility (van Koningsveld 

et al. , 2002). 
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Figure 3.12 UV-vis absorption spectra between 250 nm and 310 nm of freshly-made tell extracts alone, 
and with added 4.8 mM copper (11) sulphate Spectra shown downwards in the following order: BT alone 
(purple line); GT alone (black line); BT plus copper (11 ) (green line); GT plus copper (11) (turquoise line); 
WT alone (yellow line); WT plus copper (11) (red line). Fo llowing 10 minutes of tanding time, samples were 
diluted to 25% of final concentrations used in bactericidal assays (equivalent to 5.5% or whole tea extract) .. 
Absorbance traces below 250 nm and above 3 10 nm not shown. Result were based on triplicate tests from 3 
separate experiments. 

The results for absorbances shown by the teas alone and combined with copper (11) sulphate for 10 

minutes were compared at their peak absorbances at ca. 273 nm. The re ult howed the following 

order of level of absorbances : BT> GT > WT; and BT > BT+Cu(II), GT > GT+Cu(II), and WT > 
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WT+Cu(lI) (Figure 3.12). No change in WTF « lk Da) absorbance was seen following addition of 

copper (11) sulphate between 190 - 900 run (results not shown). 

The absorbance values for the individual teas plus copper (11) sulphate were all lower than the 

absorbance for the whole teas tested alone (BT + Cu(Il), ca. 50% lower than BT; GT + Cu(lI) also 

ca., 50% lower than GT; and WT + Cu(II), ca. 20% lower than WT). Lower absorbance values of 

the teas with copper (11) ions suggested that the tea components could have become more soluble in 

the presence of the copper (11) ions possibly by weak interactions with tea components increasing 

their solubility or by the formation of chelate complexes. 

The increasing absorbance values of WT cl GT cl BT suggested that the individual types of teas 

contained greater amounts of a substance, or substances that absorbed at ca. 273 nm. Such 

substance/s may be polyphenols which are higher in concentration in GT than WT (Chen et al., 

2008; Si et al., 2006). In BT, such polyphenols become condensed during the tea 'fermentation' 

process into higher molecular weight (MW) structures which could absorb UV -vis radiation more 

strongly than the low molecular weight flavano)s in the GT and WT (Xie et al., 1993; Chou et al., 

1999; Kim et al., 2011; Hatano et al., 2003, 2005). 

/ The possibility of physico-chemical interactions between the teas and added copper (11) ions 

leading to the formation of antimicrobial active complexes may explain the difference in 

antimicrobial activity between whole WT with copper (11) compared to WTF < 1 kDa with copper 

(H), This possibility was investigated using experiments to elucidate possible mechanisms of 

actions using enzymes, pH studies and molecular structure-activity experiments on tea components. 

3.11 Eff"ts of adding catalase to whole WT and WT sub-fractions « 1 kDa) with adjuncts 

against S. aureus NCTC 06571 

Previous investigations found that flavan-3-0Is isolated from GT tea showed antimicrobial activity 

against microbes including typical laboratory strains of bacteria such as S. aureus and E. coli 

(Mabe et al., 1999; Taguri et al., 2004; Meltzer et al .• 2008). In addition flavanol activities were 

enhanced by other substances such as copper (JI) sulphate (Murata et al., 1990; Ikigai et al., 1993; 

Hoshino et al., 2000; Arakawa et al., 2004). One suggested hypothesis is that flavanols, when 

tested alone, and in combination with copper (11) sulphate generate harmful levels of reactive 

oxygen species (ROS) including hydrogen peroxide (Hoshino et al .• 2000; Arakawa et al., 2004). 

This hypothesis was tested in the present study by adding bovine catalase in sufficient quantities to 

test mixtures to remove any extracellular hydrogen peroxide that may have been harming the S. 

aureus NCTC 06751 cells and reducing viability levels. Catalase additions were done with both 

whole white tea and white tea sub-fractions < 1 kDa each tested alone as well as combined with 

copper (11) sulphate, and further with vitamin C added to the same combination (Figure 3.13). 
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Figure 3.1 3 Concentrations of cata lase required to reverse the antimicrobia l effects of wh ite tea sub
fraction combined with copper (11) sulphate and vitamin C against Stapltylococcus aureus NCTC 
06751. Cu = added 4.8 mM copper (11) sulphate, WT = white tea, '+' denotes combination of agents 
specified, Vit C, or V = added 4.8 mM vitamin C, WTF = white tea fraction « I kDa), E300, E600 = added 
level of enzyme, 300 or 600 Jlg/mL (f.c.), Mixtures were allowed to stand for 10 minutes in the dark before 
the addition of an inoculum and bovine catalase. Incubations were in the dark at room temperature for 30 
minutes. The plates were incubated at 37°C for 24 hours . Sample volumes of 500 JlL of ClI+V, WTF+Cu and 
WTF+ClI+V were used to reduce the detection limit. Results were based on triplicate tests from 3 separate 
experiments. Bars show SEMs. 

Exogenous catalase at a final concentration (f.c.) of 300 ~lg mL·1 wa required to remove the 

antim icrobial activity of copper (1\) alone as well as the WT plus copper (11) combination. In 

comparison 600 ~lg mL-1 (f.c.) was required to remove both the antimicrobial activity of the WTF 

plus copper (11) alone as well as the same combination with added vitamin C. In the data shown the 

differences between corresponding samples with and without the added catala e were significant 

(p<0.05). This suggests that the main effect of the copper (11) ulphate tested alone, or when 

combined with WTF « 1 kDa) and further with added vitamin C, the principal antimicrobial effect 

was via the production of harmful hydrogen peroxide. 

Other investigations have also shown that WT contain navanol , ome of which are known to 

generate hydrogen peroxide in aqueous solution, and more 0 when copper (11) ion are present 

(Hoshino et al., 2000, Arakawa et al., 2004). In this inve tigation hydrogen peroxide and other 

reactive oxygen species (ROS) could have been produced by the re-oxidation of copper (I) 

following reduction of the added copper ( 1\) by chemical specie pre ent in the mixtures such as 

water, vitamin C and other compounds within the WTF « I kDa) uch a navanols (Hoshino et 

aI. , 2000; Arakawa et al., 2004). In this investigat ion, a shown in Figure 3. 13 above, WTF « 1 

kDa) tested in the absence of copper (1\) ions had no apparent antimicrobial effect on S. Q/,lreus 

NCTC 0675 1. In comparison, copper (11) sulphate tested alone in the ab ence of added catalase 
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produced a significant level of antimicrobial activity against S. aureus as seen in a fall in viability 

of the organism. However, when 300 J,lg mL-1 catalase was added to a similar level of copper (11) 

sulphate the added enzyme resulted in S. aureus showing buffer levels of viability. This 

observation suggested that the antimicrobial effects of the copper (11) sulphate had been brought 

about by harmful levels of hydrogen peroxide which were removed by the addition of the catalase. 

In further tests when copper (11) sulphate was combined with white tea fraction (WTF) < 1 kDa, a 

greater amount of 600 flg mL-1 of catalase was needed to negate the antimicrobial effects of the 

WTF-Cu(II) mixture to a level comparable to the buffer control. This suggested that the WTF « 1 

kDa) had enhanced the production of hydrogen peroxide by the copper (11) ions, this mixture 

requiring double the concentration of added catalase to negate the combined antimicrobial effects. 

Addition of vitamin C to the WTF « 1 kDa) and copper (H) sulphate did not require further 

amounts of added catalase for reversal suggesting the vitamin C had contributed little to the 

generation of hydrogen peroxide when WTF « 1 kDa) was present. In comparison when WTF « 
1 kDa) was absent, a combination of copper (11) sulphate and vitamin C required the same level of 

catalase (600 J,lg mL-1 f.c.) suggesting that the vitamin C had contributed to the generation of 

hydrogen peroxide. Possibly the WTF « 1 kDa) and the vitamin C both interacted with the copper 

(11) ions in a similar way such as by reducing them to copper (I) and may both have worked at the 

same reaction site. If this were so then it could explain why either agent enhanced the copper (11) 

ion production of hydrogen peroxide and yet did not show any summative effect on the viability of 

S. aureus NCTC 06751 when both were present. Such a mechanism is analogous to that of 

competitive inhibition in enzyme kinetics. 

Reactive oxygen species (ROS) such as superoxide and hydrogen peroxide can cause the collapse 

of cell viability (Arakawa, 2004; Delbes-Paus et al., 2010). One way S. aureus NCTC 06571 

defends itself against the harmful effects of ROS such as hydrogen peroxide, is by synthesising 

enzymes such as catalase to deactivate ROS usually by catabolic breakdown (Oas and Bishayi. 

2009). The amount of hydrogen peroxide released by the agents and adjuncts in this investigation 

apparently exceeded the ability of the bacterial cells to adequately defend themselves by their 

levels of endogenous cellular catalase. 

A change in the pH value of solutions of chemicals added together can imply that a chemical 

reaction has taken place. In order to further investigate possible mechanism of reactions of the 

interaction of copper (11) ions with WT components pH measurements were taken of WT and WTF 

« 1 kDa) before and after the addition of 4.8 mM copper (lI) sulphate (Figure 3.14). 
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3.12 Investigation of any pH changes following the addition of whole WT and WTF < 1 kDa 

to copper (11) ions 

The measurement of pH values were used to investigate possible chemical changes within WT, 

and WTF « I kOa) with added copper (11) sulphate following mixing to help elucidate a possible 

mechanism of action of mixtures against cells. Aqueous copper (11) sulphate which contains mainly 

positively charged free copper (11) ions would have a high affinity for the negative ly charged 

oxygen ions within the ionised hydroxyl groups present in some tea components such as 

polyphenols. Possessing such high affinity, copper (11) ions would tend to di splace the less 

positively charged hydrogen ions from the hydroxyl groups in aqueous solution resulting in a 

greater level offree protons and thus a lower pH . 
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Figure 3.14 pH measurements of whole and sub-fractionated « IkOa) white tea alone and when added 
to 4.8 mM copper (11) sulphate tested at suspension assay concentrations Cu = 4.8 mM copper (11) 
sulphate, WT = whole white tea, '+' denotes combination of agents specified, WTF = white tea sub-fraction 
« 1 kDa). Mixtures were allowed to stand for 10 minutes in the dark before pH measurements. Results were 
based on triplicate tests from 3 separate experiments. Bars show SEMs. 

The results show that WT, WTF « 1 kDa), and copper ( 11) sulphate tested a lone a well as 

combinations of WT+Cu(II), WTF+Cu(lI) showed significant differences in pH values (p<0.05) 

(Figure 3.14). The falls in pH seen when WT or WTF were added to copper ( \I) ulphate were 

greater than expected from a simple dilution of copper (\I) sulphate alone. Thi suggested that 

further protons had been added or had been re leased by the tea. However, the pH values of the WT 

and WTF added to the value of the copper (11) sulphate could not account for the pH change seen 

following mixing. The second possibility that protons had been relea ed from the weakly ac idic tea 

extracts by the copper (11) sulphate therefore seemed plausi ble supporting the rationale for thi s 

experiment. 

A series of experiments was carried out to investigate the possibi lity that catechins were 

responsible for the activities of the WTF < I kDa combined with copper (11) sulphate since 

flavanols having a molecular weight of ca. 300 to 450 are like ly to have been present in the WTF < 
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1 kOa. If so, it was also possible that there were differences in the antimicrobial activities of the 

various types of catechin found in the WTF when combined with copper (11) sulphate, since the tea 

catechins vary in their molecular structures and antimicrobial activities (Hoshino et al.~ 2000) 

(Figures 3.15, 3.16). Five principal types offlavan-3-o1s ('catechins') commonly found in WT and 

GT, and available commercially, were investigated for antimicrobial effects against S. aureus 

NCTC06751. 

0.:
, OH 

'1 HO~O ;~ 3' 71 A C 

5 3 H 

H 

Figure 3.1S General structure of tbe tea catecbins. Isometry occurs at positions 2 and 3 in the C ring 
where the 3',4'-dihydroxyphenyl and hydroxyl group respectively can each be found in two configurations 
giving rise to catechin and ent-catechin as well as epicatechin and enl-epicatechin. Substitutions of OH for H 
at S' in the B ring and gallic acid for OH at 3 in the C ring give rise to other tea catechins. 

Catechin (C) 

Eplcatechln gallate (ECG) 

H~O.a: 
'oH 

H 

Eplcatechln (EC) 

Ep/gallocatechln gallate (EGCG) 

'oH 
H 

Eplgallocatechln (EGC) 

Figure 3.16 Chemical structures of the five common catechins used in tbls investigation. Catechin does 
not possess the features normally associated with higher antimicrobial activities seen with other tea tlavanols 
i.e. 3 OH groups in the B ring, favourable epimerisation of the C ring OH group; a gallie acid substitution at 
the same position and with favourable epimerisation. 
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3.13 Activities of five common tea catechins tested alone and combined with copper <") ions 

against S. allrells NCTC 06751 

S. aureus NCTC 06571 was exposed to I ~lM , 10 J.lM, 100 J.l M, and 1000 J.lM added concentrat ions 

of the following flavanols: catechin (C), epicatechin (EC), epicatechin gallate (ECG), 

epigallocatechin (EGC), and epigallocatechin gallate (EGCG) (Figure 3. 17). 

~ 9.00 
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oS ... 00 
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Tell fhwanols tested llt different concentrallolls 011\1) 

Figure 3.17 Effects of five common tea fla vanols at different concentrations against Staphylococcus 
allrells NCTC 06751. C = catechin; I, 10, 100, 1000 = added ~M concent rations of each fl avanol (final 
concentrations = 0.214, 2.1 4, 21.4 and 214 ~M respectively), EC = epicatechin, ECG = epicatechin gallate, 
EGC = epigallocatechin, EGCG = epigallocatechin gallate. Mixtures were allowed to stand for 10 minutes in 
the dark before addition of culture. Incubations were at room temperature for 30 minutes in dark conditions. 
The plates were incubated at 37 °C for 24 hours. Results were based on triplicate tests from 3 separate 
experiments. Bars show SEMs. 

The results show that when exposed to S. aureus NCTC 0675 1 the di fferent concentrations of the 

fl avanols as well as the buffer control showed similar effect on cell viability with no ignificant 

differences between them (p>0.05). The e results how that the fl avanol , tested in these 

conditions, had no apparent effect on thi strain of bacterium. The ame concentration range, or 

extended if necessary, was used in the next set of experiments to investigate whether the addition 

of a putative adjunct, namely 4.8 mM copper (11) ul phate, could enhance the ant imicrobial activity 

of these fl avanols against S. aureus NCTC 0675 1. 

The addition of 4.8 mM copper (11) ulphate as a putati ve enhancement agent wa te ted in 

combination with the five common previollsly inve tigated fl avonol : catechin, epicatechin (E ), 

epicatechin gallate (ECG), epiga llocatechin (EGC) and epigall ocatechin gallate (EG G). Each 

flavanol was tested at increasing concentrations to di cover the amount of each fl avanol required in 

the presence of added 4.8 mM copper (11) to reduce the viability of S. aureus to ca. 3 loglo cfu mL' 

I . The results are showed in Table 3.6: 
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Table 3.6 Concentrations of five common tea flavanols combined at different concentrations 
witb copper (11) sulpbate to reduee Staphylococcus aureus NCTC 06751 viability to 310110 
du mL-1 

Catecbin tested Concentration of catecbin solution needed 
to reduce S. aureus NCTC 06751 viability to 

3 log.o du mL-1 (f.lM) 

Catechin (C) 1000 

Epicatechin (EC) 500 

Epicatechin gallate (ECG) 150 

Epigallocatechin (EGC) 1 

Epigallocatechin gallate (EGCG) 1 

Key: Flavanols were each tested at progressive concentrations with added 4.8 mM copper (11) sulphate to 
reach a point where resulting viability was ca. 3 loglo cfu mL·1

• Mixtures were allowed to stand for JO 
minutes in the dark before addition of culture. Incubations were at room temperature for 30 minutes in dark 
conditions. The plates were incubated at 37°C for 24 hours. Results were based on triplicate tests from 3 
separate experiments. 

Compared to the flavanols alone, where no antimicrobial activity was seen against S. aureus NCTC 

06751 (Figure 3.17), adding 4.8 mM copper (II) sulphate enhanced the antimicrobial activity of the 

catechins. The results showed that combined with 4.8 mM copper (11) ions, the catechins produced 

different levels of antimicrobial activity. The order of enhancement by the different flavanols was 

in the order: catechin < epicatechin (EC) < epicatechin gallate (ECG) < epigailocatechin (EGC) = 
epigallocatechin gallate (EGCG). It may be possible to explain these results on the basis of the 

differing molecular features of the tested flavanols. The order of enhancement followed that of 

averaged published MICs for each of the catechins against S. aureus, except in the last case where 

typically EGC has a higher MIC than EGCG (Takahashi et al., 1995, Akiyama et al., 2001; 

Stapleton et al., 2004a, 2004b; Gibbons et al., 2004; Taguri et al., 2004; Roccaro et al., 2004). 

Flavanols with trihydroxy benzyl groups (epigallocatechin, epicatechin gallate and epigallocatechin 

gallate) have lower MICs against S. aureus than the other flavanols (catechin and epicatechin) 

(Stapleton et al., 2006). Stereochemistry at two chiral centres of the non-galloylated flavonols 

suggests an influence of epimerisation on antimicrobial activity. In this study broadly similar trends 

were seen with the flavanols combined with copper (11) sulphate against S. aureus and a similar 

argument can be applied as the one for MICs above. Such molecular variations are believed to be 

associated with the type and degree of flavanol to cell structure interaction such as intercalation 

effects on cell wall, membrane fluidity and ion transport (Stapleton et al., 2006; Stapleton et al., 
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2007; Sirk et al., 2009). Other flavanol actions have been found to include affects on cell 

agglutination, cell division, quorum sensing, and generation of reactive oxygen species (ROS) such 

as H2~' DNA structure and replication (Hayakawa et al .• 1999, Hoshino et al., 2000, Stapleton et 

al., 2004a; Gradisar et al., 2007; Shimamura et al., 2007; Vandeputte et al., 2010). In order to 

investigate and develop ways of enhancing the antimicrobial activity of plant products such as 

flavanols, the weakly antimicrobial flavanol, catechin, was chosen and investigated as a suitable 

candidate to attempt further enhancement. 

3. 14 Summary and conclusions 

In suspension assays copper (11) sulphate tested at the level found in the whole white tea (0.56 fJ.M 

added to assay, equivalent to level of 0.14 mg L·I
) was found to have same effect as a buffer 

control on the viability of S. mueus NCTC 06571 in the conditions tested. Copper (11) sulphate 

tested in similar conditions at higher concentrations up to 10 mM produced an antimicrobial effect. 

Vitamin C assayed in the absence of teas enhanced the antimicrobial activity of copper (Il) sulphate 

against S. aureus NCTC 06751 although vitamin C itself showed no antimicrobial activity when 

tested alone. When exposed to whole WT added to 4.8 mM copper (11) sulphate S. aureus NCTC 

06751 showed the same viability as seen following cell exposure to 4.8 mM copper (11) sulphate 

alone which suggested no additional effect on S. aureus NCTC 06751 viability from the WT. 

However, following exposure of S. aureus NCTC 06751 to GT and BT each combined with 4.8 

mM copper (Il) sulphate viabilities similar to buffer controls were seen which suggested that both 

OT and BT had removed the antimicrobial effect of the copper (11) sulphate. It is possible that GT 

and BT both reduced the bioavailability of the copper (11) ions by the formation of inactive 

chemical complexes, which showed no antimicrobial activity. Whole WT and WT sub-fraction < 5 

kDa showed no antimicrobial activity in any of the combinations tested. WT sub-fraction < 1 kDa 

was enhanced with copper (11) sulphate and further with vitamin C, possibly via the formation of 

putative hydrogen peroxide as exogenous catalase removed antimicrobial effects on cells. 

The higher copper (11) concentrations contained within WT when compared to WT supernatant, 

suggest whole WT contains higher MW components than WTSN which react with copper (11) ions 

more readily than WTSN components. However, any such adsorption of copper (11) ions does not 

affect the antimicrobial activity of the whole WT compared to the WTSN. Differences in the UV· 

vis absorbance of whole WT compared to the WT sub-fractions probably reflected differences in 

substance concentration brought about by the filtration processes. 

Both whole WT and WT sub-fraction < 1 kDa increased the acidity of copper (11) sulphate solution 

possibly via the formation of chemical complexes. However, antimicrobial activities of pH adjusted 

Ringer's solution, or teas, or copper (Il) sulphate had no effect on the subsequent antimicrobial 

activity of these substances against S. aureus NCTC 6571 except in the case of copper (11) sulphate 
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adjusted to pH 9 when antimicrobial activity was lost. This loss was probably due to the 

precipitation of the copper (11) ions by NaOH reducing their bioavailability and consequently their 

harmful effects. Such harmful effects were probably caused by the generation of hydrogen peroxide 

possibly via the formation of putative hydrogen peroxide generating chemical complexes, since the 

addition of exogenous catalase to harmful test mixtures removed antimicrobial effects on cells. 

The antimicrobial activity of five common tea catechins; catechin, epicatechin, epicatechin gallate, 

epigallocatechin and epigallocatechin gallate, were compared to investigate any effect of the 

different catechin molecular structures on antimicrobial activity when combined with copper (11) 

ions. All catechins were tested individually alone and with combined copper (II) sulphate at 

concentrations below the published MIC values for S. aureus. None of the catechins tested alone 

showed any effect on the viability of Staphylococcus aureus NCTC 06571 at the concentrations 

tested when compared to a buffer control. In further experiments 4.8 mM copper (11) sulphate was 

added to each catechin which enhanced the antimicrobial activity of each of the catechins to a 

degree which could be related to their individual molecular structures. The order of antimicrobial 

activity seen with each catechin when combined with copper (11) sulphate was in the order EGCG = 
EGC > ECG> EC > C. This order follows a broadly similar pattern seen for the catechins tested 

alone at higher concentration to determine MIC values found in other investigations. Flavanol 

epimers which possess more hydroxyl groups show higher activities against S. aureus NCTC 

06571. 
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Chapter 4: Studies on catechin and other tea ftavanols with and without adjuncts 

4.1 Introduction 

Polyphenols such as tea flavanols have been shown to work in cooperation with each other in living 

systems (Williams et al., 2003; Lewis and Ausubel, 2006). Catechins are known to have wide 

ranging biological affects including as therapeutic and antimicrobial agents (see section 1.16). The 

possibility of artificially enhancing the antimicrobial activities of less active tea flavanols such as 

catechin with other additives and by pre-treatment, for example by heat, has however received less 

attention. In this study the hypothesis tested was that a weak antimicrobial agent could be enhanced 

by the addition of adjuncts in optimal molar ratios to reach a maximal antimicrobial effect within a 

30 minute exposure period. In addition, that further enhancement could be reached through other 

methods of activation such as by physical means like heating or pressure. In this study, therefore, 

the improvement of the activity of catechin, by the addition of transition metal (11) ions, the 

reducing agent vitamin C, and the alkaloid caffeine, an anti-eftlux MDR pump inhibitor as an 

additional putative adjunct, in specific molar ratios was attempted, partly to investigate any direct 

enhancement effects but also any effects due to stoichiometry. The results in Chapter 3 (Table 3.6) 

showed that copper (11) sulphate improved the antimicrobial activity of catechin. Plant polyphenols, 

including flavanols, can form complexes with transition and other metal ions with a range of 

stoichiometries (Weber, 1988, Kuo et al., 1998, Femandez et al., 2002, Esparza et al., 2005, Ghosh 

et al., 2006). It has been suggested that such complexes are more active against microbes than free, 

i.e. uncomplexed, polyphenols or even antimicrobial metal ions such as copper (11) (Weber, 1988; 

Hoshino et al., 2000). Others have argued that flavonoids can chelate metal ions which would 

reduce their ability to generate free radicals and thus could reduce their effect against microbes 

(Femandez et al., 2002). Catechin-copper(lI) complexes may generate bactericidal substances or 

interfere with cell physiology and or metabolism (Hoshino et al., 2000, Ohosh et al., 2006). If a 

catechin-copper(lI) complex is formed, this is likely to generate a precise stochiometric ratio 

between the two components. In addition these studies investigated whether catechin and its 

possible oxidation products enhanced antimicrobial activities. These investigations used suspension 

assays with cell viable counts to evaluate the effect of novel mixtures against target species of 

bacteria and investigations of reaction mechanisms using pH and H202 measurements as well as 

enzyme and metal chelating metabolic inhibitors. Since previous investigations by Hoshino et al. 

(2000) have shown that copper (ll) metal ions enhance the activity of tea catechins similar 

investigations were carried out in this project. The mechanism of action of catechin combined with 

transition metal (Il) ion against bacteria was investigated using EDT A to remove transition metal 

(11) ion availability from any reaction mechanisms. Mechanisms of action investigations also 

included interactions between catechin and copper(lI) that could indicate the possible formation of 
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an active chemical complex using pH, solubility, crystallisation studies, structure activity 

relationships, and UV-vis absorption studies. Further mechanism studies included the activity 

kinetics of fresh and heat-treated catechin compared to another tea flavanol, epigallocatechin 

gallate (EGCG), combined with adjuncts against S. at/reus and whether the activity of active 

mixtures was related to hydrogen peroxide generation as suggested in other investigations 

(Arakawa et al., 2004). This was done by identifying and measuring hydrogen peroxide production 

and by investigating any effects of hydrogen peroxide against bacteria using exogenous catalase. 

The effect of active mixtures on bacterial morphology and Gram staining was also investigated by 

microscopy. 

4.2 Effects of the weak antimicrobial tlavanol, catechin, alone, and with copper (11) su lphate 

against the viability of S. {Iureus NCTC 06751 and other microbes of medical importance 

To investigate whether a precise stoichiometry occurs between catechin and copper (11) different 

molar ratios of the copper (11) were combined with a fixed concentration of catechin and 

investigated for their effects against S. aureus NCTC 06751 (Figure 4. 1). 
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Figure 4.1 Effects of adding catechin to increasing molar ratios of copper (11) sulphate against 
Staphylococcus aureus NCTC 06751. Blue columns = copper (11) sulphate controls with added Ringer's 
solution; red columns = copper (11) with 214 ~IM (final concentration) catechin. Mixtures were allowed 10 

stand in the dark for 10 minutes prior to the addition of an inoculum. Incubations were at room temperature 
for 30 minutes in dark conditions. Sample volumes were increased for catechin plus copper (11) 
combinations from 20 ilL to 100 ilL for the 428, 856, & 1712 ~IM copper (11) sulphate additions, and to 500 
JlL for the 3424 JlM copper (11) sulphate addition to maintain detection levels. The plates were incubated at 
37 QC for 24 hours. Viabilities for catechin were similar to buffer values (Appendix 11 : Table A: Controls). 
Results were based on triplicate tests from 3 separate experiments. Bars show SEMs. 

The results show that catechin in the presence of increasing copper (11) sulphate concentrations 

progressively reduced the viability of S. aureus NCTC 06751 to a greater extent than did copper 
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(11) sulphate controls when exposed to S. aureus NCTC 06751. The differences in the means of the 

copper (11) sulphate samples tested alone against S. aureus NCTC 06751 compared to the catechin 

plus copper (11) sulphate combinations tested against S. aureus NCTC 06751 at final concentrations 

of 107 flM and above were all significant (p<0.05). Copper (11) sulphate enhanced catechin 

activity, particularly at concentrations of 160.5 !JM which represented a ratio of 0.75 : 1 of214 J.1M 
catechin (p<0.05). This ratio may correspond to the formation of a catechin-metal(II) ion complex 

as previously described and could in this ratio represent a stoichiometry of 3 copper (11) ions : 4 

catechin molecules (Hoshino et al., 2000; Fernandez et al., 2002; Esparza et al., 2005; Ghosh et al., 

2006). Such a complex could be more active against cells than separate catechin molecules and 

copper (11) ions. At greater ratios of 2 : 1 up to 16 : 1 of copper (11) : catechin, significant 

differences in antimicrobial activity compared to the corresponding copper (U) sulphate controls 

were also seen (p<0.05), although these differences were not as large as seen in the 0.75 : 1 ratio. It 

is curious that at the 1:1 ratio (214 IlM f.c.) a decrease in differential antimicrobial activity was 

seen compared to the 0.75 : 1 and the 2 : 1 ratio (428 IlM f.c.). It is possible that the further copper 

(Il) sulphate, added to make up the 1: 1 ratio, bound to the catechin molecules but in some way 

reduced their antimicrobial activity resulting in an activity similar to the 0.75: 1 ratio (p>0.05). It is 

possible that an equivalent stoichiometry of 3 copper (11) : 4 catechin is less active than that of 4 : 4 

ratio as the net charge and steric factors were altered making the complex less attracted to the cell 

envelope. At ratios of 2 : 1 and above there were no significant differences between the mean 

activities of the copper (11) sulphate controls (p>0.05), and the combined copper (H)-catechin 

samples (p>O.OS). This suggested a maximal effect had been reached at the 2 : 1 ratio within the 

conditions tested. Complex formation between catechin and copper (11) sulphate was further 

investigated in subsequent experiments by pH, UV-vis spectroscopy and crystallisation studies (see 

section 4.8). 

It is possible that the above activity of catechin-copper(lI) combinations against S. aureus may be 

partly due to a pH effect. Therefore another experiment tested the effects of pH on the activities of 

s. aureus NCTC 06571 and other reference species of bacteria. Three pH values were chosen: 3.5, 

5.5 and 7.2 since copper (11) sulphate solutions are acidic and the lambda buffer control used in the 

suspension assays was slightly alkaline (Table 4.1). 
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Table 4.1 Effects of adjusting the pH value of Ringer's solution on its antimicrobial activity 
against different test species of bacteria 

Viabilities of bacterial species following exposure to Ringer's solution 
Species tested adjusted to different values of pH, or to lambda buffer control at fixed pH 

pH 3.5 pH 5.5 pH 7.2 Lambda buffer (pH 7.2) 
S.aureus 7.63 (± 0.76) 7.61 (± 0.82) 7.65 (± 0.85) 7.66 (± 0.52) 

E. coli 7.77 (± 0.40) 7.89 (± 0.83) 7.60 (± 1.03) 7.08 (± 0.21) 

Ps. aeruginosa 7.92 (± 0.55) 7.59 (± 0.65) 8.0 I (± 0.40) 7.83 (± 0.21) 

P. mirabilis 7.87 (± 0.43) 7.79 (± 0.50) 7.53 (± 0.82) 7. 18 (± 1.08) 

Key: S. aureus = Staphylococcus aureus NCTC 06571 , E. coli = Escherichia coli NCTC 14441 , Ps. 
aeruginosa = Pseudomonas aeruginosa NCTC 950, P. mirabilis = Proteus mirabilis NCTC 7827. Ringer's 
solution was adjusted with IM HCI or with I M NaOH solution. Lambda butTer previously adj usted to pH 7.2 
was used as a control as in all suspension assays. Test samples of 1000 flL were combined with 500 flL of 
inoculum and incubated in the dark at room temperature for 30 minutes. The plates were incubated at 37 QC 
for 24 hours. Results were based on triplicate tests from 3 separate experiments (SEMs in brackets). 

These results show that pH over the range 3.5 - 7.2 has no statistically s ignificant effect (p values 

all > 0.05) on the viability of S. aureus NCTC 06571 , E. coli NCTC 14441 , Ps. aeruginosa NCTC 

950, or P. mirabilis NCTC 7827. The viabilities of S. aureus NCTC 06751 following exposures to 

Ringer's solution and to lambda buffer each adjusted to pH 7.2 were s imila r, indicating no specific 

viability effect on S. aureus NCTC 06751 from the compositions of the two solutions. Following 

this, an equimolar mixture of catechin with copper (1I) sulphate was tested against Ps. aeruginosa 

NCTC 950, P. mirabilis NCTC 7827, E. coli NCTC 14441 and compared to S. aureus NCTC 

06571. This was done to investigate which of these spec ies would be the most susceptible (Figure 

4.2), so that it could be used for comparison in subsequent experiments. 
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Figure 4.2 Effect of catechin and copper (11) sulphate mixtures against four bacterial strains. Sa = 
Staphylococcus aureus NCTC 06571 , Ec = Escherichia coli NCTC 14441, Ps.a = Pseudomonas aeruginosa 
NCTC 950, Pm = Proteus mirabilis NCTC 7827, Catl = 214 ~IM (final concentration) catechin, Cui = 214 
flM (f.c.) copper (11) sulphate, CatlCul = equimolar 214 flM (fc.) catechin and copper (11) sulphate 
combined. Mixtures were allowed to stand in the dark for 10 minutes prior to the addition of an inoculum. 
Samples were incubated in the dark at room temperature for 30 minutes. Sample volumes for Cu I and 
CatlCul combinations with E. coli were increased to 100 ~IL to maintain detection of colony forming units. 
Results were based on triplicate tests from 3 separate experiments. Bars show SEMs. 
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The catechin-copper(II) combination produced broadly similar effects on the vi abilities of S. 

aureus, Ps. aeruginosa, and P. mirabilis with E. coli being the most susceptible although there 

were no significant differences between them (p>0.05). However, Ps. aeruginosa NCTC 950 was 

the least susceptible to copper (11) sulphate showing little difference in viability when compared to 

to the buffer viability following exposure (p>O.OS). Strains of this species have previously been 

shown to be relatively tolerant to copper (Braud et al., 2010). Of the four species of bacteria tested 

adding catechin to the copper (11) solution, caused the greatest reduction in Ps. aeruginosa viability 

when compared to the Ps. aeruginosa viability seen with the copper (11) sulphate alone sample 

(p<0.05). The other three test species, in contrast, showed no statistically significant differences 

between viabilities shown by the copper (II) sulphate alone sample compared to the catechin

copper (11) combination (all p>0.05). The least susceptible species to the combined mixture was S. 

aureus NCTC 06571 possibly on account of its thicker cell wall compared to the three Gram

negative species tested. S. aureus NCTC 06571 may also have some other more effective defence 

systems such a higher levels of protective substances, e.g. enzymes or chelating agents. 

To investigate whether S. aureus NCTC 06571 would show lower viabilities if exposed to the 

catechin-copper mixture with other adjuncts, vitamin C and caffeine were evaluated. Similar 

samples were also tested against E. coli NCTC 14441. Initially, vitamin C was tested because it is 

a known reducing agent and believed to enhance the antimicrobial action of copper (11) ions. It is 

also possible that vitamin C may enhance the antimicrobial activity of a catechin-copper (11) 

sulphate solution (Ericsson. 1954; Murata and Yano, 1990; Hoshino et 01 .• 2000; McCarrell et al., 

2008). 
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4.3 Effects of combinations of equimolar catechin and copper (11) sulphate plus vitamin C 

added in molar ratios against S. aureus NCTC 06571 and E. coli NCTC 14441 

Vitamin C was added in increasing amounts to an equimolar combination of catechin and copper 

(11) sulphate using a protocol similar to McCarrell et al., 2008, (see section 2.2.5). 

Table 4.2 The effect of catechin and copper (11) sulphate with vitamin C against 
Staphylococcus aureus NCTC 06751 

Vitamin C level 
Viability fall after 30 minutes 

+ 214 I'M Cu(II)SO .. 
(log1ocfu mL-1

) 

No catechin +214 p.M catechin 
o pM 1.31 (±0.40) 3.23 (±0.45) 

4281lM 2.75 i±0.52) 3.83 {±0.82) 
856J,!M 3.23(±0.73) 4.49 (±0.12) 
1712J1M 5.19(±0.7~ 6.31 (±0.48) 

Key: Catechin, copper (11) sulphate and vitamin C figures are final concentrations. Viability figures show 
typical fall compared to buffer values. Mixtures were allowed to stand in the dark for 10 minutes prior to the 
addition of an inoculum. Samples were incubated in the dark at room temperature for 30 minutes. Sample 
volumes for Cu and Cat-Cu combinations with 1712 J,lM vitamin C were increased to 500 JlL to maintain cfu 
detection. The plates were incubated at 37 °C for 24 hours. Viabilities for catechin and vitamin C controls 
were similar to buffer values (Appendix 11: Table 1, Controls; MTJ). Vi abilities for Cat +Cu controls were 
similar to those seen previously: 5.5 (±0.67). Results were based on triplicate tests from 3 separate 
experiments. Bars show SEMs. 

Table 4.2 demonstrates that vitamin C increased the antimicrobial activity of the catechin-copper 

(11) combination against S. aureus NCTC 06751 with all the samples showing significant 

differences in the viabilities of S. aureus NCTC 06751 when compared to a control of catechin

copper (11) without vitamin C (all p<0.05). However, in controls without the presence of catechin, 

similar sized effects on the viability of S. aureus NCTC 06751 were seen with copper (H)-vitamin 

C combinations without catechin (all p>O.05). This suggested that the catechin contributed little to 

this mixture. There was also no difference between vitamin C and catechin (equimolar 214 IJ.M f.e.) 

and buffer controls in both S. aureus NCTC 06751 and E.coli NCTC 14441 (p>0.05). The possible 

reaction mechanisms involving copper (11) ions are described in section 4.9. 

4.4 Effects of addition of caffeine to combinations of equimolar catecbin and copper (11) 

sulphate plus vitamin C added in molar ratios against S. aureus NCTC 0657. 

Following the findings with copper (11) and vitamin C as putative adjuncts to catechin, caffeine was 

added to a combination of catechin, copper (11), and vitamin C in an attempt to raise the 

antimicrobial activity of the mixture further. Caffeine is an alkaloid which is believed in nature to 

inhibit the MDR pump of bacteria leading to increases in effectiveness of antimicrobial plant 

products when present (Ball et al., 2006; Couzinet-Mossion et al., 2010). Caffeine is found in high 
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amounts in leaves of the tea bush and may thus work in conjunction with tea leaf tlavonols against 

colonising pathogenic bacteria. 

Caffeine, an additional putative adjunct, was initially tested on its own at concentrations between 

0.0 I % and 1% (w/v), which is equivalent to 0.1 I - 11.4 J,lM (final concentration), against S. aureus 

NCTC 06571 and E. coli NCTC 14441. There were no antimicrobial effects across the range of 

caffeine concentrations tested on the viability of either S. aureus NCTC 06571 or E. coli NCTC 

14441 species (data not shown). Following th is an intermediate concentration of 0.5% (w/v) 

caffeine was tested in several combination treatments against S. aureus NCTC 06571 (Figure 4.3). 

Vitamin C was tested at a concentration of 428 J,lM (f.c.) since this concentration had previously 

been found to add a statistically significant increase in antimicrobial acivity to both samples of 2 14 

J,lM (f.c.) copper (11) sulphate and to an equimolar mixture of 214 ~lM (f.c.) catechin and copper (11) 

sulphate against S. aureus (both p<0.05) (Table 4.2). All tests indicated that caffeine did not 

enhance the antimicrobial activity of copper (1\) sulphate on its own or with catechin/copper (11) 

sulphate and catechin/copper (11) sulphate/vitamin C mixtures. All the caffeine combination 

samples showed no significant differences in viability effects compared to combination controls 

without caffeine (all p>0.05) (Figure 4.3). 
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Figure 4.3 Effect of ca ffeine combined with ca techin plus copper (11) sul phll te II nd vitllmin C IIgllinst 
Staphylococcus aureus NCTC 06751. Horizontal axis: I = 214 ~IM (final concentration). u = copper (11) 
su lphate, Caf = 0.5% (f.c.) caffeine, V2 = 428 flM (f.c.) vitamin . Mixture were allowed to stand in the 
dark for 10 minutes prior to the addition of an inoculum. Samples were incubated in the dark at room 
temperature for 30 minutes. Sample volumes for catechin-containing samples were increased to I 00 ~IL to 
maintain cfu detection. The plates were incubated at 37 °C for 24 hours. Viabilities for catechin and vitamin 
C controls; caffeine and plus vitamin C were simi lar to buffer values (re ults not shown). Viabilities for 
Cat+Cu controls were simi lar to those seen previously 5.1 (±0.49). Results were based on triplicate tests from 
3 separate experiments. Bars show SEMs. 
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The next experiment investigated whether the same concentration of 0.5% (w/v, f.c.) caffeine 

could enhance the antimicrobial activity of a higher concentration of 4.8 mM copper (II) sulphate 

(f.e. 2.17 mM) against S. aureus NCTC 06751. This was to check whether copper (11) ions were in 

too Iowa concentration in the previous experiment to be affected by any hypothetical copper (11) 

induced MDR pump activity when tested in the experimental conditions of relatively short 

exposure periods of 30 minutes. In addition, for comparison purposes, results from previous 

experiments had indicated significant viability values shown by S. aureus NCTC 06751 in the 

presence of added 4.8 mM copper (11) sulphate compared to buffer values of viability (e.g., Table 

3.2, Figures 3.3, 3.4, 3.5, 3.6). Thus, this choice of copper (11) sulphate concentration was 

convenient. 

Table 4.3 The effect of caffeine added to 4.8 mM copper (11) sulpbate solution on 
Staphylococcus aureus NCTC 06751 viability 

Sample tested Lotto reduction in viability 
Copper (1I) sulphate -2.5 (±O.44) 

Caffeine + copper (Il) sulphate -3.3 (±O.S2) 

Key: Caffeine added at 0.5% (w/v, final concentration), copper (II) sulphate added at 4.8 mM (f.c. 2.17 mM). 
Mixtures were allowed to stand in the dark for 10 minutes prior to the addition ofan inoculum. Samples were 
incubated in the dark at room temperature for 30 minutes. The plates were incubated at 37°C for 24 hours. 
Results were based on triplicate tests from 3 separate experiments (SEMs in brackets). 

The figures in Table 4.3 show reductions in viability of S. aureus NCTC 06571 when compared to 

buffer values of ca.7.6 (:1:0.45) log)o cfu mL't. These results show that 0.5% (w/v) (f.c.) caffeine 

had no additional effect to that of the added 4.8 mM copper (lI) sulphate on the viability of S. 

aureus NCTC 06571 with no significance difference shown between the two samples (p>0.05). 

These results indicate that with this bacterium, the antimicrobial activity of this level of copper (11) 

SUlphate was not enhanced by the addition of the caffeine. If caffeine really does inhibit cell 

membrane efflux pumps, any reduction in copper (11) ion or catechin-copper(ll) combination efflux 

in this case is not sufficient to have any effect on cell viability within the conditions tested 

(Couzinet-Mossion et al., 2010). 

Since zinc and manganese also have antimicrobial effects which are enhanced by vitamin C (Inoue 

et al., 1999; Aarestrup and Hasman, 2004; Iinumi and Tsuboi, 2012), both zinc and manganese 

were tested against S. aureus NCTC 06751. 

4.5 Effects of combinations of catechin with zinc (II) and manganese (11) ions plus vitamin C 

against S. aureus NCTC 06571 

This investigation explored whether zinc showed any antimicrobial activity against S. aureus 

NCTC 06571, and whether zinc would enhance the antimicrobial activity of catechin and copper 
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(11) sulphate mixtures. It is possible that zinc (11) and copper (11) may compete for the same 

flavanol binding sites, as both ions have two positive charges. This could thus reduce the 

antimicrobial activity of copper (11). Figure 4.5 shows that the effects of 214 ~LM (f.c.) zinc (11) 

sulphate and its combinations with 214 I!M (f.c .) copper (11) sulphate, 214 ~LM (f.c.) catechin, and 

428, 856, and 1284 I!M (all f.c .s) vitamin C against S. aureus NCTC 06571. Zinc (\I) sulphate 

alone and when combined with a control of 428 I!M (f.c.) vitamin C tested alone and further with 

the addition of214 I!M (f.c.) catechin showed no difference in antimicrobial effect when compared 

to the control buffer on the cell viabi lity of S. aureus NCTC 06571 (p>0.05). Additions of zinc (11) 

sulphate to previously demonstrated effects of copper (11) sulphate alone; equimolar catechin plus 

copper (11) sulphate; and the same combination plus the progressive molar ratios of vitamin C 

showed no further effect on S. aureus NCTC 06571 above that shown by the controls in the absence 

of the zinc (11) sulphate (all values ofp>0.05) (Figure 4.4). 
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Figure 4.4 Effect of added zinc (11) sulphate on catechin, and copper (11) sulphate with vitamin C 
combinations against Staphylococcus aurells NCTC 06571. Cat = catechin, u = copper (11) sulphate, V = 
vitamin C, Zn = zinc (11) sulphate. Figures for Cat, Cu, V, Zn show final concentration of test reagent(s) in 
each sample where I = 214 ~M (f.c.) and 2, 4, and 6 multiples thereof. Mixtures were allowed to stand in the 
dark for 10 minutes prior to the addition of an inoculum. Samples were incubated in the dark at room 
temperature for 30 minutes. Sample volumes of 500 !lL were used to maintain detection of cfus From test 
samples with V4 and V6 levels of vitamin C. The plates were incubated at 37 °C for 24 hours . Viabi lities 
following exposure to catechin and vitamin C controls were similar to buffer values (Appendix 11 : Table A 
Controls, MT3; Table D). Viabilities following exposure to Cat+Cu controls were similar to those seen 
previously 4.9 (±0.55). Results were based on triplicate tests from 3 separate experiments. Bars show SEMs. 

These results indicated that within the conditions tested zinc (11) sulphate had no effect on the 

antimicrobial activity of copper (11) su lphate nor on combinations of copper (11) sulphate plus 

vitamin C and further with added catechin against S. aureus NCTC 06751. 

80 



Other studies have shown that manganese can show antimicrobial activity against S. Ol/reus (tnoue 

et al., 1999).Therefore, in a shorter, initial experiment to investigate whether there might be any 

broad antimicrobial effects from manganese against S. aureus NCTC 06751 within the test 

conditions of the present protocol, a comparable experiment to the one described above, 

investigated whether manganese (11) sulphate could enhance the antimicrobial activity of catechin 

alone. Further, in an independent investigation of putative adjunct combinations the effect of 

vitamin C on any manganese (H) sulphate antimicrobial activity, as a putative adjunct, was also 

compared to that of vitamin C on copper (H) sulphate antimicrobial activity fo llowing a similar 

experiment described above (Table 4.2), although in this case using only two vitamin C 

concentrations ('medium' and 'high') to investigate any antimicrobial effects against S. at/reus 

NCTC 06751. 
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Figure 4.5 Effect of added manganese (11) sulphate added to catechin and to vitamin C comlla rcd to 
copper (11) ion-vitamin C combinations aga inst Staphylococcus aI/reus NCTC 0657 1. Cu = copper (11) 
su lphate, V = vitamin C, Mn = manganese (11) sulphate, Cat = catechin,. Figures for Cat, Cu, V, Mn show 
final concentration of test reagent(s) in each sample where I = 214 IlM (f.c.) and 2, and 6 mu lt iples thereof. 
Mixtures were allowed to stand in the dark for 10 minutes prior to the addition of an inoculum. Samples were 
incubated in the dark at room temperature for 30 minutes. Sample volumes of 500 ~IL were used to maintain 
detection of cfus from the test samples with Cu I and V6 levels of vitamin . The plates were incubated at 37 
°C for 24 hours. Viabilities fo llowing exposure to catechin and vitamin controls were similar to buffer 
values (Appendix 11: Table A, MT3; Table B). Results were based on triplicate tests from 3 separate 
experiments. Bars show SEMs. 

The results showed that 2 14 ~M (f.c.) manganese (11) sulphate on its own or in combination with 

214 ~M (f.c.) catechin or 428, 1284 ~M (f.c.s) vitamin C had no significant effect on the viabi lity 

of S. aureus NCTC 06751 when compared to that of the buffer control (all values of p>0.05). In the 

independent adjunct assay experiment 214 ~M (f.c.) manganese (11) sulphate plus 428 ~lM (f.c.) 

vitamin C showed no antimicrobial activity and thus there was no significant difference when 

compared to the buffer effects on the viability of S. aureus NCTC 06751 (p>0.05) . In conta t, 

whilst 214 ~M (f.c.) copper (11) sulphate tested alone showed a significant effect against S. aureus 
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NCTC 06751 with cell viabilities lower than those seen following exposure to the buffer (p<0.05), 

the addition of 428 J.lM (f.c.) vitamin C added no further antimicrobial effect (p>0.05). At the 

higher concentration of 1284 J.lM (f.c.) vitamin C significantly enhanced the antimicrobial effect of 

copper (11) (p<0.05) but not that of manganese (11) (p>0.05) (Figure 4.5). Manganese (IJ) sulphate 

was not considered to be an adjunct when tested in these conditions although it is possible that the 

concentration was too low to overcome the defences of S. aureus NCTC 06571. 

Further to the studies above on the anitimicrobial effects of copper, zinc, and manganese ions, iron 

ions were then investigated for any effects on the viability of test organisms. Iron is an important 

nutritient for certain species of bacteria such as E. coli whereas other species require little or no 

iron such as Lactobacillus where manganese substitutes for the role of iron in cellular metabolic 

processes such as respiration. Other species and strains of bacteria may require lesser or greater 

amounts compared to the two above species e.g., S. aureus NCTC 06751. In contrast to its role as 

an important nutrient, iron, in its ionic forms of iron (II) and iron (Ill) ions, poses a threat to cell 

structure and metabolic integrity due to their ability to enter into Fenton chemistry and generate 

damaging ROS which oxidise diverse structural and metabolic molecular structures. 

Furthermore, in investigations by McCarrell et al., 2008, iron (U) was found to enhance the 

antimictobial activity of the natural phenolic containing pomegranate rind extract (PRE) against 

both S. aureus and E. coli. Thus, it is possible that within the conditions of this study iron ions 

could act either as possible growth agents or antimicrobial agents. In light of the findings in the 

study by McCarrell et al., 2008, catechin, also a naturally occurring phenolic, was tested with both 

iron (11) and iron (III) salts against both S. aureus and E.coli to investigate their effects on cell 

viability. 

4.6 Effects of combinations of equimolar catechin with combined copper (11), iron (11) and 

iron (Ill) ions plus vitamin C against S. aureus NCTC 06571 and E. coIl NCTC 14441 

Two iron (JI) and (JII) salts were investigated individually and in combinations with other adjuncts 

for their effects on catechin against S. aureus NCTC 06571 and E. coli NCTC 14441(see 

Appendix 11: MT2, MT3, and MTS for further details of assays). Heat-treated and freshly dissolved 

iron (11) salt solutions were also investigated to check whether any activity against cells was lost 

following oxidation to iron (III) salts (see section 4.10). 

The results showed that neither freshly made iron (I1) sulphate nor iron (III) chloride had no 

significant antimicrobial activity against either S. aureus or E. coli when compared to the effects of 

the buffer on cell viability (p>0.05) (Figure 4.6). A catechin-iron (11) combination proved more 

active than iron (II) against S. aureus NCTC 06571 (p<0.05) but not against E. coli NCTC 
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1444 I (p>0.05). Iron (11) added to copper (11) sulphate did not raise antimicrobial activity when 

compared to copper (11) tested alone against S. aureus or E. coli (p>0.05). Further, iron (11) 

combined with copper (11) mixture did not enhance catechin activity against either species 

(p>0.05). Vitamin C added to catechin plus copper (11), and to catechin-copper (II)-iron (11) 

mixture did not raise antimicrobial activity either (p>0.05). Subsequent experiments on 

mechanisms of action investigated the effect of exogenous catalase and EDT A on the activity of 

equimolar catechin with copper (11) and iron (11) salts, and with additional vitamin C against S. 

aureus NCTC 06751 and E. coli NCTC 14441 (see section 4.10) and whether active combinations 

produced different amounts of hydrogen peroxide (Hoshino et al. , 2000). 
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Figure 4.6 Effect of catechin plus copper (11) and iron (11) sulphate plus vitamin C combinations 
against Staphylococcus aureus NCTC 06571 and Escherichia coli NCTC 14441. Sa = S. Gl/reus. Ec = E. 
coli, Cu = copper (11) sulphate, I, 4 = 214 ~M, 856 11M (f.c.) respectively. Fe = iron (11) sulphate, Cat = 
catechin, '+' denotes combinations. Mixtures were allowed to stand in the dark for 10 minutes prior to the 
addition of an inoculum. Samples were incubated in the dark at room temperature for 30 minutes. Sample 
volumes for E. coli Fe+Cu, Cat+Fe+Cu and Cat+Fe+Cu+V were increased to 1000 ~L to maintain detection 
of cfus. The plates were incubated at 37 QC for 24 hours. Viabilities following exposure to catechin and 
vitamin C controls were similar to buffer values (Appendix 11: Table A, MT3). Viabilities following exposure 
to Fe+Cu+V controls were similar to those following exposure to Fe+Cu (Appendix 11: Table A, MT2, and 
MT 6). Results were based on triplicate tests from 3 separate experiments. Bars show SEMs. 

The next set of experiments evaluated whether other treatments might enhance the antimicrobial 

activity of tlavanols, as previous studies found that tannin activities can be increased by heating 

(Takahashi et al., 1995; Asaka et al., 2000; Ikeda et al., 2003; Kim et al., 2011). Heating may 

promote the formation of more active products via e.g. , hydrolysis, oxidation, epimerisation, or 

polymerisation. 
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4.7 Effects of heat treatment on catechin solution compared to storage for 14 days at room 

temperature on activity against S. aureus NCTC 06751 

In the following experiments the activity of fresh 1000 IlM catechin solution against S. aureus 

NCTC 06751 was compared to similar solutions that had been heated at 100 QC for 10 or for 30 

minutes. In addition, the effects of storing catechin solution in the dark at room temperature, but 

exposed to the atmosphere was also tested for antimicrobial activity. The rationale for this 

experiment was to investigate the effect of atmospheric oxygen on catechin solution on subsequent 

antimicrobial activity avoiding possible effects of photo-oxidation. 
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Figure 4.7 Effects of room temperature storage, and of heating cntcchin solution at 100 QC for 10 or for 
30 minutes on its subsequent activity combined with equimolar copper (11) sulphate against 
Staphylococcus aureus NCTC 06751. Cat = 214 IJM (f.c.) catechin used at this strength in all assays, 14 
day-old catechin = solution stored for 14 days at room temperature in the dark and exposed to the 
atmosphere, HT-ID and HT-3~ denote length of heating time in minutes at 100 QC when exposed to the 
atmosphere, Cu = 214 IJM (f.c.) copper (11) sulphate used at this strength in all assays, '+' denotes 
combinations within test sample. Heat-treated solutions were restored to original vo lumes with deionised 
water before uses. Mixtures were allowed to stand in the dark for 10 minutes prior to the addition of an 
inoculum. Samples were incubated in the dark at room temperature for 30 minutes. The plates were incubated 
at 37 QC for 24 hours. Results were based on triplicate tests from 3 separate experiments. Bars show SEMs. 

The results showed that there were no significant differences between the viability of S. aureus 

NCTC 06571 following exposure to the buffer and following exposure to the freshly made, the 

stored and the heat-treated catechin solutions when tested alone (p>0.05). Stored catechin plus 

copper (11) solution reduced S. aureus NCTC 06571 viability by ca. 1.5 10glO units, this being 
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similar to and not significantly different from the reduction in viability shown following exposure 

to by the copper (11) solution control (p>0.05). In comparison, the freshly made catechin plus 

copper (11) combination produced a ca. 2 loglO unit reduction in the viability of S. aureus NCTC 

06571 was significantly different from that following exposure to the buffer (p>O.05). Catechin 

solutions, that were first heat-treated for 10 and 30 minutes, and then combined with equimolar 

copper (Il) sulphate reduced the viability of S. aureus NCTC 06571 by a further ca. 1 log 10 cfu 

mL ·1 compared to a fresh catechin with equimolar copper (H) solution, this difference in both cases 

being significantly different from that of the copper (11) tested alone (p<0.05) (Figure 4.7). 

Storage of catechin solutions exposed to atmospheric oxygen in the dark at room temperature for 

14 days and subsequently combined with fresh copper (lI) sulphate and exposed to S. aureus 

NCTC 06571 resulted in no effects on viability when compared to the effects of fresh copper (11) 

sulphate tested alone against S. aureus NCTC 06571 (Figure 4.7). Freshly-made 1000 j.tM catechin 

solutions heated at 100 QC for 10 or 30 minutes produced yellowish solutions which were probably 

due to the formation of new chemical products. Previous studies identified yellow coloured 

substances as derivatives of catechin and found antimicrobial and antioxidant activity (Hathway 

and Seakins, 1957; Es-Safi et al., 2003). Proposed structures include xanthylium salts and quinone 

methides. Xanthylium compounds are formed e.g., in wine from the initial dimerisation of catechin 

molecules linked by carboxy-methine bridges. Following dehydration and further oxidation, 

yellowish pigments are formed which have been shown to possess antimicrobial and antioxidant 

properties (Es-Safi et al., 2000). In other model solutions when subjected to heating, the 

dimerisation of catechin along with subsequent reaction products can result in the formation of 

quinone methides and other branched structures (Ferreira, 2012) (see p. 125). Quinone methides are 

related to quinones where one of the two carbonyl oxygens is replaced by a methylene group. This 

further polarizes the molecule making it more reactive. Quinone methides can show antimicrobial 

activity and are produced by certain bacteria such as Chitinophagia saneti, a myxobacterium, as an 

antibiotic (Jansen et al., 2011). Quinones and quinone methides formed from epicatechin and 

copper (11) ions in solution have also been previously shown to possess anti-cancer activity (Azam 

et al., 2004). 

To investigate the possibility of raising the antimicrobial activity of catechin further, when 

subsequently combined with copper (H) sulphate, than that achieved by heating catechin solution 

at 100 °C, autoclaving catechin solution at 121 QC for 15 minutes, prior to combinination with 

copper (11) sulphate, was also tested. It was hypothesised that higher temperatures would generate 

more catechin derivatives and thus result in a higher antimicrobial activity when subsequently 

combined with copper (lI) sulphate. Previous investigations showed that heat treatment of tannic 

acid could be used to produce gallie acid and pyrogallol which have higher antimicrobial activity 
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(Kim et al., 20 11). Autoclaving is of interest because if antimicrobia l activity is retained by this 

typical sterilisation procedure, such mixtures could be used as a steri le treatment in applied 

settings. 

In these experiments, the lower catechin concentration (500 !lM, (107 !lM f.c» was used prior to 

autocIaving. This allowed for any autoclaved-enhanced activity to be easily detectable. At the same 

time copper (11) sulphate concentrations were increased to 4.8 mM (2174 ~IM fc) to ensure that 

copper (11) would not be a limiting factor in any complex formation . A similar procedure was used 

previously when assaying different tea tlavanols in the presence of excess copper (11) sulphate (see 

section 3. 13). 

.... 9 
J 8 
S 7 
= 6 't 5 

1 
'" 

JI1I 
.... ... 

,IIJI 
ell 
~ 3 
0 2 .-- 1 :s 
Cl: 0 ;> -,- -,- , -

Figure 4.8 The effect of autoclaving fresh and boiled catechin, a nd copper (11) su lphate combinations 
on the viability of Staphylococclls allrells NCTC 06751. All catechin concentrations were 1 07 ~IM (f.c), alc 
= test substance autoclaved at 121 °C for 15 minutes, Cat = added catechin, HT-Cat = catechin previous ly 
heated at 100 °C for 10 minutes, Cu = added 4.8 mM copper (11) sulphate, '+' = mixture of antimicrobial 
components. Mixtures shown within brackets were combined prior to autoclaving. Mixtures were allowed to 
stand in the dark for 10 minutes prior to the addition of an inoculum. Samples were incubated in the dark at 
room temperature for 30 minutes. Sample volumes for catechin plus copper (lI) combinations were increased 
to 1 000 ~L to maintain detection of cfus. The plates were incubated at 37 °C for 24 hours. Results were 
based on triplicate tests from 3 separate experiments. Bars show SEMs. 

The results show that autoclaved fresh , and previously heat-treated catechin, showed similar 

antimicrobial activities to both non-autoclaved fresh catechin and heat-treated catechin when tested 

alone and compared to buffer controls (all p>O.05). No significant differences were found between 

fresh and treated catechin solutions when combined with copper (11) sulphate and tested against S. 

86 



aureus NCTC 06751 (both p>o.05). Autoclaving catechin, or catechin heat-treated at 100 °c, 

combined together with copper (11) sulphate, resulted in the appearance of small amounts of dark 

brown precipitate seen at the bottom of the sample tube. Such precipitate was only seen in the tubes 

where catechin or boiled catechin were autoclaved together with copper (11) sulphate. This 

procedure reduced the antimicrobial activity of the combination to that shown by the buffer 

(p>0.05) and it is likely that an insoluble copper (H)-phenolic complex was formed which reduced 

the amount of active soluble components (data not shown). For the controls no significant 

differences were seen between the antimicrobial activities of fresh, compared to autoclaved copper 

(11) sulphate solution (p>O.05) In conclusion autoclaving at 121 °C for 15 minutes does not 

enhance the antimicrobial activity of catechin beyond the level seen by heating the solution at 100 

cC for 10 or 30 minutes against S. aureus NCTC 06751. The next set of experiments were designed 

to investigate mechanisms of antimicrobial action. These included kinetic studies of catechin with 

adjuncts, the role of copper (11) and iron (11) ions in combination treatments, and the generation of 

bactericidal compounds. 

4.8 Mechanisms of action I: Investigations of interactions of freshly dissolved and beat

treated catecbin with copper (11) sulphate using pH, crystallisation~ solubility, and UV-vis 

absorbance 

Previous work showed that the pH of aqueous copper (11) sulphate solution was reduced upon the 

addition of white tea extracts (see section 3.12). Copper (11) can form a chelate complex with tea 

polyphenols which releases protons from phenolic groups and thus lowers the pH. In test samples 

each containing a fixed concentration of 214 f,lM catechin (f.e), increasing molar ratios of between 

53.5 and 1712 fJM (Le) copper (11) sulphate were added which resulted in mixtures with molar 

ratios of catechin 1 : copper (Il) sulphate 0.25 - 8.0. The measured pH values of the different ratio 

mixtures were each significantly different from the 214 f,lM catechin (f.e) control and from the 214 

f,lM copper (Il) sulphate control in all cases (all p<0.05) (Figure 4.9). 
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Figure 4.9 Effects of 214 /lM catechin (final concentration) combined with increasing molar ratios of 
copper (11) sulphate on pH of final mixture. Cat = catechin, Cu = copper (11) sulphate, 1 = 214 ~M (fina l 
concentration) present in each sample, '+' Cu denotes added copper (11) sulphate with figures expressing 
proportionate amounts of copper (11) sulphate present. Volumes and concentrations of solutions were used as 
in corresponding suspension assays with Ringer's solution replacing inoculum. Mixtures were allowed to 
stand in the dark for 10 minutes before testing. Samples were tested at ca. 22 °C. Results were based on 
triplicate tests from 3 separate experiments. Bars show SEMs. 

The results show that acidity increased with higher copper (11) sulphate concentrations and was 

maximal with a I: I catechin : copper (11) sulphate ratio (Figure 4.9). The increasing effect of 

adding molar ratios of 0.25, 0.5, and 0.75 copper (11) sulphate to 1.0 of catechin on its pH could be 

explained by a progressive loss of protons from catechin OH groups caused by positively-charged 

copper (11) ions displacing protons and in so doing forming an acidic catechin-copper (11) complex. 

To investigate the copper (H)-catechin complex formation further, crystallisation was attempted to 

ascertain whether certain molar ratios of these substances would result in crystals. 

Previous investigations have shown that some plant products form biologically active complexes 

with transition metal ions in vivo and that these products are less active in the absence of the metal 

ions (Murata et al., 1991, Shiono et al., 2008). Such complexes are lypically formed from 

stoichiometric ratios. Components in solution may spontaneously form crystals if conditions are 

suitable, e.g. concentration, solvent, pH, temperature, evaporation speed. Crystals can be examined 

by X-ray crystallography to determine the proportions and positions of added transition metal ions 

relative to the host molecule atoms with a view to suggesting a possible mechanism of action based 

on proximity of active functional groups acting via the metal ions to target sub tances. 

If such a crystal can only be grown at a particular component ratio, it could suggest an optimal 

concentration for use in suspension assays against test organisms. Therefore, catechin and copper 

(H) sulphate were combined in different molar ratios between I : 0.75 and I : 1.5 and stored in the 
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dark under a range of conditions in order to facilitate crystal formation. Solution pH, extent of 

precipitation and flocculation, colour of precipitate, shape, pattern and colour of *protocrystals and 

other deposits were noted during the solvent evaporation process. However, none of these 

conditions resulted in catechin-copper (11) crystals. Instead, co-joined or separate crystals of 

catechin and copper (11) sulphate were formed. These findings do not support the hypothesis that an 

optimal antimicrobial ratio would necessarily lead to a crystallising complex. 

Additional crystallisation tests at several molar ratios between 1: 0.75 and 1: 1.5 were conducted in 

polar and non-polar solvents at room temperature in the dark. During solvent evaporation, polar 

solutions changed from a very pale, clear yellowish green solution to a turbid, progressively darker 

brown colour which was probably due to chemical changes to the catechin. However, rapid 

evaporation produced microcrystals instead, particularly at the 1: 0.66 ratio of catechin: copper (H) 

sulphate. Two crystal types were identified. Firstly. separate crystals of catechin, seen as colourless 

needle like structures about 0.25 - 1.00 mm in length which grew in parallel or star-shaped 

clusters, or separately. Secondly, ortho-rhombic crystals of copper (11) sulphate crystals formed 

separately. However, in alkaline, polar solvents copper (11) sulphate microcrystals grew in a regular 

juxtaposed arrays down each side of single catechin crystals which could be compared to the 

arrangement of barbs joined to the rachis of a bird's feather, or the fletching on an arrow (Figure 

4.10) 

*Protocrystals are defined as the first microscopic crystals to appear during the evapomtion of solvent, but 
which are not yet grown to macroscopic size. 
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A 

B 

D 

F 

Figure 4.10 Appearance of crystals of catechin and copper (11) sulphate grown alone and ill 
combination. Drawings made from light microscope images seen at x 180 magnification. A = Small 
protocrystal of catechin, B = larger single crystals of catechin, C = catechin crystals aligned in a parallel 
cluster, D = Star-shaped cluster of catechin crystals, E = Ortho-rhombic crystal of copper (11) sulphate, F = 
mat of congealed substance derived from catechin? with protruding catechin crystals in non-alkaline 
conditions pH, G = single catechin crystal with feather-shaped array of copper (11) sulphate crystals, H = 
Branched catechin crystal array with terminal clusters of feather arrays of copper (11) sulphate crystals. G and 
H were both grown in alkaline conditions. 

Other experiments measured the effect of added copper (I1) ions on catechin olubility. In aqueous 

solution catechin loses a proton and becomes an anionic molecular ion carrying a monovalent 

negative charge. This catechin ion is thus then attracted to po itively-charged cation uch as that 

added large copper ions, which carry a divalent positive charge, and upon binding form a complex 

carrying a single positive charge (Weber, 1988). A complex of catechin-copper (I1) ion could 

interact with more water molecules than uncomplexed free catechin molecule and thu increa e 

the water solubility of the flavanol. 

[n this experiment catechin powder and copper (11) ulphate pentahydrate alt were mixed in 

equimolar quantities of constituent catechin and copper (11) sulphate molecule (I M quanti tie 

being 249.70g of CuS04.5H20, and 290.26g of catechin, catechin making up therefore 54% of the 

total weight). Water was then added slowly and gently shaken, until all contents were di solved. 

The volume of water required to do this was then noted a well as the temperature of the solution. 

From the weight of the mixture and the volume of water required to dissolve it, its olubility could 

be calculated in milligrammes per litre. Since the catechin-copper (11) sulphate dry mixture was 
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made up of equimolar amounts of catechin and copper (H), half of the final solubility figure 

calculated corresponds to the solubility of the catechin in the presence of copper (11) sulphate. The 

solubility of the catechin could then be compared to standard solubility values for catechin and 

copper (11) sulphate at 25°C. 

Table 4.4 Water solubilities of cateebin in tbe absence and presence of added copper (11) 
sulpbate at 2S QC. 

Mixture investigated 
Solubility of Solubility of Increase in solubility 

mixture cateebin of catechin 
(me mL-1

) (m£mL-1) 

Catecbin alone 1.6 (±O.34) 1.6 (±O.34) none 
Cu (11) SO .. alone 325 (±5.8) N/A N/A 

·Catecbin + Cu (11) 
5.8 (±1.3) 

3.1 
X 2 (approx.) 

S04 

Key: Cu (11) S04 = copper (11) sulphate pentahydrate. ·Catechin powder and copper (H) sulphate salt made 
up to equimolar amounts using 54% catechin and 46% copper (11) sulphate pentahydrate by weight thus 
correponding to their respective molecular weights: 290.26 and 249.70. N/A = not applicable, as no catechin 
was present in test sample. Each value given in the table is a mean based on 10 separate solubility 
investigations for each substance. 

The results showed that catechin and copper (11) sulphate had solubilities of ca. 1.6 and ca. 325 mg 

mL·1
, respectively when tested at 25°C. However, an equimolar mixture of catechin with copper 

(H) sulphate showed a solubility of ca. 5.8 mg mL'I. This represents a catechin solubility within the 

mixture of ca. 3.2 mg mL'I, which is a two-fold increase in solubility compared to catechin alone 

(Table 4.4). This observation adds further support to the theory that catechin forms a stable, soluble 

complex with copper (11) ions in aqueous solution (Weber, 1988). 

Catechin and copper (11) sulphate interactions were also investigated using UV-vis spectroscopy. 

This technique can detect and measure the absorption of coloured compound such as those formed 

with transition metal (11) ions. The experiment below investigated the absorption of catechin and 

heat-treated catechin with different ratios of copper (11) sulphate. Similar samples were also tested 

in the presence of EDTA (ethylenediamine tetra-acetic acid) in order to test the metal chelating 

effect. The results are shown below (Figure 4.11). 
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Figure 4.11 UV -vis spectra of fresh and hent-trented catechin nlone and with combined copper (11 ) 
sulphate and with EDTA. All catechins tested at 214 I,M (final ncentmtion), (a) nle hin, (b) ate hin 
heated for 10 minutes at 100 °C, (c) catechin with copper (11 ) ulphll te added in prop rtional n ent mti 11 , 

from bottom up: 214 /lM (X I), 856 /lM (x 4), 171 2 I,M (x 8), (d) fre h ate hin mbined with cquim lar u 
(11) S04, lower trace the same with 535 /lM DTA (e) heat-treated cllte hin (liT) mbined wilh 2 11 I,M, 
856 /lM, 1712 /lM copper (11) su lphate, (I) heat-treated catechin with 171 2 I,M u (11) 4 and lower tra e, 
the same with 4280 IlM EDT A (x8). Mixture were allowed to tand in the dark for 10 minute before 
testing. Finally all samples were diluted to 25% of su pen i n as ay level for reliab le readings to be made. 
NB. Difference in scaling between (a) and (b), and (c) and (d) (Ab orbnnce tra es d wn to 200 nm nnd up t 
900 nm not shown). Results were based on triplicate te t fr m eparnte experiments. 
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Fresh and heat-treated catechin (214 ~M solutions) showed similar profiles but the freshly 

dissolved solution gave a greater absorption at ca. 290 nm. Heat-treated catechin had an additional 

small peak at ca. 425 nm (see also section 4.6) (Hathway and Seakins, 1957; E -Safi et al., 2003), 

which is typical of yellow-brownish solutions (Bandara, 2012). Ringer' solution a well as 

deionised water had little or no absorbance (not shown). Peak heights at ca. 390 nm were po itively 

linked to copper (11) sulphate concentrations whether added to fresh or heat-treated catechin 

solutions. It can be seen that freshly dissolved catechin with copper (11) sulphate gave higher 

absorbances than the heat-treated combinations. Such differences in absorption may in part be due 

to pH changes caused by the different concentrations of added copper (11) sulphate (Fisher and 

Naughton, 2004; Zhu et al. , 2008; Pirker et al. , 2012). Addition of EDTA completely removed the 

copper (11) sulphate effects. It is likely given the evidence from EDT A and from catala e tudies 

(see section 4.9) that this chromophore may be linked to the generation of hydrogen peroxide 

(Hoshino et al., 2000; Arakawa et al., 2004). 

Mechanisms of action of fresh and heat-treated catechin solution combined with copper (11) ion 

against test species were then investigated further by add itional studie of putative complex 

formation using pH studies (Figure 4.12). 

7 
Q.I 

S - 6.5 

.~ 6 
-; 
= 5.5 = .... 
0 

::t:: 5 
c.. 

.... 5 

Fresh or treated catechin with t'qulmolllr or e..\':Ce.'s copper (11) 

Sull)lmte tested Sel)lll'lltely, or III comblullllolI 

Figure 4.12 pH measurements of fresh IInd hCllt-trclltcd clltcchin solutions combincd with diffcrcnt 
concentrations of copper (11) sulphllte. Cat, catechin = 2 14 I1M (final cOllcent rnti n) cote hill, IIT- at "" 
214 /lM (f.c.) catechin heated at 100 °C for 10 minute equimolar, eq u = 2 14 I,M (f . . ) copper (11) 
sulphate, excess, exc Cu = added 4.8 mM (2175 ~,M f.c.) copper (1\ ) sulphate. Mixtures were nil wed to 
stand in the dark for 10 minutes before testing. Sample were tested at ·Cl. 22 ° . Re ult were bnsed on 
triplicate tests from 3 separate experiments. Bars show EMs. 

The results showed that an effect of heating catechin solution at 100 ° for 10 minutes cau ed the 

pH value of the catechin solution (2 14 J.1M f.c.) to increase by ca. 0.2 unit which was igni licant 
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(p<0.05) (Figure 4.12). This may be caused by the conversion of catechin to new products, which 

are less acidic, incorporating labile protons from the surrounding solution. Freshly-made as well as 

heat-treated catechin combined with either equimolar (214 p,M f.c.) or excess copper (11) sulphate 

solution (2175 p,M f.c.) both showed a similar significant increase in acidity of ca. 0.75 pH unit 

compared to that shown by the copper (11) sulphate solutions tested alone (p<O.05). This suggests a 

similar degree of proton loss from catechin and catechin derivatives in each sample. It also suggests 

that copper (H) ions were not a limiting factor since a similar magnitude was detected with the 

equimolar copper (I1) sample as with the excess copper (lI) sample. 

To conclude, these studies showed that catechin reacts with copper (I1) sulphate and releases 

protons in a dose dependent manner up to a ratio of J: 1. This ratio is also favourable in terms of 

antimicrobial activity against S. aureus NCTC 06571. Solubility studies and UV-vis measurements 

indicated that new chemical entities are formed, which absorb strongly at 390 nm. 

4.9 Mechanisms of action 11: Comparison of antimicrobial activity of fresh and heat-treated 

catechin compared to freshly-made epigaIJocatethin gallate (EGCG) In excess copper (11) 

sulpbate OD the viability of S. aureus NCTC 06751 

Using kinetic studies comparisons were also made between the antimicrobial activity of fresh 

catechin and heat-treated catechin solutions on S. aureus NCTC 0675 t viability. The rates of action 

against S. aureus NCTC 06751 were compared in the presence of excess copper (11) sulphate to 

ensure that bactericidal rates were not limited. In addition, the rates of change due to the fresh and 

heat-treated catechin solutions were also compared to EGCG solutions. EGCG is a well known tea 

flavanol and has been extensively researched. It is especially known for its highly efficacious 

action effects in numerous applications (Sun et al., 2011; Singh et ai" 20 11; Shigemune et al., 

2012). 
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Figure 4.13 Reduction in viability of S. ullrells NCTC 06571 on exposure to fresh and to heat-treated 
catechin solutions compared to epigallocatechin gallate each combined with excess copper (11) 
sulphate. Green line = Buffer, purple line = 4.8 mM added Cu(II)S04 tested alone, blue line = fresh 214 ~lM 
(final concentration) catechin with Cu(II)S04' sky blue line = catechin heated at 100 °C for 10 minutes plus 
Cu(II)S04' red line = I J.lM (f.c.) EGCG plus Cu(II)S04 (Concentrations of catechin and EGCG each gave 
similar levels of antimicrobial activity in independent assays with added 4.8 mM copper (11) sulphate, to 
reach a point where following exposure resulting viability of S. OIll'eIlS was c a . 3 loglo cfu mL·1 after 30 
minutes exposure). Mixtures were allowed to stand in the dark for 10 minutes prior to the addition of an 
inoculum and returned to the dark except when samples of ISO J.lL were removed for viable counts at the 
times indicated. Viability is expressed as a fraction of the numbers of crus (N) seen at a time interval divided 
by the original number of buffer cfus at time zero (No). The plates were incubated at 37 °C for 24 hours. 
Viabilities seen following exposure to catechin controls were similar to butTer values sampled at 30 minutes 
(Appendix 11: Table G). Results were based on triplicate tests from 3 separate experiments . Bars show SEMs. 

The rates of S. aureus NCTC 06751 viability reduction seen following expo ure to test solution 

were as follows: EGCG + Cu (11) > heat-treated catechin + Cu (11) > fre h catechin + Cu (11) > u 

(11). All the rates were significantly different from each other after I minute ' s exposure and at a ll 

greater exposure periods tested (all p<0.05) (Figure 4.13). In each ca e most of the effect occurred 

within the first minute. Interestingly, heat-treated catechin had a faster effect than fre h catechin. 

Subsequent experiments investigated the viability reduction of S. aureus N TC 06751 after 10 and 

40 seconds of exposure from similar mixtures under the same condition. 
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Figure 4.14 Reduction in viability of Staphylococclls allrells NCTC 06751 during timed exposure to 
fresh and to heat-treated catechins each combined with excess copper (11) sulphate. Cu (11) S04 = added 
4.8 mM copper (11) sulphate. 214 flM (final concentration) freshly-made catechin as we ll as catechin heat
treated at 100 °C for 10 minutes was added to Cu (11) S04 in the two lower samples shown above . Mixtures 
were allowed to stand in the dark for 10 minutes prior to the addition of an inocululll . Samples were 
incubated in the dark at room temperature for 30 minutes. Viability is expressed as a frac tion of the numbers 
of cfus (N) seen at a time interval divided by the original number of buffer cfus at time zero (No). The plates 
were incubated at 37 °C for 24 hours. Viabilities following exposure to fresh and heat-treated catechin 
controls were similar to exposure to buffer sampled at 30 minutes (Appendix 11: Table G). Results were 
based on trip licate tests from 3 separate experiments. Bars show SEMs. 

The rates of S. aureus NCTC 0675 1 viability reduction seen fo llowing expo ure to te t olution 

were again as fo llows: heat-treated catechin + Cu (11) > fre h catechin + u (11) > u ( 11 ) (F igure 

4.14). Most of the effect occurred within the first 10 second (Figure 4. 14). All the rates were 

significantly different from each other when mea ured followi ng 10 econd and following 40 

seconds of exposure (all p<0.05). These results demon trate that the antimicrobial effect of the e 

samples was very rapid indeed. 

In conclusion, the above rate experiments indicated that fo llowi ng exposure to exce copper (11) 

sulphate the heat-treated catechin produced a faster 10 in S. Gureus N T 0657 1 viability than 

did the fresh catechin combination with copper (11) ulphate. Thi greater effect may be due to a 

greater rate of action by the heat-treated catechin uch a direct Iy i of the ce ll envelope or the 

generation of harmful substances such as ROS' or the fac ilitation of copper (11) ion attachment to 

cell structures such as the cell membrane (Hoshino et al. , 2000' Lebedev et al., 2005). The next et 

of experiments tested whether catechin plus copper (11) olution woul d generate ub tance uch 

as ROS that are harmful towards bacteria. In iti al tests u ed exogenou catala e to inve tigate 

whether samples were generating hydrogen peroxide, a ub tance known to be u ed aga in t 
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bacteria by competing bacteria, plants and animals (Tsan et al., 1977; Delbes-Paus et al., 20 I 0; 

Tkalec et al., 2012). 

4.10 Mechanisms of action Ill: Investigation of the effect of exogenous catalase and EDT A on 

the activity of equimolar catechin with copper (11) and iron (11) salts, and with ndditional 

vitamin C against S. aureus NCTC 06751 and E. coli NCTC 14441 

Results in Chapter 3 (see section 3. 11) suggested that tea components plus copper (11) ion 

generated hydrogen peroxide as reported by Hoshino et al. (2000). Some authors have reported that 

catalase could negate thi s effect (Kimura et al. , 1998; Hoshino et al. , 2000). Catalase was there fore, 

added at different concentrations to copper (11) sulphate and tested against S. aureus NCTC 06571 

and E. coli NCTC 14441. UV -vis spectroscopy was used to monitor whether catalase complexed 

copper (11) ions reducing their bioavailability and removing their harmful e ffects in thi s way rather 

than the breakdown of any harmful hydrogen peroxide. In addition , catalase was a lso tested on its 

own in the absence of added copper (11) sulphate for any direct effects on the viability of S. OI/reus 

NCTC 06571 and E. coli NCTC 1444 1. 
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1 
o ~Ll 

S. aurells E. coli 

Coppt'r (11) sulphate ndded nlone, or wtlh progrt'sslve concenfrntions or 
('Malas/' 

Figure 4.15 Effect of catalase added to copper (11) sulphate on the viability of Stap"ylococcus allreU.f 
NCTC 06571 and Esc"eric"ia coli NCTC 14441. Cu = 2 14 ~IM ( final concentration) copper (11 ) sulphate, 
E + number = added catalase ~g mL·' (f.c.). Samples were incubated in the dark at room temperature for 0 
minutes, the sample volume of E. coli + EO (no added enzyme) wa increased to I 00 ~L to maintain cfu 
detection. The plates were incubated at 37 °C for 24 hours. Viabilities following exposure to catechin 
controls were similar to buffer exposure values (Appendix 11 : Table A). Results were ba ed on triplicate tests 
from 3 separate experiments. Bars show SEMs. 

Following exposures to combinations of copper (11) sulphate with different concentration of added 

catalase little effect was observed on the viability of S. OI/reus N T 0675 1 when compared to 

viability effects of the buffer tested alone (a ll p>0.05). However the effects of added catala e were 
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more pronounced on E. coli NCTC 14441 between 10 - 25 Jlg mL-' . Samples containing 25 ~I g mL

I or greater concentrations of added catalase did not show significant effects on viability when 

compared to the buffer control (all p>0.05) (Figure 4. 15). The effects on E. coli followed a dose 

dependent manner. It appears that copper (11) sulphate produced sufficient H20 2 to have greater 

effects on the viability of E. coli than on S. aureus. This may reflect the different defence capacities 

of these two types of bacteria. 

The UV-vis spectroscopy experiments showed that catalase at 50 and 500 Jlg mL-1 and the addition 

with 214 JlM (f.c.) copper (11) sulphate made little difference to the catalase absorption spectrum 

and no new peaks appeared (Figure 4.16). This suggested that catalase did not form any complexes 

with copper (11) ions and thus it did not affect the capacity of copper (11) ions to generate H20 2• 

Catalase had no direct antimicrobial activity against S. aureus and E. coli compared to buffer 

controls (data not shown). 
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Figure 4.16 UV -vis absorbance spectra of bovinc liver catalnsc nlonc lllld combined with nddcd coppcr 
(11) sulphate. From bottom upwards: black line = 50 ~Ig mL-1 (final concentration) catala e alone, red line = 
50 Itg mL-1 (f.c.) catalase plus 214 ~IM (f.c.) copper (11) sulphate, lilac line = 500 Itg mL - I (f.c.) catalase 
alone, green line = 500 JIg mL-1 (f.c.) catalase plus 214 ~IM (f.c.) copper (11) sulphate. Assay volume amd 
concentrations were similar to those used in suspension assays with inoculum replaced by Ringer's solution. 
Absorbance traces below 275 nm and above 475 nm not shown. Results were based 0 11 triplicate le ts from 3 
separate experiments. 

In this investigation H20 2 and other reactive oxygen species (RO ) could have been produced by 

re-oxidation of copper (I) following reduction of the added copper (11) within Fenton-type 

chemistry. Following exposures to S. aureus NCTC 06571 a complete rather than a partial 

restoration of buffer values in the presence of copper (11) ion amples with added catala e wa 

unexpected since other mechanisms besides the manufacture of hydrogen peroxide, uch a 
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interference with cell membrane physiology, have been suggested for the antimicrobial action of 

copper (11) ions (Lebedev et al. , 2005; Braud et al. , 2010). 

Since copper (11) sulphate can apparently generate H20 2 to levels beyond which the cells of S. 

aureus NCTC 06571 and E. coli NCTC 14441 can adequately defend themselves, it seemed 

reasonable to investigate the possibility that other test mixtures containing added transition metal 

(11) ions might also produce their bactericidal effects by generating H20 2• Catalase was therefore 

added to mixtures of catechin-copper (11) sulphate-vitamin C that had been shown to have 

antimicrobial activity against S. aureus NCTC 06571 and E. coli NCTC 1444 1 (Figure 4. 17). 
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Figure 4.17 Effect of added catalase on catechin, copper (11) sulpllllte IIncl vitlll1lin IIgninst 
Staphylococcus allrells NCTC 06571 and Escherichia coli NCTC 14441. V = 2 14 ~IM (f. c.) catechin 
plus 214 IlM (f.c.) copper (11) sulphate plus 856 ~IM (f.c.) Vitamin " , denote combi nation, E number = 
level of added catalase Ilg mL'1 (f.c.). Mi xtures were allowed to stand in the dark for 10 minute prior to thc 
addition of an inoculum. Samples were incubated in the dark at room temperature for 30 minutes. ample 
volumes of 500 ilL were used to maintain detection in two lowest concentrations of enzyme with each 
species. The plates were incubated at 37°C for 24 hours. Viabilities following exposure to catechin and 
vitamin C controls were similar to values following buffer exposure (Appendix 11 : Table A, contro l , MTJ). 
Copper (11) controls were similar to those previously shown, S. al/rellS = 5.92 ( 0.89), E. coli = 3.09 ( 0 .56) 
10glO cfu mL' I. Results were based on triplicate tests from 3 separate experiments. Bars show Ms. 

The results showed that with S. aureus test samples of le than 55 pg mL' 1 howed significantly 

lower viability values when compared to the buffer viability value (all p<O.05). Samples containing 
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55 J,lg mL·' or more of added catalase did not show significantly different viabilities compared to 

the buffer control (both p>O.05). The results showed that with E. coli there were significant 

differences seen between the buffer value compared to test samples of less than 300 J,lg mL·1 (all 

p<O.05). Samples containing 300 J,lg mL·1 or more of added catalase did not show significance 

compared to the buffer control (both p>O.OS). These results showed that catalase eliminated the 

antimicrobial effect of the catechin-copper(Il)-vitamin C mixture. Importantly, the extent of this 

reduction was directly related to the catalase concentration. A similar result was seen with E. coli 

NCTC 14441 but in this case, requiring higher concentrations of catalase to reduce the 

antimicrobial effects of the mixture to comparable levels seen with S. aureus NCTC 06571 (Figure 

4.17). 

These results clearly show that higher catalase concentrations negated the inhibitory effect of the 

catechin-copper (11) sulphate-vitamin C mixture against S. aureus NCTC 06571 and E. coli NCTC 

14441 (Figure 4.17). It is possible that catechin and vitamin C are both able to reduce copper (11) 

ions to a greater extent and consequently generate H202 in greater quantities. Fairly high catalase 

concentrations 300 - 600 J,lg mL·1 are required to destroy any H20 2 that is generated by catechin or 

vitamin C and copper (II) ions. These findings raised the question whether less environmentally 

harmful transition metal (11) ions could be substituted for copper (11) in order to develop 

disinfective products based on flavano]s. 

Previous experiments (see section 4.6, Figure 4.6) investigated the effects of catechin with freshly

made iron (II) sulphate solution alone on the viabilities of S. aureus NCTC 06571 and E. coli 

NCTC 14441. Catechin was enhanced by iron (11) against S. aureus NCTC 06571 but not against 

E. coli NCTC 14441. Iron (JI) controls were not active against S. aureus NCTC 06571 or E. coli 

NCTC 14441. These results suggested the possibility that catechin plus fresh iron (11) generated 

H20 2 via Fenton chemistry which was active against S. aureus NCTC 06571. To investigate this 

further the effect of oxidation of iron (11) to iron (Ill) on any H202 production and consequently on 

antimicrobial activity was tested against S. aureus NCTC 06511 and E. coli NCTC 14441. Iron (11) 

sulphate and iron (Ill) chloride solutions were either heated to 100°C for 10 minutes or autoclaved 

for 15 minutes in the presence of atmospheric oxygen. 

The results showed that heat-treated iron (11) and (Ill) salt solutions showed similar antimicrobial 

activities towards S. aureus NCTC 06571 and E. coli NCTC 14441 as freshly-made solutions and 

buffer controls with no significant differences seen between them (all p>0.05). These results 

indicate that any hydrogen peroxide generated by both iron salts was probably adequately defended 

by endogenous catalase from both bacteria species (Table 4.5a). 
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Next, EDT A was employed to test whether chelation of iron (11) and copper (11) sulphate would 

prevent hydrogen peroxide generation. A similar 214 ",M (f.e.) copper (H) sulphate and iron (11) 

sulphate solution as used previously (section 4.5, Figure 4.6) and EDTA at 2.5 x the final 

concentration following Brown et al., (1998) was added and tested against S. aureus NCTC 06571 

and E. coli NCTC 14441. The results showed that combined iron (11) and copper (11) salt solutions 

alone and with the further addition of catechin showed similar antimicrobial activities towards S. 

aureus NCTC 06571 and E. coli NCTC 14441 as buffer and EDT A controls with no significant 

differences seen between them (alIp>0.05). 

Comparing the results shown in Table 4.5 a, b, and Figure 4.6 only free, un-chelated iron (lI) and 

copper (II) ions produced antimicrobial activities greater than buffer controls or samples with 

EDT A. It is likely that the chelation of these ions prevented successive oxido-reduction reactions as 

required in Fentonchemistry to generate hydrogen peroxide. To further elucidate the mechanism of 

action of catechin acting on transition metal ions, EDT A was used to interfere with the 

bioavailability of the ions within UV -vis absorption spectra which indicated EDT A prevented the 

formation of eatechin-copper(ll) complexes (section 4.7, Figure 4.10). 

Extending the above findings, catalase was added to 214 ",M (f.e.) copper (1I) sulphate and iron (11) 

sulphate solutions and tested against S. aureus NCTC 06571 and E. coli NCTC 14441. This 

showed that catalase reversed the metal(II) ion effects against both species by removing hydrogen 

peroxide with no significant differences seen between the antimicrobial activities of the test 

samples compared to those of the buffer controls (all p>0.05) (Table 4.5c). However, significant 

differences were seen between the results shown for the iron(lI) and copper(lI) salt combinations 

tested alone and with added catechin shown in Figure 4.6 and those shown in Table 4.5c with 

added 600 ",g mL-1 catalase (allp<0.05). 
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Table 4.5 The antimicrobial etTects of iron (111111) ions alone and with added copper (11) ions, 
plus the etTects of adding the metal ion chelator EDTA and catalases to remove any generated 
hydrogen peroxide on the viabilities of Staphylococcus aureus NCTC 06751 and Escherichia 
coli NCTC 14441. 

Heat treatment: 

Sample tested 
Viabilities of tested species (loglO cru mL-J

) 

S. aureus NCTC 06751 E. coli NCTC 14441 
ButTer 7.66 (± 0.52) 7.08 (± 0.21) 

Fe(II) alone: fresh 7.50 (± 0.82) 6.75 (± 0.62) 
beat-treated at 100°C 6.99 (± 0.37) 7.44 (± 0.62) 
autoclaved at 121°C 7.52 (± 0.55) 7.91 (± 0.76) 

Fe(III) alone: fresh 7.33 (± 0.48) 7.87 (± 0.61) 
heat-treated at 100°C 7.49 (± 0.46) 7.77 (± 0.49) 
autoclaved at 121°C 7.99 (± 0.44) 8.03 (± 0.41) 

Catechin plus fresh 5.38 (± 0.53) 6.93 (± 0.50) 
Fe(II): heat-treated at 100 °C 7.51 (± 0.50) 8.05 (± 0.38) 

autoclaved at 121°C 7.92 (± 0.42) 7.89 (± 0.61) 
Catechin plus fresh 7.84 (± 0.68) 7.71 (± 0.48) 
Fe(lIl): heat-treated at 100°C 7.22 (± 0.50) 8.64 (± 0.48) 

autoclaved at 121°C 7.23 (± 0.67) 8.53 (± 0.65) 

(b) EDTA chelation of metal ions: 

Sample tested S. aureus NCTC 06751 E. coli NCTC 14441 
ButTer 7.66 (± 0.52) 7.08 (± 0.21) 
EDTAalone 8.23 {±0.41} 7.2I{± 0.51) 
Ft!{II)+Cu(II}+EDTA 8.02 (± 0.33) 7.12 (± 0.49) 
Catechin+Fe{II)+Cu(II)+EDTA 7.97 (± 0.36) 7.50 (± 0.42) 

(c) Catalase inactivation of hydrogen peroxide: 

Sample tested S. aureus NCTC 06751 E. coli NCTC 14441 
Buffer 7.66 (:I: 0.52) 7.08 (:I: 0.21) 
Fe(II)+Cu(IO+catalase 8.16 (± 0.70) 6.60 (± 0.44) 
Catechin+Fe(II)+Cu(ID+tatalase 8.02 (:I: 0.35) 7.77 (:I: 0.53) 
Catechin+Fe(lD+catalase 7.23 (± 0.42) 8.01 (± 0.53)_ 

Key: Buffer = lambda buffer adjusted to pH 7.2 as a control; Fe(n) = iron(lI) sulphate, Fe(lII) - iron(lII) 
chloride; 214 J1M (final concentration) Fe(lI) & 214 ~ (f.c.) Fe(IJI) alone samples were either freshly
made, or freshly-made and then heated to 100°C for 10 minutes, or freshly-made and then autoclaved at 121 
°C for 15 minutes; Cu(lJ) = 214 J1M (f.c.) copper(II) sulphate; EDTA'" 1070 J1M (f.e.) ethylenediamine tetra
acetic acid; catechin = 214).IM (f.c.); Catalase = 600 J,tg mL" (f.e.) added just prior to inoculum. Mixtures 
were allowed to stand in the dark for 10 minutes prior to the addition of an inoculum. Samples were 
incubated in the dark at room temperature for 30 minutes. The plates were incubated at 37°C for 24 hours. 
Results were based on triplicate tests from 3 separate experiments. Bars show SEMs. 

The next set of experiments evaluated other flavanols for their hydrogen peroxide production in the 

presence of copper (11) sulphate. Certain flavanol isomers of catechin not previously investigated 
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viz. ent-catechin, and ent-epicatechin may show greater antimicrobial activity than catechin with 

added copper (11) sUlphate. Other investigations have shown that variations in the molecular 

structure of catechin and other tlavanols can result in enhanced antimicrobial activities (Park a nd 

Cho, 20 I 0; Anderson et al., 20 I I). 

4.11 Mechanisms of action IV: Compa rison of the a ntimicrobia l act ivity and hydrogen 

peroxide generation of fresh, heat-treated, and oxidised ca techin to other tea catechins when 

combined with equimolar copper (11) sulphate against S. QllrellS NCTC 06751 

The following tlavanol isomers were tested: catechin, en/-catechin, epicatechin, en/-epicatchin. 

Each was combined with equimolar 214 IlM (f.c.) copper (11) sulphate and tested against S. atlreus 

NCTC 06751 (Figure 4. 18). In addition, the isomers were compared to catechin which was heated 

to 100 QC for 10 minutes as previously with catechin (see section 4.7, Figure 4.8) or exposed to the 

atmosphere and stored at room temperature for 14 days. 
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Figure 4. 18 The effect of combined heat-treated catcchin and copper (11) sul phate solution compared 
to fresh catechin and cpicatechin with thei r enantiomers as well as stored catechin solution against 
Staphylococcus oureus NCTC 0657 1. Cu = 214 ~IM (final concentration), copper (11 ) sulphate, ent-EC = 
enantiomer of epicatechin, ent-Cat = enantiomer of catechin, Cat = catechin, EC = epicatechin, HT at = 
catechin heat-treated at 100 QC for 10 minutes, RS Cat = room stored catechin so lution kept in the dark for 14 
days at ca. 22 QC. Mixtures were allowed to stand in the dark for 10 minutes prior to the addition of an 
inoculum. Samples were incubated in the dark at room temperature for 30 minutes. Sample volumes for HT 
Cat+Cu combinations were increased to 100 /-IL to maintain detection of cfus. The plates were incubated at 
37 °C for 24 hours . Viabilities fo llowing exposure to fresh, heat-treated, and room stored catechin cont rols 
were similar to values following buffer exposure (not shown). Results were based on triplicate tests from 3 
separate experiments. Bars show SEMs. 

The results showed that the antimicrobial activities of all test samples containing copper ( 11) 

sulphate were significantly different from that shown by the buffer (all p<0.05 ). However, the fresh 

and heat-treated catechin as well as the fl avanol isomer controls showed no significant differences 
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when compared to the buffer control (all p>O.OS). The following order of antimicrobial activity was 

found against S. aureus NCTC 06S71: heat-treated catechin+Cu > epicatechin+Cu > catechin+ u > 

ent-catechin+Cu = ent-epicatechin+Cu > room stored catechin+Cu = u control (Figure 4. 18). The 

mean value of each catechin control was significantly di fferent from the corresponding catechin 

plus copper (1\) sulphate combined sample (p<O.OS) except for the room stored 14 day old catechin 

(p>O.OS). Similar combinations of the same concentrations were also tested for hyd rogen peroxide 

generation by substituting Ringer's solution for inoculum. H20 2 was measured with a modified 

colormetric method developed by Lespinas et al. (1989), was u ed which employed UV -vis 

spectroscopy at SOO nm and gave a linear curve (see section 2.2. IS). 
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Figure 4.19 The generation of hydrogen peroxide by combined stored ItS well itS heltt-trelltecJ catechin 
compared to fresh catechin and epicatechin with their enantiomers eltch combined with equimolllr 
copper (11) sulphate. Cu = 214 ~IM (final concentration) copper (11) sulphate tested alone, at = catechin, 
'+' denotes combination, ent-EC = enantiomer of epicatechin ,ent - at = enantiomer of catechin, R at = 
catechin solution stored in the dark at room temperature for 14 days exposed to the atm sphere, HT at = 
catechin solution heated at 100 °C for 10 minutes, EC = epicatechin. ample were read for H2 2 generation 
after 15 minutes following initial mixing following a modified method of Lespinas et al. (1989). Buffer and 
fresh, treated, and stored catechin and flavanol isomers tested without added copper (11) showed no 112 2 

generation (data not shown). Results were based on triplicate test from separate experiments. Oars how 
SEMs. 

These solutions generated H20 2 in the following order: epicatechin+ u > heat-treated catechin u 

> room stored catechin+Cu > ent-catechin+Cu > enl-epicatechin+ u > catechin u > u te ted 

alone (Figure 4.19). Control buffer and flavanols, on their own, did not produce H 2 2. Figure 4. 19 

indicates that these flavanols in the presence of copper (11) sulphate generated different amount of 

H20 2• These differences can possibly explain the inhibitory effect een in the previou experiment 

if allowance is made for the different phenolic te t sub tances acting with copper (11) ion to 
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possess varying abilities to interact with the cell envelope thus intensifying, more or le , the action 

of the generated hydrogen peroxide (Figure 4.18). This is discus ed further in ection .1.12, and 

6.2 (iv). 

Electron microscopy was used to check for any visible effect of antimicrobial mixtur on 

bacterial cells as other studies had shown that some flavanol s cau ed cell aggregation difficultie 

with cell separation during division, cell distortions and changes in cell wall thickne (tapleton et 

al., 2007, Shah et al., 2008; Bernal et al., 2009; Bikels-Go hen et al. , 20 10). 

4.12 Microscopic examination of effects of mixtures on cells using light and electron 
microscopy 

Figure 4.20 Scanning electron micrographs howing aggregation In Slop"ylo OCCIU' (IIIrell.\· N T 
06571 and Escherichia coli NCTC 14441 cells following e rosure to cntcchln piu opper (11) nlphllt 
and vitamin C. (A) control cells of S. aI/reus following 30 minule incubali n in lalllbdn bu er nnd wo hed 
with phosphate buffered saline (x 4 300); (B) , aureus cell fi 11 wing imilnr Icn th f c. p ur' I atc hill 
copper (11) ions-vitamin C (x 22 000); (C) control cells of E. coli fi " wing cxp ur' t latnbdn bu er and 
PBS (x 1800); and (D) E. coli cells treated with catechin-c pper(lI) i n -vilamin mi lure (. 17 00) 
exposed to similar solutions as S. allrells . Scale bar in each image h wadi tan e f I ~IM . 
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Preliminary examination by oil immersion light microscopy showed that S. aureus NCTC 06571 

and E. coli NCTC 14441 cells had retained their typical Gram staining characteristics compared to 

buffer control cells after exposure to antimicrobial samples. S. aureus NCTC 06571 appeared a 

deep purple colour (Gram-positive), and E. coli NCTC 14441 a reddish- pink colour (Gram

negative). 

Scanning electron microscopy revealed effects of a combination of catechin-copper (11) ions

vitamin C on cells causing aggregation (Figure 4.20). The images show that cells treated with 

equimolar 214 ~ (f.e.) catechin plus copper (lI) ions plus 856 J.1M (f.c.) vitamin C and washed 

afterwards with phosphate buffered saline were aggregated into clumps. In comparison, cells 

exposed to lambda buffer and washed with PBS showed normal dispersion. This finding suggests 

that the combination of catechin plus copper (11) ions and vitamin C was responsible for the 

observed cell aggregation. 

4.13 Summary and conclusions 

Catechin proved to be a weak antimicrobial tea tlavanol. However, when combined with copper 

(H) and iron (11) salts catechin activity was enhanced against S. aureus NCTC 06571. In other 

experiments Ps. aeruginosa NCTC 950, P. mirabilis NCTC 7827, and E. coli NCTC 14441 were 

also susceptible to catechin-copper (11) combinations. 

The combinations with the metal ions lead to the formation of a chemical complex which generated 

hydrogen peroxide. The effects of the complex caused a loss in S. aureus NCTC 06571 viability. 

The stereochemistries of catechin and other principal tea flavan-3-0Is were related to the 

antimicrobial activities and were ranked in the following order when combined with copper (11) 

ions: epicatechin > catechin> ent-catechin = ent-epicatechin. 

Heat-treatment of catechin solutions increased the antimicrobial activity of catechin in the presence 

of copper (lI) ions, possibly by the production of quinone methides which appear to be more active 

than fresh catechin. Such quinone methides could penetrate the cell envelope to a greater degree 

than catechin. If so, this may be due to the molecular structure of the quinone methides which 

conceivably contain a side chain which could act in a similar way to that of gallated flavanols, such 

as ECG and EGCG, by penetrating the cell membrane (Shrader et al., 2003; Azam el al., 2004). 

Autoclaving either fresh catechin or previously heat-treated catechin did not affect antimicrobial 

activities unless autoclaved together with copper (11) ions which resulted in reduced antimicrobial 

activities. Oxidised catechin solution at room temperature combined with copper (11) ions showed 

the same activities as copper (11) controls. 
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Attempts to raise the activity of catechin against two unresponsive species, S. aureus NCTC 06571 

and E. coli NCTC 14441, with iron (11) sulphate, iron (Ill) chloride, and vitamin C, showed that 

only iron (11) enhanced activity against S. aureus NCTC 06571, but not E. coli NCTC 14441; 

neither iron (Ill) nor an iron (11) and copper (Il) mixture enhanced the activity against either 

species. Vitamin C enhanced copper (Il) containing combinations against both species in the 

absence of catechin or of iron (H). Either catechin or vitamin C enhanced copper (Il) ion activities, 

but a combination of these two ions did not produce a cumulative effect. 

Catalase or EOT A added to active samples removed effects on bacterial viabilities suggesting that 

activity depended on H2~ production generated by free transition metal (11) ions. H20 2 generation 

by catechin-copper (H) mixtures or by copper (11) ions on their own accounted, at least in part, for 

the principal effect of bacterial growth inhibition following 30 minute exposures as well as the 

antimicrobial effect of catechin-iron (Il) against S. aureus NCTC 06571. Catechin solution, 

autoclaved or heat-treated at 100°C for 10 or 30 minutes, had the same antimicrobial activity when 

combined with copper (11) sulphate against S. aureus NCTC 06751 which was higher than non 

heat-treated controls. Catechins and derivatives produced by heat treatment combined with copper 

(11) sulphate produced more rapid effects against S. aureus compared to copper (11) alone 

suggesting both increased hydrogen peroxide production and possible localisation effects at the cell 

membrane. 

Hydrogen peroxide generation from polyphenol mixtures containing copper (Il) ions with no added 

vitamin C was in the following order: epicatechin > heat-treated catechin> oxidised catechin = ent

catechin> ent-epicatechin > catechin > copper (11) controls. This order could be related to the 

antimicrobial activities of the mixtures except in the cases of the oxidised catechin and the two 

enantiomers where despite higher H20 2 generation than catechin, lower activities against S. allreus 

NCTC 06571 were found. This lower activity can be explained by a possible lower interaction 

and/or binding to the cell envelope of S. aureus NCTC 06571. 

This research indicated that some plant compounds such as catechin may have their weak 

antimicrobial properties enhanced by additives, such as copper (11) ions to make them more active 

as antimicrobial agents. The findings from this study also suggested that catechin could partially 

replace copper (II) or iron (11) salts in formulations against Ps. aerug;nosa NCTC 950 and S. 

aureus NCTC 06571. This finding is of practical importance as these microbes have recently 

attracted much scientific, public and media interest. Moreover, there may also be some economic 

and environmental benefits, as catechin may provide a means for lowering copper (11) or iron (11) 

contents in some crop protection products.The enhancement of catechin with adjuncts may also 

find application in disinfective or other antimicrobial formulations against Staphylococcus aureus 
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and possibly also Escherichia coli, Pseudomonas aeruginosa and Proteus mirabilis. This warrants 

further study and will require investigations into fonnulations that maintain antimicrobial activity 

over time, both in dry fonn and as an aqueous solution. 
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Chapter 5: Studies on the effects of the age and temperature ofstored solutions ofwbite tea 

extract, catechin, and adjuncts on antimicrobial activity 

5.1 Introduction 

The storage of pure as well as mixed substances for a wide range of uses, including as 

antimicrobials, is desirable for reasons of convenience and economy. However, a stored substance 

is subject to chemical and physical changes by processes that can lead to the degradation of the 

original substance as it changes into new chemical products that lack the desired activity of the 

original substance. Commonplace examples include bicarbonate of soda with various uses such as a 

food raising agent, an antacid, and as a weak disinfectant (Berry et al., 20 t t). This substance loses 

activity as it becomes slowly converted into sodium carbonate during storage. Another example is 

iron (Il) sulphate which has various uses such as a nutritional supplement, a moss killer and as a 

fungicide (Chowdary et al., 2011). Iron (H) sulphate once in aqueous solution on contact with 

atmospheric oxygen quickly oxidises into iron (Ill) sulphate losing its activity. Such chemical 

changes which lead to losses in substance activity can occur within minutes as seen with freshly

made solutions of vitamin C or adrenaline, or may be very slow as with the oxidation of copper or 

iron metals occurring over a period of many years (Feng et al., 2009; Hoellein and Holzgrabe, 

2012). 

In order to preserve the activity of substances consideration needs to be given to the conditions in 

which they are stored. Factors such as rises in ambient temperature, moisture, light and oxygen 

levels are known to reduce the stability of stored substances affecting their activities. Such factors 

are more pronounced when substances are stored in solution where solvents can facilitate 

degradative processes such as oxidation (Oms-Oliu et al., 2012). Microbiological contamination 

may also be an additional problem in some cases such as with aqueous solutions of phenol and 

formaldehyde which can be colonised by halophilic bacteria and Pseudomonas aeruginosa 

respectively since these are relatively tolerant to these disinfectants (Hingst et al., 1987; Peyton et 

al., 2002). 

Conversely, substances with low antimicrobial activity may increase their activity over time due to 

slow formation of more active products (Dignum et al., 2001). Other changes may lead to 

decreased activity against some species of bacteria whereas no changes in activity are seen against 

other species (Bosch et al., 2000). Changes to products caused by spontaneous degradation under 

specific conditions that lead to an increase in antimicrobial activity, can in some cases be increased 

to the scale of an industrial process such as the curing of vanilla pods to produce free aromatic 

vanillin. In another example various tea storage processes including the 'fermentation' of OT to 

produce BT lead to an increase in activity against certain types of microbes (Chou et al., 1999, Kim 
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et al., 2011). New and existing formulations may be stored in certain conditions to maintain, or 

even increase, antimicrobial activity. Investigations are needed in each case to discover what 

conditions are optimal. Light, temperature, type of atmosphere and moisture levels are often 

investigated since these are known to affect stability and thus activity as mentioned above. Storage 

temperatures have been known for a long time to negatively affect the activity of some 

antimicrobial mixtures (Landry et al., 2009). Other investigations have found that raising storage 

temperatures can have positive effects on activity (Kim et al., 20(1). Other types of approaches to 

maintain activity have included the addition of adjuvants such as iodide to stabilise the activity of 

antimicrobial mixtures as well as optimising activity by adjusting pH (Bosch et al., 2000; Wood et 

al., 2011). Some components may need to be stored separately and only mixed immediately prior 

to use in order to avoid loss of activity. For example, Fehling's reagent, used for detecting the 

presence of reducing sugars, is stored as two separate solutions, A and B which when mixed 

become active but unstable. 

Mixtures stored in dry form are generally more stable than those in solution. In practice, dry 

mixtures also have the advantage of being easier and less costly to transport. 

Physiological parameters of target organisms can be tested to assess the activity of stored fungal 

and antimicrobial substances (Tabib et al., 1982). Often investigations evaluate the bacteriostatic 

and bactericidal activity of substances over time against target species of bacteria. In previous 

chapters catechin combined with adjuncts was shown in some cases to be effective against 

particular species of bacteria. In principle, such a mixture could be made up as a formulation to use 

in a variety of contexts such as on certain surfaces, in aquaculture, and in agricultural or veterinary 

settings. 

The question posed here is which of the storage methods tested preserved overall antimicrobial 

activity best and whether any preserved degree of activity was specific to the species of bacteria 

tested: Staphylococcus aureus NCTC 06571, Pseudomonas aeruginosa NCTC 950, Proteus 

mirabilis NCTC 7827, and Escherichia coli NCTC 14441. In addition whether any of the 

preservation methods would result in an increase in antimicrobial activity compared to a freshly 

made mixture. Further, at what point during storage would activity begin to be lost or increased. 

5.2 Effects of loog term storage (3 years) of freshly made white tea extract at _200 C 00 the 

activity of S. aureus NCTC 06571 

The question posed here was whether freshly made WT and WT frozen for extended periods would 

show similar levels of antimicrobial activity, measured as cell viability for S. aureus NCTC 06571 

following storage in similar conditions. If this were so then this long term method of storage would 

110 



ensure that identical sources and methods of preparation for the WT could be used, removing a 

potential source of experimental variation. In order to investigate this, WT freshly made on the day, 

was assayed alone and in combination with copper (11) sulphate, following WT pH adjustment 

against S. aureus NCTC 06571, prior to aliquotting and storage at -20 QC. At regular intervals up to 

172 weeks the similar samples and combinations of fresh and previously stored samples were 

compared for their effects on the viability of S. aureus NCTC 06571. The results shown in Figure 

5.1 showed no significant statistical differences between the viability values of the following pairs 

of samples: fresh compared to stored WT (p>0.05); fresh compared to stored copper (11) sulphate 

(p>0.05); and fresh WT combined with fresh copper (11) sulphate solution compared to stored WT 

plus stored copper (11) sulphate solution (p>0.05). No differences in physical appearance or 

antimicrobial activity were seen between fresh and frozen teas up to 172 weeks following storage 

at -20 QC. Accordingly, aliquots of freshly made teas were frozen and stored at -20°C for 

subsequent use. 
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Figure 5.1 Effects of long tcrm storage of whole white tca extract at -20 QC on the antimicrobial activity 
of Staphylococcus Qureus NCTC 06571. WT = white tea extract fre hly-made, adju ted to pH 7 and used 
immediately (or stored at -20 QC and kept in the dark = S WT), u = freshly made 4.8 mM added (2175 ~IM 
final concentration) copper (11) SUlphate (or stored at 5°C and tested periodically over a period of three years 
= S Cu), '+' denotes combinations. Mixtures were allowed to stand in the dark for 10 minutes prior to the 
addition of an inoculum. Samples were incubated in the dark at room temperature for 30 minutes. The plate 
were incubated at 37 QC for 24 hours. Results were based on triplicate tests from 12 separate experiments. 
Bars show SEMs. 

Note: As a precaution when new batches of teas were made up and adju ted to pH 7, they were 

assayed before freezing and assayed again after storage and subsequent thawing to check for any 

changes in antimicrobial activity against target organisms. Copper (11) sulphate reagent was made 

up by dilution from a 9.6 mM aqueous stock solution stored at 5 QC. Sterility tests performed from 

time to time on this stock showed this method of storage to be suitable since the stock remained 
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free from any apparent contamination by bacteria. Vitamin C solution when used was made up 

freshly to add to mixtures of catechin plus copper (11) sulphate. 

5.3 Effects of storage, and temperature on a freshly made solution of catechin and copper (H) 
sulphate, with or without vitamin C on the antimicrobial activity of four different target 
species 

Staphylococcus aurells NCTC 06571 
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Figure 5.2 Effects of storage at two different temperatures on the antimicrobial activity of a freshly 
made solution of catechin combined with copper (11) sulphate as well as a similar solution with Ildded 
vitamin C against Stap/lyJococclIs allrells NCTC 06571. Vit = 856 ~IM (final concentration ) vitamin C, 
Cu = 2 14 ~M (f.c.) copper (11 ) sulphate, Cat = 214 IIM (f. c.) catechin, '+' denotes combinations, ' -I ' 
denotes absence or addition of 856 ~IM (f.c.) vitamin C (V it ), blue bars denote mixtures of solutions 
without vitamin C stored at room temperature in the dark ca. 20 0 , red bars denote similar mi xtures with 
added vitamin C stored in the dark in refrigerated condit ions ca. 5 0 , R = room temperature, F = fr idge 
temperature, 1,2,7 denote length of storage period in days prior to suspension assay. Mixtures were allowed 
to stand in the dark for 10 minutes prior to the addition of an inoculum. Samples were incubated in the dark 
at room temperature for 30 minutes. The plates were incubated at 37 0 for 24 hour . ample volumes fo r 
fresh mix catechin+Cu+vitamin C were increased to 500 IlL to maintain detection of colony forming units. 
Results were based on triplicate tests from 3 separate experiments. Bars show SEMs. 

The results showed that the buffer control showed no significant difference in antimicrobial activity 

to that of the 856 flM (final concentration) vitamin C control (p>0.05) However, the result showed 

that the buffer control did show significant differences with the equimolar 2 14 flM (f. c.) catechin 

plus copper (11) sulphate samples tested without the pre ence of added vitamin C (a ll p<O.05). In 

the results of catechin plus copper (11) sulphate amples with added vitamin C no signifi cant 

differences were seen when compared to the buffer (a l\ p>O.05) - except for the freshly made 

mixture which was significantly different from the buffer (p<O.05) (Figure 5.2). The antimicrobial 
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activity of the mixture of catechin plus copper (11) sulphate solution lost ca. I 10glO unit of activity 

during the seven day testing period when compared to the freshly made mixture against S. aureus 

NCTC 06751. This finding was irrespective of whether the catechin plus copper (11) sulphate 

solution was stored at room or fridge temperature. The activity of the catechin plus copper (11) 

sulphate mixture was lost, possibly in a similar manner to what wa seen in Figure 4. 18 when 

catechin was allowed to stand in dark conditions at room temperature for 14 days. A catechin plus 

copper (11) sulphate solution with 856 IlM (f.c.) vitamin C showed a decrease in antimicrobial 

activity resulting in a fall of viability of S. aureus NCTC 06571 of ca. 5 10glO units after I day of 

storage, irrespective of storage temperature, to viability values similar to those following exposure 

to the buffer. This was somewhat surprising since the anti-oxidant vitamin C apparently exerted no 

preservation effect on the catechin plus copper (1\) sulphate activity. It is poss ible that the vitamin 

C in solution quickly oxidised on contact with atmospheric oxygen forming products which 

complexed with the copper (11) ions removing thei r availability and at the same time as forming 

inactive vitamin C derivative-copper( lI) complexes. 

Pseudomonas aerllginosa NCTC 950 
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Figure 5.3 Effects of storage at two different temperatures on the Ilntimicrobilllllctivity of 11 freshly
made solution of catechin combined with copper (11) sulphllte liS well liS 11 similllr solution with lidded 
vitamin C against Pseudomollas aerug;lIosa NCTC 950. u = 214 ~IM (final concentration) copper (11) 
sulphate, Cat = 214 JlM (f.c.) catechin, '+' denotes combination , ' -I ' denotes absence or addition of 856 
JlM (f.c.) vitamin C (V it C), blue bars denote mixtures of solutions without vitamin tored at room 
temperature in the dark ca. 20 °C, red bars denote similar mixtures with added vitamin tored in the dark in 
refrigerated conditions ca. 5 °C, R = room temperature, F = frid ge temperaturc, 1,2,7 denote length of storage 
period in days prior to suspension assay. Mixtures were allowed to stand in the dark for 10 minutes prior to 
the addition of an inoculum. Samples were incubated in the dark at room temperature for 30 minutes. The 
plates were incubated at 37 °C for 24 hours. Sample volumes for fresh mi x catechin u vitamin were 
increased to 500 ilL to maintain detection of colony forming units. Results were based on triplicate tests from 
3 separate experiments. Bars show SEMs. 
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The results showed that the buffer control showed no significant difference in antimicrobial activity 

compared to that of the 856 IlM (final concentration) vitamin C control (p>0.05) However, the 

results showed that the buffer control showed significant differences in viability between the 

equimolar 214 IlM (f.c.) catechin plus copper (11) sulphate samples tested without the presence of 

added vitamin C (an p<0.05), except for the two day old sample result (p>0.05). In the results 

similar samples with added vitamin C, when compared to the buffer control results, showed 

significant differences (p<0.05) except the two and seven day old room stored samples as well as 

the seven day old refrigerated sample which were not significant (p>0.05) when compared to the 

buffer. The results showed that when compared to the freshly made mixture, after 7 days of storage 

the catechin plus copper (11) sulphate solution had lost ca. 3 logto units of antimicrobial activity 

against Ps. aeruginosa NCTC 950 irrespective of whether the solution was stored in the dark at 

room or fridge temperature with no significant difference between the two results (p>O.OS). A 

similar solution of catechin plus copper (11) sulphate with added vitamin C showed a fall in 

antimicrobial activity of ca. 2 logto units after 1 day of room temperature to values similar to those 

seen with the copper (II) sulphate control (p>O.OS). A broadly similar result was seen with a 

mixture of catechin plus copper (11) sulphate and vitamin C stored for one day under refrigerated 

conditions, showing no significant difference in viability to the result with the room stored mixture 

(p>O.OS). 

These trends were broadly similar to those seen with S. aureus NCTC 06751 with mixtures after 1 

to 2 days showing reductions in antimicrobial activity to levels shown by copper (11) sulphate 

controls (p>O.OS). As seen with S. aureus NCTC 06751, vitamin C in general reduced the 

antimicrobial activity of the catechin plus copper (11) sulphate mixture against Ps. aeruginosa 

NCTC 950. However, addition of vitamin C to a catechin plus copper (11) sulphate mixture tested 

against Ps. aeruginosa NCTC 950 did not result in a viability similar to that seen for S. aureus 

NCTC 06751 in buffer under the same conditions. With Ps. aeruginosa NCTC 950 these findings 

suggest that vitamin C lost some - but not all - activity within this catechin plus copper (ll) 

sulphate and vitamin C combination. Apparently, Ps. aeruginosa NCTC 950 had a greater 

sensitivity to these mixtures than S. aureus NCTC 06751 suggesting a particular susceptibility to 

catechin as found in assays with fresh catechin-copper (H) combinations tested in the same 

conditions (Figure 4.2). 
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Proteus mirabi/is NCTC 7827 
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Figure 5.4 Effects of storage at two different temperatures on the antimicrobial activity of a freshly
made solution of catechin combined with copper (11) sulphate as well as 11 similar solution with added 
vitamin C against Pro/ells mirabili.~ NCTC 7827. Vit C = 856 ~IM (final concentration ) vitamin C, Cu = 
214 ~M (f.c.) copper (11) sulphate, Cat = 214 ~IM (f. c.) catechin, '+' denotes combinations, '-/+' denotes 
absence or addition of 856 ~M (f. c.) vitamin C (V it C), blue bars denote mi xtures of solutions without 
vitamin C stored at room temperature in the dark ca. 20 QC, red bars denote similar mi xtures with added 
vitamin C stored in the dark in refrigerated conditions ca. 5 QC, R = room temperature, F = fridge 
temperature, 1,2,7 denote length of storage period in days prior to suspension assay. Mixtures were allowed 
to stand in the dark for 10 minutes prior to the addit ion of an inoculum. Samples were incubated in the dark 
at room temperature for 30 minutes. The plates were incubated at 37 Q for 24 hours. Sample vo lume for 
fresh mix catechin+Cu+vitamin C were increased to 500 ~L to maintain detection of colony forming units. 
Results were based on triplicate tests fro m 3 separate experiment . Bars show SEMs. 

The results with P. mirabilis NCTC 7827 showed that the buffer control howed no significant 

difference in antimicrobial activity to that of the 856 ~IM (final concentration) vitamin control 

(p>O.05 ). However, the results showed that there were ignificant differences for the buffer control 

compared to the 2 14 ~M (f.c.) copper (1\) sulphate control a we ll as all the equimolar 2 14 ~IM 

(f. c.) catechin plus copper ( \I) sulphate samples tested with and without without the presence of 

added vitamin C (all p<O.05). Noteworthy are the results that howed that room tored equimolar 

214 ~M (f.c.) catechin plus copper (1\) sulphate samples appeared more antimicrobially active than 

similar catechin plus copper (1\) sulphate samples stored under refrigerated condition . However, 

statistically significant differences were only seen between the I day old room tored catechin plus 

copper (H) sulphate sample, the freshly made sample, and tho e imilar samples tored in 

refrigerated conditions at 1,2 and 7 days old (p<O.05) (Figure 5.4). 
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The increased antimicrobial activity of the I day old room stored mixture of catechin plus copper 

(11) sulphate sample compared to the freshly made sample suggested that a new substance may 

have been formed, which was particularly active aga inst P. mirabilis NCTC 7827. The addition of 

vitamin C reduced the activity of the above mixture against P. mirabilis NCTC 7827 possibly due 

to oxidation processes as described for S. aureus NCTC 06751 above. 

Escherichia coli NCTC 14441 

... 
~ 
S 

-6 
c ... 

1:1" 
.£ ,e. .-.-
:Ei 
~ :; 

10 
9 
8 
i 
6 
5 
4 
3 
2 
1 
0 - r J-rI T~ ' ~-' 

Ca lcc hin+C u 
Clllcchill+CU+ Villllllill C 

Copper (11) slllphnte 1110ne or plus clltechln and wHh, or wHhout, 
vlhunlll C all tested freshly made, or following stornge forlllCl"ellslllg 
periods either ~lt room temperature or refrljZe.·nted 

Figure 5.5 Effects of storage at two different temperatures on the antimicrobial Ilctivily of 11 freshly
made solution of clltechin combined with copper (11) sulphllte IlS welllls 11 similar solution with added 
vitamin C against Escherichia coli NCTC 14441. Vit C = 856 ~IM (final concentration ) vitamin , u = 
2 14 IlM (f. c.) copper (11 ) sulphate, Cat = 214 ~IM (f.c.) catechin, '+' denotes combinations, '-/+' denotes 
absence or addition of 856 IlM (f. c.) vitamin (V it C), blue bar denote mixtures of So lulions without 
vitamin C stored at room temperature in the dark ca. 20 0 , red bars denote sim ilar mixtures with added 
vitamin C stored in the dark in refri gerated conditions ca. 5 0 , R = room temperature, F = fridge 
temperature, 1,2,7 denote length of storage period in days prior to sus pen ion assay. Mixtures were allowed 
to stand in the dark for 10 minutes prior to the addition of an inoculum . Samples were incubated in the dark 
at room temperature for 30 minutes. The plates were incubated at 37 0 for 24 hours. Sample volumes for 
fresh mix catechin+Cu+vitamin C were increased to 500 il L to maintain detection of colony forming units. 
Results were based on triplicate tests from 3 separate experiments. Bars how EMs. 

The results with Escherichia coli NCTC 1444 1 showed that the buffer control howed no 

significant difference in antimicrobial activity when compared to that of the 856 ~lM (final 

concentration) vitamin C control (p>O.OS) . However, the results showed that the buffer control 

showed significant di fferences with the 214 J..lM (f. c.) copper (11) sulphate control as well as all the 
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equimolar 214 J.tM (f.c.) catechin plus copper (11) sulphate samples tested without the presence of 

added vitamin C (all p<0.05). Noteworthy are the results that showed that room stored equimolar 

214 J.1M (fc.) catechin plus copper (II) sulphate samples after 1, 2, and 7 days of storage appeared 

significantly more antimicrobially active than similar catechin plus copper (Il) sulphate samples 

stored under refrigerated conditions (p<0.05) The addition of vitamin C to samples of catechin plus 

copper (11) sulphate did not enhance the antimicrobial activity against Escherichia coli NCTC 

14441. On the contrary, vitamin C significantly reduced the activity of catechin plus copper (11) 

sulphate in 1,2, and 7 day old room stored samples (p<0.05) although under refrigerated conditions 

no significant differences were seen between catechin plus copper (11) sulphate samples with those 

without added vitamin C (p>O.05) against Escherichia coli NCTC J 444 J (Figure 5.5). 

The above results show Escherichia coli NCTC 14441 exhibiting similar results to those seen with 

Pr. mirabilis NCTC 7827 (Figure 5.4) with two exceptions. Firstly, that the antimicrobial activity 

of the 7 day old room stored mixture without added vitamin C was similar to the fresh mixture with 

or without the presence of vitamin C (both p>0.05). This result suggested, besides the possibility of 

anomalous viable cell counts, that at room temperature in the absence of vitamin C, antimicrobial 

activity was preserved against E. coli NCTC 14441. The presence of vitamin C did not preserve or 

increase the antimicrobial activity of the mixture at any stage of the storage period but brought a 

loss of antimicrobial activity in both room and fridge temperatures against E. coli NCTC 14441. 

Noteworthy is the I day old room stored mixture of catechin plus copper (11) sulphate without 

added vitamin C, which was the only sample of catechin plus copper (11) sulphate whose 

antimicrobial activity was significantly different from the copper (11) control (p<0.05) and the 

combinations stored at room temperature for 1, 2, and 7 days against E. coli NCTC 14441 (all 

p<0.05). 

Results from the above figures (5.2,5.3,5.4, and 5.5) shown in Figure 5.6 summarise the effects of 

storage for different periods on the antimicrobial activity of a freshly made solution of equimoiar 

214 J.tM (final concentration) catechin combined with copper (11) sulphate against Staphylococcus 

aureus NCTC 06571, Pseudomonas aeruginosa NCTC 950, Proteus m/rabilis NCTC 7827, and 

Escherichia coli NCTC 14441. These results depicted in Figure 5.6 show that S. aureus NCTC 

06571 was the least susceptible of the four strains of bacterial species tested to the freshly made as 

well as to the 1, 2, and 7 days old stored mixtures of catechin and copper (11) sulphate. Considering 

the results from the exposures to freshly made catechin and copper (11) sulphate mixture, those of 

S. aureus NCTC 06571 were significantly different from those of E. coli NCTC 14441 (p<O.OS) but 

the S. aureus NCTC 06571 results were not significantly different from the results for the other two 
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species, Ps. aeruginosa NCTC 950, and P. mirabilis NCTC 7827 (p>0.05). However, with the 

stored solutions of catechin and copper (11) sulphate mixture at I, 2, and 7 days of age, S. at/reus 

NCTC 06571 susceptibility was not significantly different from that of Ps. aeruginosa NCTC 950 

(p>0.05). In contrast, the susceptibility of S. aureus NCTC 06571 to aged catechin and copper (11) 

sulphate mixture was significantly different to that of the other two Gram negative species, P. 

mirabilis NCTC 7827, and E. coli NCTC 14441 (p<0.05). 
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Figure 5.6 Comparison of effects of storage for different periods on the antimicrobial activity of a 
freshlymade solution of catechin combined with copper (11) sulphate against StaphylococclIs (IIIrellS 
NCTC 06571, PselU/omOllas aerugillosa NCTC 950, Protells mirabili.,· NCTC 7827, IInd Escherichia coli 
NCTC 14441. Red = S. at/reus, green = P. mirabilis, purple = Ps. aeruginosa, blue = E. coli; u = 2 14 flM 
(final concentration) copper (11) sulphate control , Cat+Cu = equimolar 214 flM (f.c.) catechin combined with 
copper (11) sulphate, R = room temperature (ca. 20 °C) stored so lution of equimolar 214 flM (f.c .) catechin 
plus copper (11) mixture kept in the dark, F = frid ge temperature (ca. 5 ° ) stored so lution of equimolar 214 
flM (f.c.) catechin plus copper (11) mixture kept in the dark, 1,2,7 = length of storage period in day prior to 
suspension assay. Samples were incubated in the dark at room temperature for 30 minutes. The plates were 
incubated at 37 °C for 24 hours. Sample volumes for fresh mix catechin/copper (11 ) plus vitamin C were 
increased to 500 flL to maintain detection of colony forming units. atechin controls were similar to those 
previously shown (Figure 4.2): S. at/reus = 7.50 (±0.56), P. mirabilis = 7.82 ( 0.5 1), Ps. aem gillosa = 7.12 
(±0.42), E. coli = 8.00 (± 0.56) loglo cfu mL·' . Result were ba cd on triplicate te ts from 3 separate 
experiments. Bars show SEMs. 

In summary some general conclus ions can be drawn. The activity of the fre hly made catechin plus 

copper (11) sulphate solution, which was stored at room temperature, dec lined slig htly over 7 days 

against S. aureus NCTC 0675 I and Ps. aeruginosa NCTC 950 (Figure 5.6). The same freshly 

prepared catechin and copper (11) sulphate mixture, which had been stored at room temperature, 

increased in antimicrobial activity after I day when tested again t P. mimbilis NCTC 7827 and E. 
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coli NCTC 14441. However, catechin and copper (11) sulphate mixture stored for 2 and for 7 days 

showed antimicrobial activity similar to that of the freshly made mixture of catechin and copper 

(lI) sulphate (p>0.05). This suggests the possibility of the production of a new substance with more 

antimicrobial activity than the original freshly-made mixture. It is possible that a new substance 

may have been formed which increased the antimicrobial activity against P. mirabilis NCTC 7827 

and E. coli NCTC 14441, but not against S. aureus NCTC 06751 or Ps. aeruginosa NCTC 950. 

When vitamin C was added to the catechin-copper (11) sulphate mixture similar trends were seen 

whether solutions were stored at room or fridge temperatures over a 7 day period against all species 

of bacteria. However, for E. coli NCTC 14441 vitamin C preserved, but did not increase the 

antimicrobial activity of the freshly-made mixture for 1 day. In general, activity was lost within the 

first or second day of storage. It is likely that vitamin C was oxidised in solution. The presence of 

vitamin e in these conditions apparently reduced the formation of any hypothetical activated 

product. It is likely that the colder fridge storage temperature may not have generated this activated 

product, which could explain why antimicrobial activity did not increase. 

5.4 Effects of freeze drying on the activity of a freshly-made solution of catechin-copper (11) 

sulphate with added vitamin C solutions against four bacterial species 

As shown above, a mixture of 214 ~M (f.c.) catechin and equimolar copper (11) sulphate with 

added 856 ~M (f.c.) vitamin e, which had been stored in water, showed showed a fall in 

antimicrobial activity over a 7 day period. Freeze drying removes water and thus reduces the risk of 

oxidation from atmospheric oxygen. Freeze dried samples were therefore assayed following 

reconstitution with water to the above concentrations against Staphylococcus aureus NCTC 06571, 

Pseudomonas aeruginosa NCTe 950, Proteus mirabilis NCTC 7827 and escherichia coli NCTe 

14441. The remaining powder was stored at 5 QC in the dark. Subsequently, samples were assayed 

at intervals of 1 and 2 weeks, and 1,3 and 12 months against the same species of bacteria (Figure 

5.7). Individual mixture components (catechin, copper (11) sulphate, vitamin C) were also freeze 

dried and tested for comparison. 

The results from the above procedures showed that the freeze-dried samples of 214 ~M (f. c.) 

catechin, 856 ~M (f.c.) vitamin e, and 214 ~M (f.c.) copper (ll) sulphate solutions tested 

periodically during a storage period of one year when reconstituted with water and tested against 

Staphylococcus aureus NCTe 06571, Pseudomonas aeruginosa NeTC 950, Proteus mirabilis 

NCTe 7827 and Escherichia coli NeTC 14441 showed no significant differences to fresh solutions 

tested on other occasions (e.g., see Figures, 4.2, S.2. 5.3, 5.4, and 5.6) (all p>O.OS). When a freeze

dried equimolar 214 ~M (f.c.) catechin and copper (11) sulphate mixture was reconstituted with 
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water and subsequently tested against the same four species of bacteri a similar re ults were 

obtained to a similar freshly made mixture tested previously (Figure 4.2) with no significant 

differences seen (all p>0.05). Reconstituted freeze-dried mixture of 2 14 JlM (f. c.) catechin, 856 ~IM 

(f.c.) vitamin C, and 214 JlM (f.c.) copper (11) sulphate was a lso periodically tested against 

Staphylococcus aureus NCTC 06571 , Pseudomonas aeruginosa NCTC 950, Proteus mirabilis 

NCTC 7827 and Escherichia coli NCTC 14441 and compared to a freshly made olution during 

each experiment. No significant differences were seen between the reconstituted freeze-dried and 

the freshly made solutions in their antimicrobial activity aga inst the four species of bacteri a (all 

p>0.05) (Figure 5.7). 
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Figure 5.7 Effects of freeze drying n cntechin-copper (11) sulphate-vitamin solution on the 
nntimicrobinl nctivity of Staphylococcus aureus NCf 06571, Pseudomonas aertl/:inosa NCfC 950. 
Protells mirabilis NCTC 7827, and Escherichia coli NCTC 14441. A = S. aI/re liS, PSA = Ps. aerllg inosa, 
PM = P. mirabilis, EC = E. coli, Cat = catechin reconstituted to 214 ~I M solution (final concent ration), Vit 
= vitamin reconstituted to 856 ~IM solution (f. c.), Cu = copper (11 ) ulphate reconstituted to 214 ~IM olution 
(f.c.), Cat+Cu = equimolar catechin combined with copper (11) ulphate reconstituted to 214 ~IM solution, 
fresh Cat+Cu+Vit C = freshly made solution of equimolar 214 IIM (f.c.) catchin piu copper (11 ) sulphate 
plus 856 IlM (f.c.) vitamin C, Cat+Cu+Vit = similar combination using freeze-dried component to result in 
similar concentrations following reconstitution with water. Individual freeze-dried components and mi xtures 
were stored at 5 °C in dry, dark conditions for up to 3 months. Reconstituted mixtures were allowed to stand 
in the dark for 10 minutes prior to the addition of an inoculum. amples were incubated in the dark at room 
temperature for 30 minutes. The plates were incubated at 37 ° for 24 hour . amples were increased up to 
500 ilL to maintain detection of colony fonning units. Results were ba cd on triplicate tests from 12 separate 
experiments conducted ovet the course of onc year. Bars show SEMs. 
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These results show that the tested freeze-dried materials tested individually and when combined 

following reconstitution with water show similar antimicrobial activities to freshly-made solutions 

of individual components and combinations. Freeze drying combined mixtures of catechin, copper 

(II) sulphate and vitamin C in the proportions indicated appears to be an optimal way to preserve 

the mixture for convenience of use. 

S.S Problems caused by stability of reagents in attempts to crystallise catechin with copper 

(11) sulphate 

Aside from the possibility of loss of antimicrobial activity of substances stored in solution which 

were described and investigated above (Figures, 5.2, 5.3, 5.4, and 5.5) the storage of substances in 

solution also posed a potentiaJ problem for the crystallisation experiments (section 4.8) since 

periods of up to several days were required on occasion to aJlow for the complete evaporation of 

test solvents from crystallisation troughs. Changes in appearance such as colour, presence of 

precipitation and flocculation, colour of precipitate, were noted during the solvent evaporation 

process (section 4.8). Typically this changed from a very pale, clear yellow solution to a 

progressively darker brown colour which could have been due to the formation of high molecular 

weight polyphenols (Chou et al., 1999). This is possibly due to the oxidation of catechin. 

S.6 Conclusions 

The storage of WT and copper (11) sulphate for 172 weeks at ·20 °C had no effect on subsequent 

antimicrobial activities when tested at room temperature against S. aureus NCTC 06751 and other 

species of bacteria. However, the activities of an antimicrobiaJ mixture of equimolar catechin plus 

copper (Il) sulphate which had been stored at 5 °C fell over a 7 day period. Addition of vitamin C 

did not increase or preserve antimicrobial activity against any of the tested species of bacteria. 

Vitamin C generaJly reduced the antimicrobial activity of the catechin-copper (11) sulphate 

solutions after 1 to 2 days at both room and fridge storage conditions. 

The catechin plus copper (11) sulphate solution, when stored at room temperature and in the dark, 

became more active against E. coli NCTC 14441 and P. mirabilis NCTC 7827. but not against Ps. 

aeruginosa NCTC 950 or S. aureus NCTC 06751. It is possible that a catechin oxidation product 

was produced and this may have higher and more selective activity than catechin itself. The 

presence of added vitamin C appeared to prevent the formation of this product. 

The freeze-dried mixture produced a consistent activity against each test species of bacteria just as 

the freshly made solution. This suggests that freeze-drying is suitable for preserving the 

antibacterial activity of this mixture. Other water free preservatives such as in an ointment base 

may be also be suitable for this mixture (McCarreU et al., 2008). 
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Chapter 6: General discussion and conclusions 

6.1 General discussion 

6.1.1 Introduction 

Studies of the antimicrobial activities of different substances follow a variety of investigative 

methods to determine their effectiveness against bacteria, e.g., using different exposure times and 

controlling conditions such as temperature or pH. Methods can include qualitative assessments of 

antimicrobial activity using diffusion assays, e.g. such as zones of inhibition and epsilometer tests. 

If activity is found measurements of viable cell numbers can be subsequently carried out using 

other methods. Addition of other substances or adjuncts can lead to the development of improved, 

more effective antimicrobial formulations. 

6.1.2 Studies into the methodology of antimicrobial assays 

(i) Comparing diffusion assays and viable cell counts 

Diffusion assay experiments found varied results when different species of bacteria were exposed 

to white, green and black tea (WT, GT, and BT) extracts with effects greater against 

Staphylococcus aureus NCTC 06571 than against Pseudomonas. aeruginosa NCTC 950 and 

Proteus mirabilis NCTC 7827 (Table 3.1). P. mirabilis and Ps. aeruginosa showed similar 

susceptibilities to WT and BT. Ps. aeruginosa was less susceptible to GT than P. mirabilis. 

However, when the susceptibilities of S. aureus NCTC 06571 and Ps. aeruginosa NCTC 950, 

were compared using suspension assays and viable cell counts, there were no differences between 

WT, OT, and BT activities (Figure 3.1). 

The different results from the two methods possibly can be explained as follows: Suspension 

assays and viable cell counts provide information on the numbers of surviving cells that are capable 

of reproduction and thereby potentially extending an infection or developing the likelihood of its 

occurrence. However, the inhibition zone experiments results of the teas on the bacterial lawn 

growth depended as much on diffusion of the tea types through the agar gel as any differential 

effect of the teas on bacteria survivability (Wheat, 2001; Pujol et ai., 2008). For example, 

conceivably GT and BT components diffused faster through the medium than WT and thus, 

produced 'larger' effects. In contrast, suspension assays incorporating few barriers to diffusion 

allowed rapid contact between test compounds and cells. 
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Cii) Limitations on the use of spread plates for viable cell counts 

Viable cell counts have an advantage over other methods of investigating the rise or fall of viable 

cell numbers such as optical density measurements, which do not differentiate directly between live 

and dead cells. However, the viable count method used in this study has the disadvantage that if 

multiple viable cells are aggregated or clumped together, which can occur in nature or following 

different experimental or therapeutic treatments, then following spreading on to plates such a 

clump of cells, containing more than one viable cell, will only grow into one colony. In appropriate 

conditions a single non-confluent colony will grow from a single viable cell and indeed is assumed 

to do so for practical purposes. Practically speaking planktonic cells and those suspended in liquid 

suspension following agitation via vortexing or gentle shaking viable cells are separated from one 

another and will accordingly grow into separate colonies. However, with clumped viable cells a 

similar single colony will grow so it is not possible to know whether any colony grew from a single 

or clump of viable cells. In this study in order to reduce the possible effect of clumped viable cells 

and increase the likelihood that colonies grew from single viable cells the possible clumping of 

viable cells was minimised by careful vortexing and mixing of all samples containing cells prior to 

the removal of any suspension. 

Another disadvantage of this method of estimating numbers of viable cells is that some cells may 

not have recovered sufficiently during the overnight incubation to develop into a colony: so whilst 

being alive, albeit injured or inhibited in some way, the cells did not grow into visible colonies and 

were not counted. Preliminary tests that investigated the recovery of non-viable injured cells over a 

longer period where plates were recounted after 48, and 72 hours showed no further increases in 

cfus. This indicated that a conventional overnight incubation was sufficient for growth of viable 

cells (results not shown). 

It was also noticed in preliminary experiments that plates which were over three days old showed 

somewhat lower growth with copper (11) sulphate exposed cells than freshly made plates by over 1 

10glO cfu mL·' (results not shown). For this reason freshly made plates were only used for up to 

three days. It is possible that the older, slightly drier plates challenged the cells in addition to the 

copper (II) sulphate, resulting in a lower viability measurement for each tested bacterial species. 

(Hi) Viable counts after only 30 minutes exposure to test substances 

Measurements of the activity of plant and other products tested against bacteria are often done over 

a period of 24 hours or more (Barcia-Macay et al., 2006; Mohamed et al., 2012). Whilst this is of 

interest to investigate a varying and developing pattern of response over time this approach was not 

pertinent to this investigation which was to find and develop rapidly acting bactericidal agents for 

use as disinfective and antiseptic agents for use in food preparation areas and in agricultural 
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settings. For this reason bacteria in this project were exposed to test substances for 30 minutes only 

in the majority of experiments. This length of exposure proved entirely adequate as the kinetic 

studies, described previously (Figure 4.13), showed that the majority of the antimicrobial effect 

occurred within the first few minutes of exposure. 

6.1.3 Effects of copper (11) sulphate and vitamin C without catechin on antimicrobial activity 

and the effects of catalase 

The antimicrobial effects of copper (11) sulphate alone and when combined with vitamin C 

increased with concentration of either copper (11) sulphate or vitamin C in the combinations (Table 

3.3, Figure 4.3). Various suggestions have been made as to the possible mechanisms of action of 

the injurious effects of copper (Il) ions on bacterial cells and include effects on cell metabolism and 

cell membrane physiology (Kumamoto et al., 2001; Lebedev et al., 2005). The antimicrobial 

activity of copper (11) sulphate on S. aureus NCTC 06571 and Escherichia coli NCTC 14441 was 

completely removed by the added catalase irrespective of whether the antimicrobial activity had 

been increased by the addition of vitamin C or catechin. This suggested that H20 2 generation was 

the principal cause for the effect against the bacteria (Figures 4.15, 4.17). 

Several investigations, including that of Murata and Yano (1990) reported that vitamin C was 

bactericidal in the presence of trace quantities of copper (11) ions against Gram-negative species, 

but less so against Gram-positive species. The present study found that vitamin C tested alone at 

1712 J.IM did not affect S. aureus NCTC 6571 or E. coli NCTC 14441 and this agrees with 

McCarrell et al. (2008) who also found no effect on S. aureus NCTC 06571 at concentrations of 

43.48 mM. These authors found, however, that vitamin C did affect Ps. aeruginosa NCTC 950 and 

E. coli NCTC 12241, at concentrations above 10.87 mM. In this study, E. coli was not affected by 

1712 J.IM vitamin C in the 30 minute exposures (results not shown). 

Likely explanations for vitamin C effects on bacteria previously suggested include interference 

with aerobic cell respiration, cell membrane physiology and the generation of reactive oxygen 

species (Miller, 1969; Lho et al., 1991; Murata and Vano, 1990). It is of note that E. coli NCTC 

14441 synthesises more catalase in response to vitamin C exposure, which suggests that vitamin C 

generates ROS (Richter et al., 1988; Smith et al., 2003). The results from this study agree with 

previous investigations, which suggested that H2D2 production from copper (11) ions increased in 

the presence of vitamin C and following exposure to test species a reduced bacterial viability, as in 

this case with S. aureus NCTC 6571 and E. coli NCTC 14441 (Figure 4.3) (Ericsson, 1954; Miller, 

1969; Lho et al., 1991; Murata and Yano, 1990). The effect of copper (11) ions plus vitamin C on E. 

coli NCTC 14441 in this study resulted in no detectable colony forming units, which may have 

been due to an inadequate sampling volume rather than low undetectable numbers of viable cells. 
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Catalase removed any enhancement of activity caused by vitamin C when added to copper (11) ions 

(Appendix H: Table A, main treatment (MT) 9, control). Using UV-vis spectroscopy. it could be 

shown that catalase did not act by complexing copper (11) ion (Figure 4. t 6). The copper (11) ions 

appeared to act by generating harmful levels ofH2~' probably via Fenton chemistry. and this was 

increased by vitamin C. 

6.1.4 The formation of active and inactive complexes between tea extracts and metal ions 

against S. aureus NCTC 06571 

The results in Chapter 3 (Figure 3.4) indicated that white, green and black tea extracts had different 

activities when tested with 4.8 mM copper (11) sulphate against S. aureus NCTC 06571. The WT

copper (11) ion combination was more active than the GT -copper (11) ion or BT -copper (11) ion 

combinations, which had similar effects. The WT-copper (Il) ion and GT-copper (11) ion 

combinations showed different activities after standing times of 0, 10 or 30 minutes prior to 

inoculation. It is possible that WT contained compounds which interfered with the 

availability/activity of free copper (11) ions. possibly by forming inactive complexes. In contrast to 

the whole WT extract, a WT fraction of < t kDa (WTF) when combined with copper (11) sulphate 

was more active than copper (11) controls (Figure 3. t 1). These collective findings suggested that 

whole WT contained substances that deactivated copper (11) ions and these had been removed from 

the WTF. It is possible that the whole WT extract included large molecular weight polyphenols that 

formed complexes with copper (H) ions and thus removed the antimicrobial copper (11) ion effects. 

In an attempt to explain the different antimicrobial activities of the whole WT and WTf « 1 kDa) 

in the presence of copper (11) sulphate. UV -vis spectroscopy was used to investigate whether 

complexes were formed which could account for these differences. The WTF tested alone showed 

a lower UV-vis absorbance. than the whole WT although in each case the peak absorbance 

spectrum was similar and typical of polyphenols (Figure 3.12) (Andjelkovic et al., 2006; 

Torreggiani et al .• 2008; Liu et al., 2010). Tea and other plant polyphenols show increases in 

absorbance when transition metal ions are added and complexes were formed (Andjelkovic et al., 

2006; Torreggiani et al., 2008; Liu et al., 2010). In the present study, WT and WTF showed 

absorbance peaks at 290 nm and 285 nm respectively, with WTF showing lower absorbance. No 

change in either WT or WTF absorbance was seen following addition of copper (11) between 190 

and 900 nm (Figures 3.12. 3.13). 

UV-vis experiments with freshly prepared catechin and heat-treated catechin solutions provided 

evidence of complex formation with copper (ll) ions (Figure 4.11). However, in other experiments 
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both heat-treated or fresh catechin plus copper (11) sulphate lost some antimicrobial activity when 

autoclaved together (Figure 4.9). Autoclaving these combinations generated a brown precipitate 

which probably accounts for the partial loss in activity of the catechin-copper (11) ion mixtures. 

6.1.5 Structure-activity relationships of tea catechlns against S. QUfeUS NCTC 06571 and the 

selection of catechin as a weak antimicrobial agent for possible enhancement with additives 

A literature survey revealed that the tea flavan-3-o1 minimum inhibitory concentrations (MIC) 

against different strains of S. aureus were in the foHowing order: ent-catechin;;: enl-epicatechin > 

catechin> epicatechin > epicatechin gallate > epigallocatechin > epigallocatechin gallate (Figure 

1.2) (Takahashi et al., 1995; Akiyama et al .• 2001; Stapleton et al., 2004a, 2004b; Gibbons et al., 

2004; Taguri et al., 2004; Roccaro et al., 2004). The present study initially tested five of these 

flavanols, (excluding the two less abundant enantiomers) in combination with copper (11) sulphate 

against S. aureus NCTC 06571 (Cben et al., 2008; Lin et al., 2008). The amounts of each catechin 

required to produce similar levels of antimicrobial activity with the same concentration of copper 

(11) sulphate followed a similar order except for EGC and EGCG which both required the same 

concentration. 

Catechin (Figure 6.1.1) was selected to investigate enhancement effects that can possibly be 

achieved by heat treatment and combinations with various adjuncts because of its relatively low 

activity compared to other flavan-3-o1s when combined with copper (11) sulphate against S. aureus 

NCTC06571. 

~OH 

... ~ 

Figure 6.1.1 General structure of tea Oavan-3-ols. Isometry occurs at positions 2 and 3 in the C ring where 
the 3',4'- dihydroxypbenyl and hydroxyl group respectively can each be found in two configurations giving 
rise to catechin and ent-catechin as well as epicatechin and ent-epicatechin. Substitutions of OH for H at S' in 
the B ring and gallie acid for OH at 3 in the C ring give rise to other tea flavan-3-ols. 

In investigations of the activities of tea catechin isomers with equimolar copper (11) sulphate, the 

stereoisomers ent-epicatechin (axial groups at C2 and C3) and ent-catechin (axial group at C2 and 

planar group at C3) showed similar activities and catechin was less active than epicatechin (Figure 

4.18). This trend follows the abundance of these substances in nature: enantiomers are relatively 
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rare, but catechin and epicatechin are much more abundant (Chen et al., 2008; Lin et al., 2008). 

However, in the H20 2 assays catechin generated less H2~ than the two enantiomers and this 

suggested that the capacity to generate H2~ was not the only factor to consider in relating 

molecular structure to antimicrobial activity (Figure 4.19). The ability of the different isomers to 

attach to the cell wall and to complex copper (11) ions is probably also important for ensuring that 

released H20 2 can act at the cell surface, especially the cell membrane. Several investigations 

previously described the relationship between various flavan-3-o1 structures and their binding to 

and intercalation with cell membranes as predictors of biological activity in general (Caturia et al., 

2003; Sirk et al., 2009; Cushnie and Lamb, 2011). 

6.1.6 Antimicrobial activity of mixtures of catechin, iron (11) sulphate, Iron (Ill) chloride and 

copper (11) sulphate against S. aureus NCTC 06751 and E. coil NCTC 14441 

This set of experiments explored whether iron (111111) salts on their own or in combination with 

catechin could generate sufficient reactive oxygen species (ROS) concentrations to produce 

antimicrobial affects. Heat treating iron (11) solutions may reduce antimicrobial activity due to 

oxidation to iron (III), which is more stable. The present study found that fresh or heat-treated 214 

J.tM (f.c.) iron (Il) and (Ill) solutions resulted in the same viabilities as buffer controls following 

exposures to S. aureus NCTC 06571 and E. coli NCTC 14441 in 30 minute exposures (Table 4.5a). 

However, iron (II) enhanced the activity of catechin against S. aureus NCTC 06571 but not against 

E. coli NCTC 14441 (Figure 4.7). These results agree with those of McCarrell et al. (2008) who 

also found that iron (U) sulphate enhanced the activity of pomegranate rind extract (PRE) against S. 

aureus NCTC 06571 but not against E. coli NCTC 12241, where PRE reduced the antimicrobial 

activity of iron (11) sulphate against E. coli NCTC 12241 by ca. 50%. Such differences between S. 

aureus NCTC 06571 and E. coli NCTC 14441 may be due to differences in cell wall structure, cell 

membrane pump activity, protective chemicals such as enzymes, ion chelating agents such as 

siderophores, or different types of metabolism (Lebedev et al .• 2005; Sirk et al., 2009). It would 

appear that adding iron (11) to catechin or PRE improved activity against the Gram-positive species 

but not against the Gram-negative species. 

When copper (II) and iron (11) ion solutions were combined antimicrobial activity increased by ca. 

1 IOg10 cfu mL"l against S. aureus NCTC 06571, but there was no additional effect against E. coli 

NCTC 14441 (Figure 4.7). The effect on S. aureus was possibly due to its susceptibility to a 

possible increased level of extracellular H20 2 brought about by oxido-reduction reactions between 

the copper (11) ions and iron (II) ions through Fenton chemistry. In the case of E. coli NCTC 

14441, it is possible that siderophores removed iron (ll) ions from the extracellular fluid into the 

cytoplasm removing them from any interactions with copper (11) ions within the vicinity of the cell 

envelope and thus preventing any increased H202 generation and further bactericidal effect. 
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Adding EDT A to the metal (1I) salt solution eliminated their effect on . a"reus N T 06571 

and E. coli NCTC 14441 which indicated that the bioavailability of the metal ion may be related to 

their antibacterial effects. 

6.1. 7 Antimicrobial activity of catechin, iron (11) Ilnd copper (10 sulphate in the presence of 

vitamin C against S. OllrellS NCTC 06751 and E. coli NCTC 14441 

Addition of vitamin C to catechin piu iron (1I) or piu copper (11) ion olution or both type of ion 

together did not improve antimicrobial activity (Figure 4.3,4.7' Appendix 11 : Table A, MT' 3-6). 

This may be due to a greater reactivity of iron (11) ion and catechin with copper (11) ion than with 

vitamin C and as such may have prevented vitamin from any further reduction effect on the 

copper (11) or iron (1I) ions. 

Previous investigations have hown that copper ( 11) ion combined with Oavanol contai ning tea 

extract can generate bactericidal RO including H2 2 and that the activi ty of uch fl avanol may 

be preserved by vitamin in aqueoll olution ( lifTord and Repine, 1982; Ho hino et al. 2000, 

Hatano et al. 2008). In the pre ent tlldy atechin may have increa ed it activity with different 

addition again t S. aI/reus N T 06751 by generating more R / H2 2 by the mechanism 

outlined above and hown in more detail in Figure 6.1.2. 

C.tech n 

e(II/III) Cu(II ) 

C t-(Fe(IIY(III).Cu(II)] + 2H' 

/ 
Vlt mnC 

Dlsmul l ion 

VII mln C (ox.) , 
C.t-(Fe(II),Cu(IY(II)) + 2jO 

D.actlvatlon 
by bacteria' or H:P + 0 2 
exogenous 

cat I se 

Figurc 6.1.2 uggc ted rcactions of clltcchin with iron (11) IInd coppcr (11) ions IInd vitamin . he~e 
shows catechin combining with iron (11) and opper (11) i 1\ Cl rllling an nque u' ~nple ond re l cn~ mg 
protons, A complex or vitamin c uld reduce 2 and with tit releo ed pr I ~l P Ibly Cl . rm ~ 12 2 In n 
dismutation reaction. Iron (11) and copper (11) i ns nn als Cl rill Hl 1 WIth lit ate lun vIa Fent n 
chemistry. Deactivation of inhibitory Hl 2 can ccur by bacterial or ex genous ntalose. 
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The results obtained with catalase results are consistent with those of Smith et al. (2003) who 

showed that H20 2 generated by black wattle polyphenols (Acacia mearnsil) could be removed by 

exogenous catalase, and that E. coli mutants Jacking catalase were especially susceptible to H202 

whereas oxyR mutants that constitutively overexpress antioxidant enzymes were resistant. 

6.1.8 Antimicrobial effects of zinc (11) and manganese (11) ions alone and in various 

combinations against S. aureus NCTC 06751 

In experiments with zinc (Il) ions, 214 J.IM (Le.) zinc (lI) sulphate tested against S. aureus NCTC 

06751 alone; and with added vitamin C; and with further added catechin had no antimicrobial 

effect in the conditions tested. Zinc (11) ions added to a mixture of copper (Il) sulphate combined 

with catechin and vitamin C showed that it did not affect the activity of the mixture against S. 

aureus NCTC 06751 in similar test conditions. This suggested that in these test conditions, zinc (11) 

ions had no interactive or interference effects with either the copper (11) ions, or the vitamin C, or 

the catechin (Figure 4.5). 

The addition of214 J.IM (Le.) manganese (11) sulphate to catechin did not enhance activity against 

S. aureus NCTC 06571 (Figure 4.6). A similar finding by McCarrell et al. (2008) found that 

manganese (lI) also did not enhance PRE against the same species. In this study the addition of 

zinc (Il) sulphate to a combination of catechin combined with copper (11) sulphate showed no effect 

on the activity of the catechin-copper (11) combination against S. aureus NCTC 06751. Zinc (11) 

ions also had no effect on activity with the further addition of vitamin C (Figure 4.5). 

In experiments with 214 J.IM (f.c.) manganese (11) ions tested alone or with further 6 fold addition 

of vitamin C (1284 ~. f.c.) against S. aureus NCTC 06751, little antimicrobial activity was seen 

(Figure 4.6). However, in another study by Inoue el al. (1999), 18.2 ~lM (f.c.) manganese was 

found to be active against different strains of S. aureus in water sampled from hot springs in 30 

minute exposures, only when additional iodide ions (7.8 J.IM) were present and in acidified 

conditions (pH 2.0 - 3.0). It appears that manganese (11) ions may require specific adjuncts and 

conditions to show antimicrobial effects against S. aureus not reproduced in this study. 

6.1.9 Comparison of the antimicrobial activities of catechin witb pomegranate rind extrad 

when combined with copper (11) sulphate against S. aur,us NCTC 06751 and otber species of 

bacteria 

Aqueous extracts of the fruit rind of the pomegranate tree (Punica granatum) have been shown to 

be active against S. aureus and other species of bacteria (McCarrell el al., 2008, Gould et al., 

2009a, 2009b). The activity of pomegranate rind extract (PRE) combined with added 4.8 mM 
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copper (lI) sulphate in the above studies was found to produce a similar level of activity against S. 

aureus to that found in this study with a white tea sub-fraction of < 1 kDa (WTF) within a similar 

combination against S. aureus (Figure 3.26). Both PRE and WTF contain catechin and other 

polyphenols and possibly may exert their effects in similar ways (de Pascual-Teresa et al., 2000; 

Chen et al., 2008). 

In another species in this study Ps. aeruginosa NCTC 950 was shown to be the least susceptible 

strain to copper (11) sulphate tested alone (Table 3.3). However, following exposure to a 

combination of catechin and equimoJar copper (11) sulphate, Ps. aeruginosa showed the greatest 

reduction in viability when compared to the falls shown by S. aureus NCTC 06751, P. mirabilis 

NCTC 7827 and E. coli NCTC 14441 tested under the same conditions (Figure 4.2). McCarrell et 

al. (2008) and Gould et al. (2009a, 2009b) also reported a similar finding with PRE plus copper (11) 

sulphate showing that a PRE-copper (ll) ion combination had greater effects on Gram-negative 

species in general than on Gram-positive species including S. aureus NCTC 06751. This greater 

susceptibility of Gram-negative species such as Ps. aeruginosa NCTC 950 may result from its 

specific cell wall features such as type or number of periplasmic proteins or porins (Braud et al., 

2010; Elsen et al.. 2011). In the present investigation, S. aureus NCTC 06571 was the least 

sensitive to combined catechin plus equimolar copper (11) ions, which may be due in part to a 

greater defence offered by the different chemical composition and greater width of the Gram

positive cell wall (Figure 4.2) (Taguri et al., 2006; Sirk et al., 2009; Cushnie and Lamb, 201 I). 

The above findings raised the question as to the possible interactive mechanisms of action of the 

combined test substances since catechin itself when tested alone was not antimicrobial in these 

conditions (Figure 3.18). Similar findings were reported by McCarrell et al. (2008) and Gould et al. 

(2009a, 2009b) for PRE. It is likely, as has been suggested in other investigations on other tea 

catechins. that in this study catechin complexed with copper (11) ions led to increased th02 
production compared to catechin or copper (Il) ions controls tested on their own (Figure 4.19) 

(Hoshino et al., 1999). It is possible that catechin increased the reactivity of copper (J1) ions within 

the complex making it more likely that the copper (11) ions would become reduced by catechin (in 

solution) from copper (11) ions to copper (I) ions, which then spontaneously oxidised to copper (11) 

ions generating H20 2 via Fenton chemistry (Figure 6.1.2). In addition catechin may have negatively 

affected the stability of bacterial cell walls and membranes, which increased the injurious effects of 

H20 2 (Sirk et al., 2009). It is possible that catechin and other flavanols partly exert their effect 

against cells by complexing with copper (11) ions and other substances and binding them at the cell 

membrane producing more localised and intense effects as mentioned above (Hoshino et al .• 1999). 

In this study support for the formation of complexes also comes from the work on solubility of 

catechin which was increased twofold at room temperature in the presence of equimolar copper (11) 
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sulphate (Table 4.4). Observed antimicrobial effects of catechin plus copper (11) sulphate 

combinations are unlikely to be due to a pH effect arising from the addition of acidic copper (11) 

sulphate to the catechin since the pH of 214 J.LM (f.c.) catechin and 214 ~ (f.c.) copper (11) 

sulphate is similar (ca. pH 6.6) (Figure 4.12) and at this concentration a complex is postulated. 

6.1.10 Investigations into possible antimicrobial mechanisms of action using different molar 

ratios of catechin and adjuncts 

(i) Combination ratio effects on antimicrobial activity 

Investigations by Esparza et al. (2005) and Ghosh et al. (2006) showed that individual catechin 

molecules in aqueous solution bind to specific numbers of metal ions such as copper (ll) and zinc 

(lI) ions. This posed the question whether in this study such catechin-metal (11) ion complexed with 

fixed ratios of components were responsible for antimicrobial effects. If so, then varying the ratio 

of catechin to adjunct(s) within assays might have resulted in a stoichiometric pattern of 

antimicrobial activity. Such ratio effects on pH were initially investigated in this study against S. 

aureus NCTC 06751 (see Figure 4.10). The results of these assays showed that a fixed 

concentration of catechin with increasing amounts of added copper (11) sulphate in the molar ratio 

of catechin 1: copper (lI) sulphate between 0 and 16.0 (where 1 = 214 IlM final concentration) 

following exposure to S. aureus NCTC 06751 resulted in the greatest fall in viability between ratios 

of 1: 0.25 and 1: 0.75 (Figure 4.1). This finding may reflect the binding characteristics of the 

catechin with copper (Il) ions as suggested by Esparza et al. (2005) and Ghosh et al. (2006). 

Copper (H) sulphate controls tested at concentrations between 0.25 and 1.00 showed no effect on 

the activity of the cells suggesting copper (Il) tolerance at these concentrations tested in these 

conditions. In the controls with higher concentrations of copper (Il) sulphate between ratios of 1.0 

and 16.0 : 1 Ringer's solution the profile of S. aureus NCTC 06751 viability following exposure 

was similar to that if catechin was also present (Figure 4. t). It is possible that at higher copper (11) 

ions: catechin ratios some of the copper (11) ions will be free and thus able to affect the cells. 

Equimolar catechin and copper (11) sulphate mixtures in the presence of increasing vitamin C 

concentrations progressively increased activity against S. aureus NCTC 06751 (Figure 4.3). Similar 

observations were made in the controls where catechin was absent. This can be explained by the 

effect of vitamin C on copper (Il) ions. 

Oi) Effect of different ratios of catechin and copper (Ill sulphate pH and Mtimjcrobial activity 

AI: 1 molar ratio of copper (11) sulphate and catechin had the greatest effect on pH with higher 

ratios of copper (11) ions resulting in no further effect on pH (Figure 4.10). Copper (11) ions 

displaced protons from the catechin OH groups Md caused pH to fall. A similar explanation was 
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suggested for the pH reducing effects of WT and WTF « 1 kOa) mixed with copper (11) sulphate 

(Figure 3.15). 

(Hi) Effect of different ratios of catechin and and copper (In sulphate on UV -vis absorbance 

The presence of copper (11) ions increased the absorbance of catechin at 280 nm at all ratios of 

copper (11) sulphate tested (Figure 4.11). This increase in absorbance could be due to attached 

copper (11) ions or perhaps a catechin solvation effect brought about by the added copper (11) 

sulphate. It should be noted that free copper (lI) ions have an absorption maximum at 800 nm 

where free aqueous copper (11) ions would normally show absorbance. 

(iv) Combination ratio effects of catechin and and copper (11) sulphate on crystallisation of 

mixtures 

In further investigations crystallisation studies showed that certain ratios of combined catechin with 

copper (11) sulphate were more likely to result in crystal formation than others. A ratio of catechin 

1: 0.66 copper (I1) sulphate generally produced crystals, albeit of a small size of ca. 0.25 - 0.50 

mm in length (see section 4.8). Whilst strict molar ratios of combined catechin with copper (Il) ions 

may exist in aqueous solution this may not apply to crystals. 

Recent work on polyphenol-copper (11) ion complexes by Pirker et al. (2012) investigated the 

effect of pH on the speciation of copper (11) ion in reactions with green tea polyphenols, EGCG and 

gallic acid. They found that di- or polymeriC complexes dominated the copper (11) speciation in the 

pH 4-8 range - a similar pH range to that measured in the samples containing copper (11) ions in 

this study. They showed 'that the molecular masses of complexes increase with increasing pH, 

indicating either coordination of increasing numbers of polyphenol molecules as ligands to the 

copper or the increasing involvement of polyphenol dimers as ligands in the copper coordination 

sphere'. If variable stoichiometry occurs during the crystallisation process these findings may help 

explain why regular crystals were difficult to produce. In addition a conclusion of Pirker et al. 

(2012) may possibly explain the observations seen in this study where increasing UV -vis 

absorbance was seen with catechin : eu ratios of up to 1: 16 in the UV -vis results discussed above 

(Figure 4.11). 

6.1.11 Antimicrobial activity of caffeine in tbe presence of catechin, witb copper (11) sulpbate 

and vitamin C against S. au,.eus NCTC 06751 

Fungi, lower and higher plants have evolved to manufacture and secrete antimicrobials such as 

allelopathic chemicals and antibiotics to kill competitive bacteria e.g., in the soil substratum (Nakai 

et al., 2001; Celenza et al., 2012). In response, bacteria have evolved cell membrane pumps (MDR 

pumps) to actively remove such harmful substances from their cells. In response to this certain 
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plants have co-evolved to produce compounds such as alkaloids and certain flavanoids to inhibit 

MDR pumps (Gibbons et al., 2004). These MDR inhibitors work in synergy with other 

antimicrobial compounds to defend the plant from bacteria (Raj and Dhala, 1965; Junio et al., 

2011). The alkaloid caffeine, found in various plant species, and found in high concentrations in tea 

and coffee bushes, is believed to act as an inhibitor of MDR pumps and is a proven antimicrobial 

against food spoilage bacteria (Lewis and Ausubel, 2006; Maletta et al., 2012). In this study, 

caffeine was therefore tested as a putative enhancer of catechin with and without adjuncts against 

test bacteria. Caffeine had no effect on the activity of catechin-copper (11) sulphate mixtures, on 

copper (11) sulphate alone or on a catechin-copper (I1) sulphate-vitamin C mixture against S. aureus 

NCTC 06751 (Figure 4.4). This can be explained by the catechin and adjunct mixtures not 

affecting their antimicrobial actions on bacterial MDR pumps and consequently are probably 

working in another way. This reasoning supports the suggestion that catechin with adjuncts 

generate H20 2 extracellularly which damages cell envelope structures and does not enter the cell. 

6.1.12 Effects on antimicrobial activity of heat treatment of catechin alone and in 

combination with copper (11) sulphate against S. aureus NCTC 06751 

Previous studies have shown that heat treatment of aqueous tea leaf extracts as well as well as other 

polyphenols such as tannic acid solution can raise their antimicrobial activities (Takahashi el al., 

1995; Asaka et 01.,2000; Kim et 01.,2011; Isaacs et al., 2011). In this investigation freshly made 

catechin solutions heated at 100 QC for 10 or 30 minutes, or autoclaved for 1 S minutes resulted in 

clear. yellowish brown solutions which showed similar antimicrobial activities to freshly made 

catechin and buffer controls against S. aureus NCTC 06751 (Figures 4.8, and 4.9). These colour 

changes suggested the formation of auto-oxidation products described in other investigations and 

which occur during the 'fermentation' process in black tea production (Hathway and Seakin, 1951; 

Bors et al., 1999; Es-Safi et 01.,2003; Kim er 01.,2011). 

Preliminary studies with nuclear magnetic resonance (NMR) to attempt to identify newly formed 

chemical products within heat-treated catechin solution for 10 minutes at 100°C initially suggested 

that less than 20% of the original starter catechin molecules in solution had been converted into 

new products following the heat treatment process. If this is estimation is correct, this amount was 

sufficient to produce a significant difference in antimicrobial activity against S. aureus NCTC 

06751 when it was subsequently combined with copper (11) sulphate and compared to fresh 

catechin with copper (11) sulphate (p<O.OS). NMR peak signals for the new products required in

depth processing in order to separate them from background noise as well as from unconverted 

catechin molecule signals. The progression of this work is suggested in the 'Future work' section 

below (see Section 6.4). A scheme is proprosed below as to synthesis and the identity of the newly 

formed substance. 
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When all three types of heat-treated catechin solutions and fre hly made catechin were combined 

with equimolar copper (11) sulphate and tested again t S. aureus N T 0675 I the heat-treated 

solutions resulted in a greater reduction in S. aureus NCTC 0675 I viability than did expo ure to 

the non heat-treated solution (Figure 4.8). It seems likely that heating the catechin olution cau ed 

an oxidation and produced new products such as quinone methides along with their ub equent 

reaction products, which may be responsible for the increased activity again t . aI/reus N T 

0675 I (Figure 6.1.3) (Azam et al., 2004; Ferreira, 2012). Finding from other inve tigation on 

polyphenols have led to suggestions that increased chemical and antimicrobial activitie following 

heat treatment can be explained in terms of the chemical features of newly formed reaction 

products (Bors et al. , 1999; Es-Safi et al., 2003; Drynan et al. , 20 I 0). 
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Figure 6.1.3 Suggested possible reactions of catechin in aqueoll condition Ilt nlltnrlll rIll during hellt 
treatment at 100°C for 10 minutes. The top fi gure show the general tructure f ate hin m le ule with 
the A, B, and C ring positions numbered for subsequent reference. The underlying heme h ws the p ning 
of the catechin C-ring to generate a B-ring quinone methide that A t 0 An ele tr philc Cl r upling with a -
8 or a C-6 of a second catechin moiety. Secondary modification ore th n h wn that inv Ive y lizn ti n 
between an aromatic OH-group and the secondary alcohol function at the equivalent f • (Me hani m and 
text based on Ferreira, 2012). 
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The scheme shown above (Figure 6.1.3) outlines a putative reaction showing the formation of new 

chemical products derived from heating catechin solution at 100 DC for 10 minutes. This scheme 

proposed by Professor Daneel Ferreira of the University of Mississippi (2012) has met with general 

agreement and is similar to those proposed by other investigators following similar investigations 

on the chemical effects of the heat treatment of catechin solution (Mochizuki et al., 2002; Orynan 

et al., 2010). 

The final structure shown at the end of the scheme in the above figure possesses certain features of 

particular note. Firstly, the structure possesses only 9 OH groups although it was formed from 2 

component catechin molecules each with 5 OH groups, one being lost through condensation. 

Assuming that these OH groups can dissociate in aqueous conditions releasing free protons, this 

reduction of the number of OH groups could have lead to a reduction in the number of protons in 

the solution which in turn could account for the observed rise in the pH from pH 6.5 to 6.7 

following heat treatment (Figure 4.12). The difference in chemical structure, and particularly the 

number of OH groups, between the fresh catechin and the quinone methide dimer shown above 

may, on account of the difference in pH, account for the subsequent changes in pH seen when the 

substances were added to equimolar and to 4.8 mM copper (11) sulphate. In each case addition to 

both equimolar and 4.8 mM copper (11) sulphate resulted in a pH reduction of ca. 0.75 units which 

suggests a similar degree of proton loss from the fresh and heat-treated catechin solution. However, 

the greater degree of acidity of the 4.8 mM copper (11) sulphate (ca. pH 5.9) compared to the 

equimolar copper (Il) sulphate (pH ca. 6.6) appears to have promoted a slightly higher degree of 

copper (I1) ion induced proton loss from the heat-treated catechin than from the freshly prepared 

catechin (Figure 4.12). This is despite the possibility that heat-treated catechin may have fewer OH 

groups than the freshly prepared catechin as suggested above and may be related to the types and 

degree of complex formation shown at different values of pH as demonstrated in other 

investigations on copper (11) ion complex formation with green and black teas as well as catechins 

(Goodman et 01.,2012; Pirker et 01.,2012). 

In equimolar conditions with copper (11) sulphate freshly prepared and heat-treated catechin 

showed different antimicrobial activities (Figure 4.8). In the pH conditions shown by the two 

mixtures with values around 5.80 and 5.85 respectively it is possible that the heat-treated catechin 

is bound with a different number of copper (11) ions than the freshly prepared catechin (Figure 

4.12). Such a difference could be related to possible differences in H2Dz generation and consequent 

greater antimicrobial effect when compared to the freshly prepared catechin against S. aureus 

NCTC 06751. However, the degree of copper (11) ion complexation by a catechin, or a derivative, 

may not solely account for the results seen in Figures 4.8, and 4.18 since the degree of H101 
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generation by a complex is not the only factor involved in determining antimicrobial activity 

(Lebedev et al., 2005; Gradisar et al., 2007; Cushnie & Lamb, 2011; Sharma et al., 2012). In 

addition the presence of and type of branching in the molecular structure of the catechins has been 

shown to be important with branched structures with gallic acid substituted at C3 such as in ECG 

and EGCG which show greater activity by intercalation in the cell membrane (Figure 3.17) 

(Stapleton et al., 2007; Shah et al., 2008; Bemal et al., 2009; Park and Cho, 2010). It is known that 

galloylated catechins can generate more H2~ in the presence of copper (11) ions than catechins 

lacking this feature (Nakayama et al., 2002; Sharma et al., 2012). In addition the gaIlic acid group 

is known to be attracted strongly into the cell membrane penetrating deeply by intercalation into its 

palisade structure and this considerably alters its fluidity and physiological properties (Caturia et 

al., 2003; Stapleton et al., 2007; Maestre et al., 2010). In this case the dimer product shown in 

Figure 6.1.3 is branched and this feature may raise its activity in the same way as the branched 

catechins i.e. via intercalation effects. In addition such intercalation could bring the dimer-copper 

(11) ion complex closer to the cell membrane and so exert a more localised effect on the cell 

membrane from H20 2 generation. The difference in antimicrobial activity between the fresh 

catechin and the heat-treated catechin derivative combined with equimolar copper (11) sulphate may 

also be partly determined by differences in ability to destabilise the cell membrane making it more 

or less susceptible to any free or complexed copper (11) ion generated H2~' 

In kinetic studies the rate of effect of 214 J!M (f.c.) catechin with combined 4.8 mM copper (11) 

sulphate on antimicrobial activity within the first 10 seconds of exposure was approximately twice 

that seen with 4.8 mM copper (II) sulphate alone and half that seen with the heat-treated catechin 

(Figure 4.14). In comparison 1 J.IM (f.c.) of the EGCG tested in the same conditions during the first 

minute of exposure produced an even greater rate than the heat-treated catechin combination 

(Figure 4.13). The antimicrobial activities of these mixtures largely occurred within the first 10 

seconds of exposure suggesting a rapid effect from a highly active substance such as free radicals 

or ROS like H20 2• 

Following autoclaving, combinations of freshly made or previously heat-treated catechin with 

excess copper (Il) sulphate both contained insoluble dark brown matter. The antimicrobial 

activities of these combinations were less than non-autoclaved combinations suggesting the 

possibility of a reduction in the amount of active substances when the insoluble matter was formed 

(Figure 4.9). 
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6.1.13 Effect of storage on the antimh:robial activity of combined catechin with copper (11) 

sulphate against S. aureus NCTC 06751 and other target species of bacteria 

The catechin combined with equimolar copper (11) sulphate and stored at room temperature showed 

a small decline in antimicrobial activity over 7 days against S. aureus NCTC 06751 and Ps. 

aeruginosa NCTC 950. However, the same room stored mixture tested against P. mirabilis NCTC 

7827 and E. coli NCTC 14441 showed an increase in activity ca. 0.5 log,o unit after one day 

(Figure 5.6). This additional activity was lost after a further day of storage with cell viabilities 

following exposure being similar to copper (11) ion controls within 7 days. It appears that a 

transient substance or substances may have been formed in the mixture which increased the 

antimicrobial activity of the mixture against P. mirabilis NCTC 7827 and E. coli NCTC ] 444]. 

These may have come about from oxidation as the solution was exposed to the atmosphere and 

more so in the presence of the copper (11) ions (Es-Safi et al., 2003). It is possible that such 

substances with increased antimicrobial activity may be similar to those produced by heat-treated 

catechin solution and discussed above (see section 6.1.12). 

When catechin was combined with copper (11) sulphate and vitamin C similar or less antimicrobial 

activity was seen with both room and fridge stored mixtures tested throughout the 7 day period 

against all four species of bacteria (Figures, 5.2-5.5). Vitamin C does not appear to preserve the 

antimicrobial activity of catechin-copper (11) sulphate mixture - apparently the converse being true 

with vitamin C reducing antimicrobial activity in stored solutions. This may have been due to 

oxidation of vitamin C in solution or to reducing copper (n) ion availability by forming inactive 

complexes with copper (11) ions. This overall would result in a reduced capacity to generate 

hydrogen peroxide, either alone or interactively with catechin molecules. Freeze-drying of fresh 

solutions of catechin combined with copper (11) sulphate, and vitamin C showed that such mixtures, 

at least when stored at 5 °C in dry, dark conditions, retained the same level of antimicrobial activity 

against test species of bacteria as seen with freshly prepared solutions (Figure 5.7), This finding 

suggests that freeze drying may be a suitable means of preserving the antimicrobial activity of this 

freshly-made mixture. It is possible that removal of the water during the process removes the 

medium in which atmospheric oxygen would otherwise oxidise catechin and vitamin C. 

6.1.14 The use of combinations in existing and emerging contexts In tbe control of human, 

animal, and plant disease 

Combinations of antimicrobial agents such as fresh catechin or heat-treated catechin combined with 

adjuncts may provide a means to reduce the amount of copper (11) salt used in certain classical 

agricultural formulations such as Bordeaux powder or Cheshunt compound, thus reducing 

incidental harm to the environment as well as the cost of copper-based products in pest control 

(Jacob et al., 1997; Emeran et al., 2011; El Hadri et al., 20 t 2). In aquaculture catechin may be used 
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to enhance the antimicrobial activity of copper (11) ions to control algal and fungal growth on plant 

and fish products (Guardiola et al., 2012: Yin et al., 2010). Catechin may also find a use in 

antifouling products where it could activate a lower content of copper (11) ions within antifouling 

treatments (Perez et al., 2006). Catechin may be used to activate the use of iron (11) against S. 

aureus and perhaps other species of bacteria Catechin feasibly could be incorporated with other 

substances and used in new settings such as with iron (Il) in nanoparticles in cloth and food 

wrappings and incorporated into foods such as meat, fish and wine products as a preservative 

against S. aureus and yeasts (Kim et al., 2006; Borkow et al., 20 I 0). 

6.2 General conclusions 

(i) Viability effects and mechanisms of action of whole tea extracts and adjuncts 

GT and BT, but not WT, adjusted to pH 7 tested alone against S. aureus NCTC 06571 and Ps. 

aeruginosa NCTC 950 showed similar level of viabilities as buffer controls (Figure 3.1). When 

combined with of copper (11) sulphate against S. aureus NCTC 06571 both GT and BT, but not 

WT, showed a lower antimicrobial activity than that observed with copper (11) ion controls (Figure 

3.4). WT combined with copper (11) ions showed the same antimicrobial activity as copper (11) ions 

alone. 

The above findings parallel those of McCarrell et al. (2008) who found that another plant 

antimicrobial substance, pomegranate rind extract (PRE), rich in polyphenols, had no effect on 

similar species of target bacteria when tested alone. However, when copper (11) sulphate was added 

to PRE, the phenol antimicrobial activity was enhanced. In this study, in contrast, copper (11) ions 

added to the teas did not enhance antimicrobial activity (Figure 3.4). Both OT and BT reduced the 

activity of copper (11) ions against S. aureus NCTC 06571 when compared to the activity of copper 

(11) controls, whilst WT had no such reduction effect. The reduction effect is attributed to the 

possible formation of inactive complexes which remove labile copper (11) ions by the GT and BT 

but not in the case of WT - or at least not as quickly (Figure 3.4). 

Considering tea-copper (H) complex formation further, previous studies have shown that 

flavonoids and other polyphenols which are found in plants, including teas, can form inactive 

complexes with metal ions such as copper (11) and iron (ll) removing them from cell metabolism 

(Yoshino and Murikami, 1998; Goto and Suyama, 2000; Femandez et al., 2002). In this study, WT, 

GT and BT all appeared more soluble and less turbid following addition of copper (11) ions which 

suggested an increase in solubility of the suspended tea solids, probably via interactions between 

the copper (11) ions and the tea components. Similar effects of metals on the solubility of tannins 

have been previously reported (Okuda et al., 1982). 
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Investigations into interactions between tea components and copper (11) ions using pH 

measurements showed that WT mixed with copper (11) ions resulted in a fall in pH (Figure 3.15). 

This fall was greater than would be expected for mixing the two acidic solutions together. This 

finding suggested a chemical interaction had taken place between the tea components and the 

copper (U) sulphate which released protons with the simultaneous formation of a complex. Other 

investigations have shown that manipulating pH causes speciation of different complexes between 

teas and copper (11) ions (Andjelkovic et al., 2006; Goodman et al., 2012; Pirker el al., 2012). In 

this study, the possibility of complex formation between tea components and copper (11) ions was 

supported by UV-vis spectroscopy which showed absorbance decreased with the addition of copper 

(II) ions to WT, GT, and BT (Figure 3.13). Yashuda el al. (2012) showed that UV-vis absorption of 

tea components within HPLC studies were affected by the presence of copper (Il) ions, supporting 

the possibility of tea component-copper (11) complex formation. In this study, the absorbance 

values of the combinations was in the order WT < OT < BT suggesting the possibility of different 

amounts of component substances interacting with copper (11) ions (Figure 3.13). Independent 

studies have shown that different types of tea contain different amounts of polyphenols dependent 

on cultivar types, cultivation and post-harvesting processing methods (Chou et al. J 999; Du el al. 

2006; Lin et al. 2008). In this study, the formation of hypothetical inactive complexes between tea 

components and copper (11) sulphate occurred with the whole WT during a test period of pre

treatment up to 30 minutes as shown when antimicrobial activity was gradually lost during this 

length of time prior to exposure to inoculums (Figure 3.4). 

In other experiments WT plus copper (11) ion combinations as well as copper (11) ion controls 

required similar levels of catalase to remove antimicrobial effects (Figure 3.14). This suggested 

that copper (11) ions generated harmful hydrogen peroxide to which the WT did not contribute. 

However, the amount of hydrogen peroxide generated by the 4.8 mM copper (11) ion controls may 

be considerable (Goncharuk, 1995). The amount of copper (11) generated hydrogen peroxide 

possibly exceeded any amount produced by the tea components, and thus additional catalase was 

not required to remove any small amounts, of hydrogen peroxide. generated by the tea (figure 

3.14). Other investigations, however, found that tea components generate hydrogen peroxide 

(Arakawa et al. 2004; Schuck et al., 2008). 

In further investigations against S. aureus NCTC 06571 the addition of vitamin C to a combination 

of WT plus copper (11) ions showed the same antimicrobial activity as copper (11) ions plus vitamin 

C without the presence of WT (Figure 3.6). It is possible that vitamin C together with copper (11) 

ions could enhance the antimicrobial activity of active WT components against S. aureus but the 

putative presence of inhibitory compounds within WT prevented this. 
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Experiments indicated the antimicrobial activity of combinations of tea agents was independent of 

acidity levels following 30 minute exposures (Figures 3.1, 3.7; Tables 3.5, 4.1). Assays of the 

effect of pH against S. aureus NCTC 06571 were only seen at ca. pH 9 when copper (ll) ions 

precipitated and antimicrobial activity was lost. It is known that copper (11) ions are likely to 

precipitate out of aqueous solutions containing high levels of hydroxide ions such as are found in 

aqueous alkali (Moghal and Sivapullaiah, 2012). 

(ii) Viability effects and mechanisms of action ofWT sub-fractions and adjuncts 

McCarrell et al. (2008) investigating the antimicrobial activity of PRE using diffusion assays found 

that PRE fractions> 5 kDa had similar effects to those of < S kDa against target organisms 

including S. aureus NCTC 06751. In order to test the hypothesis that WT contained different 

substances that could either enhance or inhibit the antimicrobial activity of copper (11) ions, WT 

was fractionated to investigate the antimicrobial activities of the individual fractions alone and with 

copper (11) ions. UV-vis spectroscopy showed that WTF « 1 kDa) had a lower absorbance than all 

the other fractions and the whole WT (Figure 3.12). This observation of lower UV-vis absorption 

of lower molecular weight plant leaf fractions has also been reported in other species (Yen et al., 

1996). When combined with copper (11) ions only the fraction containing the smallest molecular 

weight components of < 1 kDa showed antimicrobial activity, which was greater than whole WT 

(Figure 3.9). 

In this study the white tea fraction (WTF < I kDa) showed no antimicrobial activity against s. 
aureus NCTC 06571 when tested alone (Figure 3.9). McCarrell et al. (2008) found a similar result 

with the PRE < 5 kDa fraction tested alone against S. aureus NCTC 06571. They also found that a 

PRE-copper(II) ion combination showed little or no increase in the antimicrobial activity against S. 

aureus NCTC 06571 - a similar result as found in this study when vitamin C was added to the 

WTF « 1 kDa) plus copper (Il) combination (Figures 3.10,3.11). In this study, neither WTF « I 

kDa) nor vitamin C showed any antimicrobial activity when tested in the absence of copper (11) 

ions (Figures 3.10,3.11). Similar results were found with PRE < 5 kDa (McCarreU et 0/.,2008). 

WTF « 1 kDa) or vitamin C combined with copper (11) ions showed a similar antimicrobial 

activity and this was removed in both cases with catalase (Figure 3.14). Catalase is an enzyme 

known to breakdown hydrogen peroxide removing its harmful effects against many bacteria (Oas 

and Bishayi, 2009). The amounts of added catalase in each case suggested that both WTF « 1 

kDa) and vitamin C had a similar enhancement with copper (11) ions suggesting a production of 

similar quantities of H20 2, and possibly acting in a similar manner to reduce copper (11) ions in 

Fenton chemistry (Jomova et 01.,2012: Ozyurek et 01.,2012). Therefore, the antimicrobial activity 
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of copper (11) ions found naturally occurring in the whole WT was tested separately and found to 

show no antimicrobial activity. Following a survey of published reports no studies of the 

antimicrobial activity of in vivo levels of metal ions within plants could be found. Other studies 

show that metal ions found at higher levels in nature, e.g. in spa waters can have antimicrobial 

effects (Inoue et al., 1999). UV -vis spectroscopy showed that WTF « 1 kOa) had a lower 

absorbance than all the other fractions and the whole WT (Figure 3.12). This observation of lower 

UV-vis absorption of lower molecular weight plant leaf fractions has also been reported in other 

species (Yen et al., 1996). 

Measurements of pH showed that WTF « 1 kDa) was more acidic than whole WT (Figure 3.15). 

Previous investigations have shown that following certain types of filtration, tea fractions contain 

different types of substances and have different pH values (Yoshida et al., 1999; Zimmermann and 

G1eichenhagen, 2011). In this study WTF « 1 kOa) also had a greater effect on reducing the pH of 

added copper (11) sulphate than whole WT (Figure 3.15). This fall in pH was greater than would be 

expected for a mix of two acidic solutions and suggested a chemical interaction had taken place 

between the tea components and the copper (11) sulphate with the formation of a complex with the 

simultaneous release of protons (Figure 3.15). This suggested the formation of acidic complexes 

between WTF components and copper (11) ions. Similar observations on the interactions of green 

and black teas with copper (11) ions affecting pH have also been reported by others (Good man et 

01.,2012). The activity of the WTF « 1 kOa) compared to whole WT and WT fractions containing 

larger MW substances is attributed to the removal of inhibitory substances from the larger MW 

fractions of the tea which interfere with copper (11) ion availability. 

(iii) Bacterial viabilities in tbe presence of main tea catechins and copper (11) sulphate 

The antimicrobial activities of commonly investigated tea catechins combined with 4.8 mM copper 

(11) ions and tested against S. aureus NCTC 06751 in 30 minute exposures showed activities in the 

order: catechin < epicatechin (EC) < epicatechin gallate (ECG) < epigallocatechin (EGC) ca 

epigalIocatechin gallate (EGCG) (Table 3.6). The catechins tested on their own against S. aureus 

NCTC 06751 showed the same vi abilities as the buffer controls (Figure 3.17). Previous studies on 

BC, ECG and BCG showed they produced bactericidal effects when added to non-lethal levels of 

copper (11) against E. coli (Kimura et al., 1998; Hoshino et al., 1999, 2000). In this study catechin 

was shown for the first time to be enhanced by the addition of copper (11) ions. 

(Iv) Viability effeds and mechanisms of action of tbe weak antimicrobial catecbln compared 

to its tea flavanol isomers and beat-treated catecbin witb putative adjuncts 

The antimicrobial activity of the weak antimicrobial catechin with equimolar copper (11) sulphate 

against test species of bacteria were in the order S. aureus NCTC 06751 == Ps. aeruginosa NCTC 
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950 = P. mirabilis NCTC 7827 < E. coli NCTC 14441 (Figure 4.2). Previously, Hoshino et al., 

2000 showed that Gram-positive bacteria were less susceptible to tea catechin-copper (11) ion 

combinations than Gram-negative species. In this study, the order of catechin plus copper (11) ions 

compared to copper (II) sulphate controls was as follows: E. coli NCTC 14441 < P. mirabilis 

NCTC 7827 < S. aureus NCTC 06751 < Ps. aeruginosa NCTC 950, which suggested that catechin 

was most effective at raising the antimicrobial activity of copper (11) against Ps. aeruginosa NCTC 

950 (Figure 4.2). Since this species can be relatively tolerant to copper, this finding was 

unexpected (Braud et al., 2010; Elsen et al., 2011). McCarrell et al. (2008) and Gould et al. 

(2009b) reported similar results, where polyphenol-rich pomegranate rind extract plus copper (11) 

salt had the greatest effects on Ps. aeruginosa. This greater susceptibility of Ps. aeruginosa to 

mixtures may result from its specific cell wall features such as type or number of porins or 

periplasmc proteins (Braud et al., 2010). 

The antimicrobial activity of catechin was enhanced by freshly prepared iron (H) sulphate solutions 

against S. aureus NCTC 06571 but not against E. coli NCTC 14441 (Figure 4.7). These results 

agree with those of McCarrell et al. (2008) who also found that iron (11) ions enhanced the activity 

of the polyphenolic rich pomegranate rind extract against S. aureus but not against E. coli. It 

would, therefore, appear that iron (11) ions improved the antimicrobial activity of phenolic catechin 

or PRE against S. aureus but not against tested Gram-negative species. In this study addition of 

catalase removed antimicrobial activity and this suggests that the catechin-iron (11) ion mixtures 

were generating harmful hydrogen peroxide (Table 4.5). Heat-treated and autoclaved iron (11) 

sulphate as well as freshly-made. boiled and autoclaved samples of iron (Ill) chloride did not 

enhance catechin against either species of bacteria (Table 4.5). This suggests that in these 

conditions iron (11) sulphate, presumed to have oxidised to iron (Ill) sulphate in the heating 

process, as well as iron (Ill) ions added directly, as iron (Ill) chloride. failed to generate noticeable 

levels of antibacterial hydrogen peroxide. A solution of an iron (Ill) salt without other Fenton 

reagents is not likely to generate hydrogen peroxide and consequently showed no antimicrobial 

activity. 

A mixture of freshly made iron (11) and copper (11) sulphates were antimicrobial against S. aureus 

NCTC 06751 and E. coli NCTC 14441 (Figure 4.6). Catechin was not enhanced by this mixture. 

This suggested that the antimicrobial effects were due to the copper (11) ions alone or the metal (11) 

ion combination and likely to be due to redox cycling between the iron (11) and copper (11) ions 

generating reactive oxygen species (ROS) (Garcia et al., 2012). The level of the antimicrobial 

effect in this case was similar to that seen with the catechin-copper (11) ion combination (Figure 

4.2). This in turn suggested that the effect on antimicrobial activity of adding either freshly made 
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iron (11) sulphate or catechin to copper (11) sulphate solutions was similar against S. aureus NCTC 

06751 and E. coli NCTC 14441. The mechanism of action in each case was probably via the 

generation of H20 2 which was removed by either the addition of exogenous catalase, or by EOT A 

to remove the availability of H2~ generating copper (Il) and iron (11) ions (Brown et al., 1998) 

(Figures 4. I 5, 4.17) inhibitory substances from the larger MW fractions of the tea which interfere 

with copper (11) ion availability. 

The antimicrobial activity of catechin against S. aureus NCTC 06571 was not enhanced by either 

manganese (Il) sulphate or zinc (Il) sulphate (Figures 4.4, 4.5). This finding was similar to that 

found with PRE combined with the same salts against the same strain (McCarrell et ai, 2008). 

Addition of equimolar zinc (11) to a catechin-copper (Il) combination with excess vitamin C did not 

affect the antimicrobial activity of the combination. This finding suggested that zinc (11) ions did 

not interfere with or add to the generation of H2~ (Figure 4.4). 

Heat-treated catechin solutions, autoclaved or heated at 100 °C for 10 or 30 minutes respectively 

showed a similar change in appearance changing from a clear, colourless solution to a clear, 

similarly intense yellow solution. Similar colour changes in aqueous solutions of catechin have 

been previously reported (Hathway and Seakins, 1957; Es-Safi et al., 2003). Heat-treated catechin 

solutions showed no antimicrobial activity when tested alone (Figures 4.8, 4.9). In comparison, in 

another investigation by Kim et al. (2011) tannic acid, another plant polyphenol, antimicrobial 

activity was enhanced by heat treatment. In the production of black tea by the 'fennentation' 

process carried out optimally at 24 - 29 °C, antimicrobial activity against bacteria is increased but 

this is not due to conversion of catechin (Chou et al., 1999; Kim et al., 2011). In this study, heat

treated catechin solution combined with copper (11) ions showed greater antimicrobial activity than 

fresh untreated catechin solution with copper (1I) ions against S. aureus NCTC 06751 (Figure 4.8). 

This suggested that the heat treatment had brought about the conversion of some of the catechin 

molecules to form new antimicrobial substances that possibly include dimeric quinone methides 

(see Figure 6.1.3) (Ferreira, 2012). In contrast, autoclaving catechin previously combined with 

copper (11) sulphate resulted in a solution containing a dark brown residual filamentous precipitate. 

This mixture produced a lower antimicrobial activity than a non-autoclaved combination against S. 

aureus NCTC 06571 suggesting that the precipitate represented a reduced availability of both 

catechin and copper (11) ions probably being an insoluble copper (11) ion-phenolic substance 

(Figure 4.9). Other investigations have shown that po\yphenols subjected to heat treatment can 

form insoluble complexes with copper (11) ions (Goto and Suyama, 2000). 

In this study, the formation of any antimicrobial complexes from freshly made catechin, and heat

treated catechin (10 minutes at 100 QC) and copper (11) ions was investigated. One investigation 
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with pH changes showed a greater decrease in pH of the mixed catechin and copper (Il) ion 

solutions than was expected from combination of the components - a similar observation 

previously made with the whole WT (Figure 4.12). In this case as with the tea this result was 

interpreted similarly to the result with the WT combination with copper (11) ions, that a chemical 

interaction had taken place between the catchins and copper (11) ions forming a complex with the 

release of protons. In UV -vis experiments combinations of increased concentrations of copper (11) 

sulphate added to both fresh and heat-treated catechin solution showed progressively increased 

peak heights in UV -vis spectra suggesting increased binding of copper (11) ions with fresh and 

heat-treated catechin (Figure 4. t t). Other investigations have shown appearances of peaks within 

UV-vis absorption spectra of flavonoids with the addition of transition metal ions (Andjelkovic et 

al., 2006; Torreggiani, 2008). In this study, these peaks were removed with the chelation agent 

EDTA, suggesting that added copper (ll) ions bound to the catechin were responsible for the peaks 

(Figure 4.11). Similar observations were made using EDT A by Andjelkovic et al. (2006) 

investigating polyphenol-iron (11) complex formation. In this study, complexation was also 

investigated by measuring the solubility of fresh catechin which showed that the addition of copper 

(11) ions increased the solubility of the catechin suggesting that complexation with copper (11) ions 

(Table 4.4). Increases in the solubility of polyphenols with the addition of transition metal ions has 

been previously reported (Miniati and Montanari, 1998; Kostyuk et al., 2007). 

Investigations of the effect of combining fresh catechin and copper (11) sulphate in different ratios 

on crystal formation, on the viability of S. aureus NCTC 6571, and on resultant pH of mixtures was 

investigated (see section 4.8). The results indicated that a complex was formed in a ratio of around 

1 part of catechin to approximately around 0.66 to 1.0 molar copper (11) sulphate (I.e., catechin 3 or 

2 : copper (II) ion) which is within the range of polyphenol : transition metal ion binding ratios 

reported in other investigations (Weber, 1988; Kuo et al., 1998; Mira et al., 2002; Femandez el al., 

2002; Esparza et al., 2005; Ghosh et al., 2006) (Figure 4.10). 

In consideration of al1 of the above findings in this study, a saturated catechin-copper (11) ion 

complex is believed to damage the cell membrane to such an extent that any free uncomplexed 

labile copper (II) ions have a greater effect on the bacterial cell membrane damaged by the complex 

than free copper (H) ions might have acting on an intact, undamaged membrane in the absence of a 

complex. The enhanced antimicrobial action of free copper (11) ions acting in parallel alongside 

catechin-copper (11) complexes is comparable to disinfective and antiseptic mixtures of copper (11) 

ions whose action against cells is enhanced in the presence of other additions such as H20 2, mineral 

acid, and vitamin C (Ragab-Depre, 1982). 
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The antimicrobial activity of catechin and its flavan-3-01 isomers combined with copper (11) 

sulphate against S. aureus NCTC 06751 followed the same trend as averaged values of published 

minimum inhibitory concentrations (MICs) of the catechins against S. aureus when tested in the 

absence of copper (11) ions (Takahashi et al., 1995; Akiyama et al., 2001; Stapleton et al., 2004&, 

2004b; Gibbons et al., 2004; Taguri et al., 2004; Roccaro et al., 2004) (Figures 1.2, 4.18) . This 

suggests that the copper (11) ions in this study enhanced the flavanol isomers in a manner related to 

their different molecular structures. The pattern of response in each case against S. aureus NCTC 

06751 showed a structure-activity relationship dependent on enantiomeric form, epimerisation and 

the degree of galloylation. This is comparable in part to other studies which investigated the effect 

of galloylation on catechin activity with respect to membrane binding, bacterial adhesion to 

mammalian cells as well as bactericidal activity (Sakanaka et al., J 996; Hoshino et al., 2000; 

Kajiya et al., 2002; Hayakawa et al., 2004). There are relatively few studies comparing the effects 

of non-galloylated tea catechin isomers on cells (Stapleton et al., 2004a, 2006). In this study with 

the isomers of catechin, the effect of the enantiomer and the two epimerised isomers was small 

indicating the relatively small importance of these variations in structure when combined with 

copper (11) ions against S. aureus NCTC 06751 within the conditions tested (Figure 4.18). It was 

possible to link the observed antimicrobial activities of the isomer-copper(lI) ion combinations 

with their capacity to generate hydrogen peroxide (Figure 4.19). 

Comparing the rates of antimicrobial action of copper (11) ions alone with fresh catechin, heat

treated catechin and EGCG combined with copper (11) sulphate against S. aureus NCTC 06571 

showed all four substances produced their main effect on cell viability within the first minute of 

exposure (Figure 4.13). This new finding supported the hypothesis that the antimicrobial effect was 

as a result of a rapidly acting harmful ROS burst of activity (Figure 4. J 9). The greater activity of 

the EGCG is believed to be due to the galloyl side chain intercalating with the cell membrane 

producing a more intense effect against S. aureus NCTC 0675 I compared to more superficial 

binding from other catechins (Arakawa et al., 2004; Hayakawa et al., 2004; Singh et al., 20 I J; Cui 

et al., 2012). If the heat-treated catechin solution contains branched molecular structures as 

suggested (Figure 6.1.3) then it is possible that such branched species may work in a similar 

manner against the cells providing a possible explanation as to the mechanism of the heat-treated 

catechin-copper (U) ion complex. 

Examination of cells previously exposed to antimicrobial mixtures using oil-immersion light 

microscopy showed no interference with the normal Gram reaction for each cell type suggesting 

that the mixtures did not affect cell wall components or their reaction to Gram stain reagents 

sufficiently to make any visible difference compared to cells not exposed to antimicrobial mixtures 
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(Beveridge, 2001) (see section 4.12). Using electron microscopy to examine cells that have been 

exposed to harmful mixtures containing catechin, caution must be exercised in interpreting results 

which suggest agglutination effects from catechin mixtures since agglutinated cells may be an 

artefact reSUlting from the preparation process (Figure 4.20). However, with both S. aureus NCTC 

06751 and E. coli NCTC 14441 agglutinated cells were seen in each case. Similar findings have 

been reported by others investigating the effect of polyphenols on the morphology and structure of 

cells (Bikels-Goshen et al., 2010; Nakayama et al., 2012). In this study, it is possible that catechin

copper (11) complexes attach to the cell envelope forming a complex wh,ich can then join to 

adjacent cells forming a glue-like bond between the cells causing adhesion and clumping of cells as 

seen in the SEM images (Figure 4.20). 

v) Bacterial viabilities and mechanisms of action of stored solutions of catechin and putative 

adjuncts at different temperatures 

Following storage for 7 days, solutions of combined catechin plus copper (11) sulphate at room 

temperature and at ca. 5 °C lost antimicrobial activity against S. aureus NCTC 06751 and Ps. 

aeruginosa NCTC 950 with P. mirabilis NCTC 7827 only showing antimicrobial activity levels 

similar to copper (11) sulphate controls (Figures, 5.2, 5.3, 5.4). 

With E. coli NCTC 14441, the antimicrobial activity of room stored solution after 7 days was 

similar to the copper (11) sulphate controls. However, after the same period of storage at S °C the 

antimicrobial activity of the mixture was similar to buffer values which suggested a loss of 

antimicrobial copper (lI) sulphate activity (Figure 5.5). Such a loss of antimicrobial activity with an 

ageing polyphenol solution, in this case catechin, may parallel the previously observed effects of 

WT, GT, and BT which reduced the antimicrobial activity of copper (1I) sulphate against S. aureus 

NCTC 06571 (Figure 3.4). With both the ageing catechin solution and the tea extracts the observed 

reduction of the antimicrobial activity of copper (11) ions could be due to similar compound/s being 

formed in each case. In the first case with the catechin solution this could be by oxidation during 

the storage period and in the second case with the tea extracts by the accelerated oxidation 

processes that features as part of the tea 'fermentation' process (Yam el al., 1997, 1998; Chou el 

al., 1999; Ferrara et al., 200 1; Karori el al., 2007; Kim et al., 2011). 

With a room stored solution of combined catechin with copper (11) ions the antimicrobial activity 

against P. mirabilis NCTC 7827 and E. coli NCTC 14441 increased during the first day of storage 

(Figures 5.4, 5.5, 5.6). This increase, hypothetically. may be due to a substance which was not 

formed in the 5 °C stored solution and which may be similar to a more active form - possibly 

similar to the heat-treated catechin which also showed higher activity than the fresh catechin. The 
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presence of copper (Il) ions could have been important in the production of this hypothetical active 

compound as shown by Es~Safi et al. (2003) in other studies. In this study however, by the second 

day of storage at room temperature, the solution showed a similar antimicrobial activity as copper 

(11) ion controls, suggesting the loss of the active substance (Figures 5.4,5.5,5.6). 

Overall, the changes in colour and antimicrobial activity of aqueous catechin during storage are 

probably due to progressive changes brought about by oxidative processes. Such processes have 

been studied to prevent browning of food substances (Segovia~Bravo et al., 2012). Whilst vitamin 

C added to foods can act as a preserving agent of foods by virtues of its antioxidant properties, 

vitamin C added to stored catechin~copper (11) ion solutions had no effect on preserving 

antimicrobial activity (Banon et al., 2007; Hatano et al., 2008). Conversely, added vitamin C 

lowered antimicrobial activity of stored solutions against all test species of bacteria (Figure 5.6). 

Freeze-drying is an established method of preserving the integrity of foodstuffs (Dehkarghanian et 

al., 2009). Freeze-dried mixtures of catechin combined with copper (11) sulphate and vitamin C and 

stored in dry conditions at 5 °C produced the same antimicrobial activities as freshly made 

solutions against S. aureus NCTC 06751, Ps. aeruginosa NCTC 950, P. mirabilis NCTC 7827 and 

E. coli NCTC 14441 (Figure 5.7). Freeze-drying appears to be a suitable method of storing the 

mixture whilst preserving its antimicrobial activity. Both fresh and freeze-dried catechin-copper 

(11) sulphate~vitamin C mixtures produced similar antimicrobial activities against the four species 

suggesting a maximal effect within the conditions tested (Figure 5.7). 

(vi) Possible applications of tested and investigated combinations 

On account of their demonstated ability to enhance the antimicrobial activity of copper (11) and iron 

(Il) ions in this study, combinations of agents such as fresh and/or heat-treated catechin could 

theoretically provide a means to reduce the amount of copper (11) ions and iron (11) ions used in 

certain industrial formulations (see Section 6.1.14 above). Using the enhancing effect of catechin 

and perhaps its derivatives the amount of these ions used in agriculture, aquaculture and other 

applications, could be reduced bringing down the cost of transition metal (11) ions in pest control 

agents. This in turn would reduce the introduction of agricultural run-off and industrial outfall into 

the environment which can accumulate in food chains showing progressively toxic effects on 

organisms at each stage in the food chain (Jacob et al., 1997; Emeran et al., 2011; El Hadri et al., 

2012). 
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6.3 Limitations of the experiments in the study 

Investigating a minor constituent tea flavanol with relatively low antimicrobial activity such as 

catechin could be regarded as a less valuable aim than investigating other flavanol compounds 

which are in higher abundance and with higher known antimicrobial activities such as 

epigallocatechin gallate (EGCG) (Si et al., 2006; Lin et al .• 2008). However, this view is contrary 

to a main aim of the study which is to enhance the antimicrobial activity of weak, less active, 

components. A proof of concept in this regard is informative if novel methods of combatting rising 

levels of antimicrobial resistance are to be found - it is not necessarily possible to predict which 

compounds when combined with each other or following specific pre-treatments will turn out to be 

better than others in this regard. 

Extracts are a mixture of substances some of which are anti microbials and are enhanced by 

adjuncts whilst other components are not antimicrobial and can inhibit the action of adjuncts. 

Consequently whole extracts such as tea may show little or no antimicrobial activity due to the 

presence of inhibitory substances as was shown in this study with the whole WT which showed less 

activity than the WTF. 

Using bactericidal suspension assays followed by viable counts of cells whilst better than optical 

density measurements to establish numbers of living cells, does present a problem of degree of 

experimental error. This is principally due to the accumulated experimental error from each stage 

of the suspension assay as well as viable count procedures, principally pipetting and to a lesser 

extent inadequate mixing. as well as poor spreading leading to confluent colonies and damaged 

agar concealing colonies. Further to this, cells are likely to sustain varying degrees of injury from 

antimicrobial samples with a consequence that some injured cells will recover sufficiently to grow 

and reproduce whereas others will not. In the case of strongly antimicrobial test samples with few 

remaining viable cells, representative sampling could be a problem if insufficient volume was 

spread to represent the complete variation in surviving cells. 

The use of spread plates to investigate viable cell counts presents a potential difficulty in 

interpretation if the viable cells are, through inadequate vortexing, clumped together since any such 

clump would be likely to grow into only one colony giving an underestimation of the actual 

number of viable cells in the sample. This is likely to be a particular problem if the cells are 

naturally clumped together in nature such as S. aureus let alone caused by exposure to 

antimicrobial substances. 
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Using electron and light microscopy to examine the effects of harmful substances on cells 

presented a potential problem in using centrifugation within the methods used to prepare the 

sample for examination. Centrifugation can cause agglutination of the cells by compacting them 

under centrifugal force. However, the results indicated that only samples exposed to antimicrobial 

mixtures containing catechin showed cell agglutination whereas controls did not (Figure 4.20). 

6.4 Future work 

(i) Investigating the antimicrobial activity of catechin on susceptible target microbes 

Since Ps. aeruginosa NCTC 950 was the most susceptible species of those tested with the 

equimolar catechin-copper (11) ion mixture, further investigation of this species and related species 

of Pseudomonas that cause numerous problems of infection in medical. veterinary. agricultural. 

food storage, and other settings is warranted (Hingst et a/ .• 1987; Wagner et al., 2008; Elsen et al., 

2011). Such investigations could include testing similar flavanols combined with a range of 

different adjuncts. Species of bacteria and other microbes. such as certain strains of Ps. aeruginosa, 

yeasts, rusts and blights, that show some copper tolerance, may also be more susceptible to copper 

(Il) ions if catechin is present, and more so if other adjuncts are present. 

(ii) Enhancing the activity of antimicrobial agents such as catechin by multiple additions 

Alongside the catechins present in tea sub-fractions, other studies have shown WT contains other 

sub-components such as glycosides and polysaccharides some of which are highly active against S. 

aureus and other species of bacteria (Engelhardt et al., 1993; Lin et al., 2008). Junio et al. (20 t t) 

showed that three different flavonoid sideroxylins isolated from the flowering plant golden seal 

(HydrastiS canadensis) had no antimicrobial activity when tested alone, whereas each acted 

synergistically with the alkaloid berberine when tested against a range of microbes. In the quest for 

novel treatments to combat antimicrobial resistance, it would be useful to know what levels of 

antimicrobial activity could be reached by combining different active novel subcomponents, and in 

what proportions these would optimally act against target species of bacteria (Iooue et al., 1999). 

Optimal combination ratios could then perhaps be further enhanced with other additives such as 

transition metal (H) ions to overcome the various defence mechanisms present In bacteria and other 

microbes. It would be pertinent to this study to investigate the effect of heat-treated catechin 

combined with iron (11) against S. aureus 06751 since fresh catechin was active against this species 

with iron (11) ions. 

(Ui) Enhancing the antimicrobial activity of agents by heat treatment 

Whilst the application of heat to substances in normal atmospheric conditions is assumed to lead to 

oxidation with a commensurate loss in antimicrobial activity, this study along with others has 
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shown that this is not necessarily the case (Asaka et al., 2000; Landry et al., 2009; Kim et al., 

2011). It would be advantageous if heat treatment studies particularly with polyphenols might 

feature more often in experiments involving natural products, at least as controls. 

As an extension to the work in this investigation and others (Asaka et al., 2000; Es-Safi et al., 

2003; Kim et al., 2011) catechin derivatives maybe further studied to investigate which derivatives 

following heat treatment show the highest biological activities against target species. The 

antimicrobial activity of catechin solution following heat treatment seen against S. aureus NCTC 

06571 could be investigated further against other target species to establish whether the effect of 

heat-treated catechin is limited to certain species or is a general enhancement effect against 

different types, species, and strains of bacteria. Since a similar antimicrobial activity was seen 

following heating catechin solution after 10 and 30 minutes against S. aureus NCTC 06571 it 

would be informative to investigate the antimicrobial activity of heating catechin solution 

following specific periods of heat treatment e.g., 0.5, 1,2, or 5 minutes in order to ascertain what 

length of heating results in optimal antimicrobial activity. Assuming that such a length of heating 

time can be established, chemical analysis can then be performed to identify any new substances 

present in the solution which may be causing the rise in antimicrobial activity. Further to this, 

similar experiments with varied heating temperatures from 20 cC by 10 QC steps to J 00 cC would 

answer the question whether active compounds were produced in optimal amounts at a specific 

temperature. Interestingly, after losing antioxidant activity following heat treatment, some 

polyphenol antioxidants apparently show greater antimicrobial activity e.g., those within 

polyphenol-rich bark extract of the cinnamon tree (Cinnamomum verum) (Hsieh 2000; Baker, 

2012). 

In the investigations on autoclaved catechin solutions it was observed that catechin solutions 

combined with copper (11) sulphate prior to autoclaving lost antimicrobial activity following the 

process when subsequently tested against S. aureus NCTC 0675 J. It would be informative to know 

the identity of the chemical constituents of the brown precipitate as well as what remained in 

solution. This would provide further information about the location of the added copper (11) ions. 

(iv) Enbancing the activity of antimicrobial agents such as tateebin by storage 

The putative transitory substance or substances which appeared to be present in one day old 

catechin-copper (Il) ion solution and which enhance the antimicrobial activity of the solution 

against the Gram-negative species, P. mirabilis NCTC 7827 and E. coli NCTC J 4441 but not S. 

aureus NCTC 06571 or Ps. aerug;nosa NCTC 950 warrant further investigation. Such transient 

substances may be similar to the derivative substances present in heat-treated catechin solution. 

Since the antimicrobial activity of these transients seem to disappear after ca. 24 hours it raises the 
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question of how long it takes for such compounds to form? Time trials could be carried out to 

investigate the effect of time and of temperature on the process. If simply allowing antimicrobial 

solutions to stand for a certain period of time at a certain temperature produces rises in 

antimicrobial activity this would be a benefit in developing effective antimicrobial mixtures. At an 

optimal point in development when the solution shows the maximal antimicrobial activity it could 

then be freeze-dried to preserve this activity. 

(v) Preserving the activity of solutions of antimicrobial mixtures 

Aside from the case of freeze-dried mixtures, a loss in antimicrobial activity was observed during 

storage of catechin solutions (aside from the exception described above). Such a loss in activity 

may be due to a catechin autoxidation! polymerisation. Investigating the exclusion of oxygen, other 

than by adding vitamin C from the solution may show a reduction in the loss of antimicrobial 

activity of the solution and would suggest a means by which such solutions may be preserved. 

(vi) Mechanism of action of catechin and related Oavan-3-0Is with adjunets 

The examination of cells using electron microscopy at increased magnifications following exposure 

to antimicrobial mixtures may assist in elucidating the mode of action of catechin-copper (11) ion 

mixtures. This could show changes in morphology and cell structure if they occur following 

exposure (Hamilton-Miller and Shah, 1999; Shah et al., 2008; Bikels-Goshen et al., 20 I 0). 

If agglutination of cells by catechin-copper (11) ion complexes occur this would help to explain 

why numbers of cfus fall following exposure to such mixtures. The extent of any agglutination of 

viable cells may possibly be measured by the use of enzymes to separate cells. Agglutinated viable 

cells perhaps might be separated using extended vortexing or an anti-coagulating enzyme such as 

trypsin? Following such a procedure, a more precise number of remaining viable cells remaining 

could be investigated. Optical density methods could then also be used for a more accurate 

estimation of total cell numbers. 

In structure-activity relationship investigations of the antimicrobial activity of the main tea 

flavanols epicatechin gallate (ECG) and epigallocatechin gallate (EGCG) were often found to be 

the most active (Figure 1.2). Occasionally, epigallocatechin (EGC) shows equal if not greater 

activity against test species of bacteria which warrants a reconsideration of the role of the Bring 

featuring 3 OH groups compared to the galloyl group substitution of the C ring, found in ECG and 

EGCG, against different species and in different conditions (Hayakawa et al., 2004). 

This study found that tea flavanol isomers of catechin showed varying antimicrobial activities 

against S. aureus NCTC 06571 (Table 3.6). Further investigations showed that the different 
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isomers also when combined with copper (II) ions generated different amounts of ~h02 (Figure 

4.19). This suggests that specific molecular features could enhance the generation of H2~ when 

combined with copper (11) ions. The roles of each of the catechin three rings, the presence of 

galloyl moieties, the effect ofepimerisation, the activities of the different enantiomers, and specific 

position of important functional groups within an antimicrobial agent all could be differentiated 

further.This approach could also be used to investigate the antimicrobial mechanisms of other 

diverse flavanols. This information would be useful in the discovery and development of novel 

therapeutic agents. 

In this study the addition of zinc (11) ions did not affect the action of catechin when tested alone or 

with added adjuncts (Aarestrup and Hasman, 2004; Cavaco et al., 2011; linuma and Tsuboi, 2012). 

Zinc (11) ions appeared not to block the binding of catechin to copper (11) ions (Figure 4.5). 

However, blocking may be investigated using the addition of borate ions which may in turn prevent 

the binding of catechin to other substrates (Mochizuki et al., 2002). This finding may be a useful 

tool in investigating the mechanisms of action of flavanols with transition metal ion adjuncts. 

Investigation of the solubilities of tea extracts and heat~treated catechin combined with adjuncts 

such as transition metal (11) ions could provide additional information on the fonnation of catechin 

complexes as well as the numbers and proportions of sub~omponents involved (Table 4.4). Such 

investigations could be matched with precise pH and UV-vis measurements of a range of putative 

sub~component ratios. Additionally to assist further, attempts at crystallisation of catechin and 

other flavanols with copper (11) ions and other substances such as caffeine using a checkerboard 

type experiment to investigate the effects of pH against ratios of combinations, together with an 

atmosphere free from oxygen (see section 4.8) may prove fruitful. 

(vii) Further investigations of kinetics of catechin with different adjuncts against target 

microbes 

Findings in this study showed that fresh and heat-treated catechin solutions when combined with 

copper (11) ion produced rapid antimicrobial effects, reducing the viability of S. aureus NCTC 

06571 within seconds of contact (Figure 4.13). Such studies could be repeated with other species 

of microbe such as Ps. aeruginosa NCTC 950 where a 30 minute exposure of catechin plus copper 

(11) ion combination provided the greatest effect, and aJso with E. coli NCTC 14441 where the 

effect of catechin was minimal (Figure 4.2). Other microbes such as yeasts, and mycoplasmas 

would also be good potential targets to examine the defensive capabilities conferred by the cell 

wall or Jack of one, respectively. 
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In addition findings from such investigations would assist in identifying types of bacteria as 

suitable targets for specific types of antimicrobial mixtures when particularly rapid action is 

required such as brief contact disinfective and antiseptic agents. Such experiments to compare the 

initial rate of reaction of all the catechins tested as well as a range of catechin derivatives may also 

give further clues as to molecular features favourable towards rapid antimicrobial activity. 

(viii) Medidnal and industrial applications of catecbin formulations 

Plant products can often show high levels of binding to textiles, skin and leather products, metals, 

ceramic substances, plastics and other artificial surfaces, and transition metal ions. On account of 

these characteristics flavanol products and certain derivatives may find application in enhancing the 

effects of copper and other substances such as antiseptic fabrics and glazes, and within antifouling 

paints as well as surface coatings of coppered hospital surfaces. The possibility of a partial 

replacement of copper (II) ions within such contexts such as by catechin or by iron (11) saits, or 

both, within formulations may also prove useful for practical and environmental applications, 

where it is advantageous to minimise the use of harmful copper (11) salts. Investigations to apply 

antimicrobial combinations of substances in non· liquid contexts warrant further attention. 

6.5 Final comments 

EGCG when combined with copper (11) sulphate acted faster than catechin or the catechin 

derivatives, which were produced by heat treatment against S. aureus NCTC 06571. The ability of 

flavan-3-01s to fonn complexes with ROS generating metal ions which can bind to cell walls is 

probably as important as providing a source of reducing power on to Fenton agents to generate 

antimicrobial H20 2• 

Since the different flavanols tested with copper (11) ions produced varying antimicrobial activities it 

is probable that all the flavanol-copper (11) ion mixtures produced different amounts of H2~ as 

well as having different levels of attraction, binding and intercalation with the cell membrane. The 

size of the antimicrobial effect of these factors is also dependent on the conditions and the species 

and strain of bacterium. Generally speaking, hydrogen peroxide, produced by complexes on the 

outer surface of the cell and causing injury there, would not be exposed to any protective 

intracellular protective enzymes. With species of bacteria that are more tolerant to copper (11) ions 

it may be that an assembly of cell wall substances serves to reduce the effect of ~h~ and other 

ROS. Such substances nonnally fonning part of the membrane structure may in turn be destabilised 

by agents such as catechin or adjuncts enabling more injurious effects from ~h~. 

153 



Since vitamin C failed to preserve the antimicrobial activity of catechin-copper (11) ion solution it 

is cautionary to note that vitamin C does not always necessarily act as an effective preservation 

agent and indeed may even reduce the antimicrobial activity of treatments as shown in this study. at 

least those stored in aqueous solution. 

Tea compounds and stored catechin with adjuncts may find application for adsorbing transition 

metal ions possibly with a view to using such by-products, e.g. from the tea industry as well as 

spent domestic and catering tea products in adsorbing harmful metal ions such as copper (11) ion 

from waste water and run-off which may be present in unsafe, environmentally harmful 

concentrations. 
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Appendix I 

Assays of putative adjuncts and tea extracts 

Figure or Table numbers in brackets that follow section titles refer to those in the main text 

A. The antimicrobial activity of copper (11) sulphate tested at different exposure times against three 
different species of bacteria (Table 3.3) 

Inoculum 330 pL of test or eontrol 700 pL of putative adjunct with Chanaeto 
substanee eoneentratioas used protocol 

S. aureus 
4.8,9.6, 19.2 mM copper (11) 

10 minute as well 
Ps. aeruginosa 330 ilL Ringer's solution as 30 min. 
P. mirabilis sulphate 

exposures 

Key: S. aureus - Staphylococcus aureus NeTC 067SI, Ps. aeruginosQ - Pseudomonas Qeruginoso NCTC 950, 
P. mirabilis = Proteus mirabilis NCTC 7827 

B. The antimicrobial activity of different concentrations of vitamin C laainst Sttlp"ylococcus aunus 
NCTC067S1 

Inoculum 330 fll of test or control 
substanee 

700 fll of putative adjunet with concentration. used 

Staphylococcus aureus 
Ringer's solution I, S,IO, 100 IIM; I, 10, 15,20 mM vitamin C NCTC067S1 

C. The antimicrobial activity of copper (11) sulphate at different concentration. with the further 
addition ofvitamin C against Sttlphylococcus aul'eUs NCTC 06751 (Figures 3.2, 3.3) 

Inoeulum 330 p.L of test or Volumea of putative adJunet(s) and conc.nl,.IIolI(.) used 
control substanee piu. any additw.al cODtroll 

Staphylococcus Qureus Ringer's solution 700 ilL I, 10, 100~; 1,5.10 mM copper (11) sulphate 
NCTC067S1 

Ringer's solution 3S0 ilL 9.6 mM copper (11) sulphate mixed with HO "l9.6 
mM and with 19.2 mM vitamin C 

Ringer's solution 700 ilL 4.8 mM vitamin C 

D. Antimicrobial activity of WT combined with pH adjusted Riol.r', lolutlon on the viability or 
Sttlphylococcus aureus NCTC 06571 

Inoeulum 330 pL test or 
700 fll RIIl."s IOlutiol .djusted to 'pecllle pU ""11. 

eontrol substance 
Staphylococcus Qureus WT Ringer's solution adjusted to pH 3 
NCTC067S1 WT Ringer's solution adjusted to pH 5 

WT Ringer's solution adjusted to pH 7 
WT Ringer's solution lKljusted to pH 9 
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E. Antimicrobial activity ofWT, GT, and BT tested alone alainstStaphylococclls alll't!lls NCTC 06751 
and Pseudomonas aeruginosa NCTC 9S0 as well as tbe same teas combined with 4.S mM copper (11) 
sulphate for different standing times prior to addition of inoculum against Staphylococcus aunlls 
NCTC 06751* (Figures 3.1, 3.4, Table 3.3) 

Modltltatlons to 

330 JLL oCtest or control 
700 pL of putative adjuntt(s) protocol: 

Inocula and eoneentration(s) used piu. Standing time of 
substance 

any additional controls mixed reagents 
prior to addition 
of inoculum 

Staphylococcus aureus Ringer's solution 4.8 mM, copper (11) sulphate 
NCTC 06751, White tea (W1) Ringer's solution 
Pseudomonas aeruginosa Oreen tea (OT Ringer's solution 
NCTC950 Black tea (81) Ringer's solution 

Staphylococcus aureus WT 4.8 mM copper (11) sulphate 10 &. 30 minutes 
NCTC 06751 OT 4.8 mM copper (11) sulphate 10 &. 30 minutes 
(only) BT 4.8 mM copper (11) sulphate 10 &. 30 minutes 

·Followmg the results of the above experiment a standmg tIme of 10 mmutes was adopted for all subsequent suspensIOn 
assays since this period of time did not affect subsequent antimicrobial activity in WT, whereas the 30 minutes standing 
time reduced activity to buffer control values. No antimicrobial activity was seen with J 0, or 30 minutes standing time 
with both the OT and BT. 

F. Antimicrobial activity ofWT combined with 4.8 mM copper (11) sulphate and with copper (11) 
sulphate alone during an extended incubation of SO minutes on the viability of Stap"ylococcIIs tlIll't!llS 
NCTC 06571 (Figure 3.5) 

Inoculum 330 flL test or control Volumes of putative adjuncts 
Modlfieations to protocol 

substanee used piu. additional controll 
StaphylococculI Ringer's solution 700 ilL 4.8 mM, copper (11) Samples withdrawn to stop 
aureus sulphate solutions at 0, 10, 30, 60, 6', 70, 
NCTC06751 ", and 80 minules after lhe 

WT 700 foiL Ringer's solution inlroduction of inoculum 

G. Antimicrobial activity ofWT combined with equimolar 4.S mM topper (11) sulphate and vitamin C 
on the viability of Staphylococcus aNNUl NCTC 06571 (Figure 3.6) 

Inoculum JJO JLL test or control 
substance 

Volumes of putative adjuncts used piu •• ay addidofta' eoatrols 

Staphylococcus Ringer's solution 700 ilL 4.8 mM. copper (11) sulphate 
aureus 
NCTC 06751 WT 700 ilL Ringer" solution 

WT 700 ilL 4.8 mM, copper (11) sulphate 

Ringer's solution 700 ilL 4.8 mM vitamin C 

WT 700 ilL 4.8 mM vitamin C 

Ringer's solution 350 foiL 9.6 mM copper (11) sulphate plus 350 flL 9.6 mM vllamin C 

WT 350 foiL 9.6 mM copper (If) sulphate plus 350 fit 9.6 mM vilamin C 
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H. Antimicrobial activity of WT combined with pH adjusted 4.8 mM copper (11) sulphate on the 
viability of Staphylococcus aureus NCTC 06571 (Figure 3.7 and text p. 57) 

Inoculum 330 pL test or control substance 700 pL putative adjunet used plus control. 

Staphylococcus Ringer's solution 4.8 mM copper (U) sulphate adjusted to pH 5.5 
aureus 
NCTC067S1 Ringer's solution 4.8 mM copper 01) sulphate adjusted to pH 9.0 

WT Ringer's solution 

WT 4.8 mM copper (11) sulphate adjusted to pH S.S 

WT 4.8 mM copper (11) sulphate adjusted to pH 9.0 

Ringer's solution Ringer's solution adjusted to pH 3.0 

Ringer's solution Ringer's solution adjusted 10 pH S.S 

Ringer's solution Ringer's solution lKljusted to pH 9.0 

I. Antimicrobial activity of whole WT and a white tea suh-fraction (WTSN) tested alone and when 
combined with endogenous levels of copper (11) and with 4,8 mM copper (11) sulphate on the viability 
of Staphylococcus aureus NCTC 06571 (Table 3.S, Figure 3.8) 

Inoculum 330 pL test or control substane. 700 pL putative adjund used plul aft)' additional 
control 

Staphylococcus WT Ringer's solution 
aureus NCTC 0675 1 

WTSN Ringer's solution 

WT 0.56 ~M copper (11) sulphate 

WTSN 0.48 ~ eopper (11) sulphate 

Ringer's solution 4.8 mM copper (11) sulphate 

WT 4.8 mM copper (11) sulphate 

WTSN 4.8 mM copper (11) sulphate 

Note: 0.56 and 0.48 IlM added copper (11) sulphate corresponds to levels of copper (1/) of 0.14 and 0.12 ma L", f()und 
WTandWTSN. 
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J. Antimicrobial activity ofWT sub-fractions (< 5 kDa, < 1 kDa) alone and with combinations of 4.8 
mM copper (11) sulphate and equimolar vitamin C on tbe viability of Staphylococcus aureus NCTC 
06571 (Figures 3.9,3.10) 

Inoculum 330 J&L test or control substance Volumes of putative adjunct. used plulany 
additional control 

Staphylococcus aureus Ringer's solution 700 ilL 4.8 mM vitamin C 
NCTC 06751 

Ringer's solution 700 III 4.8 mM copper (11) sulphate 

Ringer's solution 350 ilL 9.6 mM copper (11) sulphate plus 350 Jll 
9.6 mM vitamin C 

WT 700 pl Ringer's solution 

WTF«5kDa) 700 pl Ringer's solution 

WTF«5kDa) 100 IlL 4.8 mM copper (11) sulphate 

WTF« 5 kDa) 700 "L 4.8 mM vitamin C 

WTF«5illa) 350 pl 9.6 mM copper (11) sulphate plus 350 "L 
9.6 mM vitamin C 

WTF« 1 illa) 700 ilL Ringer's solution 

WTF« I illa) 700 IlL 4.8 mM copper (11) sulphate 

WTF«] kDa) 100 Jll 4.8 mM vitamin C 

WTF« 1 illa) 350 IlL 9.6 mM copper (11) sulphate plus 350 JlL 
9.6 mM vitamin C 

K. Effects of adding catalase on antimicrobial activity of whole WT .nd WT .ub-fraction « I kDa) 
with adjuncts against S. aureus NCTC 0657. (Figure 3.13) 

Inoculum 330 J&L test or control labstanee 
Volumes of putative adjuncts Uled plul any 
additional control 

Staphylococcus aureus Ringer's solution 100 Jll 4.8 mM copper (11) sulphate 
NCTC06751 

Ringer's solution 350 "L 9.6 mM copper (11) sulphate plus 350 
pL 9.6 mM vitamin C 

WT 700 Jll 4.8 mM copper (11) sulphate 

WTF « I kDa) 100 IlL 4.8 mM copper (11) sulphate 

WTF« I illa) 350 JlL 9.6 mM copper (11) sulphate piu. 350 
IlL 9.6 mM vitamin C 

Ringer's solution 100 Jll 4.8 mM copper (11) sulphate plus 300 
III mL·1 bovine c:atalase-

WT 700 "L 4.8 mM c:opper (11) sulphllle plus 300 
1'1 mL·1 bovine call.llL,", 

WTF « I illa) 700 ilL 4.8 mM copper (11) sulphate plus 600 
"' mL·' bovine catalase 
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Ringer's solution 700 f.lL 4.8 mM copper (11) sulphate plus 600 
",g mL-J bovine catalase 

WTF« 1 kDa) 350 ilL 9.6 mM copper (11) sulphate plus 350 
J.lL 9.6 mM vitamin C plus 600 JIg mL-J 

bovine catalase 
*Catalase added Immediately prtor to Inoculums In each case 

L. Investigation of pH changes following the addition of ditTerent concentration. of copper (11) .ulphlte to WT, 
WTF < 1 kDa, and freshly made and beat treated catechin (Figures 3.14, 4.10,4.12) 

330 ilL of test or control substance with 
concentrations used 
330 ilL WT 

330 ilL Ringer's solution 

330llLWT 

330 ilL WTF « 1000 Da) 

330 ilL WTF « 1000 Da) 

330 ilL 1000 IlM catechin 

330 ilL 1000 IlM catechin 

330 ilL 1000 IlM catechin 

Volumes of test or control substance with 
concentrations used 
700 J.lL Ringer's solution 

700 ilL 4.8mM copper (11) sulphate 

700 J.lL 4.8mM copper (11) sulphate 

700 ilL Ringer's solution 

700 ilL 4.8mM, copper (11) sulphate 

700 J.lL Rinser's solution 

700 ilL 472 pM copper (11) sulphate 

700 J.lL 4.8mM. copper (11) sulphate 
Ringer's solution 

330 ",L 1000 ",M catechin, heat treated at 100°C 700 ",L Ringer's solution 
for 1 0 minutes 

330 ",L 1000 I1M catechin, heat treated at 100°C 700 ilL 472 J.lM copper (11) sulphate 
for 10 minutes 

330 J.lL 1000 J.lM catechin, heat treated at 100°C 700 ilL 4.B mM, copper (11) sulphate 
for 10 minutes 

330 ilL 1000 IlM catechin 700 ilL aliquots of each of the followinlJ: llB, 236, 
331.5,472.944,1888,3776 pM copper (11) .ulphutc 
(which gave precise molar ratios of )(8.0, )(4.0, )(2.0, 
x 1.0, x0.75,xO.5, xO.25 to I of catechin 

330 ilL Ringer's solution 700 ilL aliquots of each oftho followinlJ: 118,236, 
331.5,472.944, 1888,3776 pM copper (11) sulphate 

330 ilL 1000 J.lM catechin Deionised water (simple dilution of catechin) 
700 ilL 
525 f.lL 
350 ilL 
175 ilL 

330 J.lL 1000 J.lM catechin Acidified water (pH 6.6) Deionised watcr 
700 ilL (x\) 0 ilL 
525 ilL (xO.75) 115 ilL 
350 ilL (xO.S) 350 ilL 
175 ilL (xO.25) 525 Ill. 
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Appendix 11 

Assays of putative adjuncts and catechin 

A. Details of main catechin treatments and accompanying controls with profiles of additives used in 
the catechin plus copper (11) and iron (11) assays along with investigations of their reaction 
mechanisms against test bacteria using catalase. 

Main treatments (MT Additives (final concentrations shown) 

+ number, in bold) 
plus controls Catecbin Iron (11) Copper Vitamin EDTA C •• alase Inocula 

(Ref. to fig/table no. in (pM) or lron(lII) (11) C (JLM) (PI mLOI) (O.S McFarl.nd 

main text in brackets) (JLM) (JLM) (JLM) standard) 

Buffer (Fig. 4.2) Lambdllb Sa,Ec, 
Psa,PM, 

Catechin alone 214 « 

(Figs. 4.1, 4.2 , 4.13, 
4.14,4.15) 

Ringer's pH: 3.5 Ringer's « 

pH: 5.5 Ringer's f( 

pH: 7.2 Ringer's « 

(Table 4.1) 

Cu(Il): fresh (Fig. 4.2) Ringer's 214 « 
« 

MTl. Catechin + 214 

copper(lI) (Fig. 4. 2) 214 
214 Fe(II): 

Fe(II): fresh, (Fig 4.7) Ringer's fresh Sa.Ec 

heated, Ringer's heated « 

autoclaved Ringer's autoclvd. 
f( 

(Table 4.5a) 

214 Fe(III): 

Fe(III): fresh, Ringer's fresh 
f( 

heated, Ringer's heated 
f( 

autoclaved Ringer's autoclvd. 
f( 

(Table 4.5a) 

Cu(U): heated Ringer's 214 « 

214 Fe(II): 

MU. Catechin + 214 fr. (fg. 4.7) « 

fresb, or beated or 214 heated 
f( 

autoclaved Fe(lI) or 214 autoclvd. « 

Fe(lII) 
(Table Ba) 214 Fe(UI): 

214 fresh « 

214 heated « 

214 autoclvd. 
f( 

Fe(II) + Cu(lI) Ringer's 214 Fe(U) 214 If 

(Fig. 4.7) fresh 
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MT3. Catechin + 214 214 Fe(II) 214 f( 

Fe(ll)+Cu(lI) fresh 
(Fig. 4.7) 

Vit. C alone Ringer's 
f( 

(Fig. 4.3) 1712 

Catechin + vit. C 214 1712 f( 

Cu(II) + Ringer's 214 428 f( 

vit. C alone (Fig. 4.3) 214 856 f( 

214 1712 f( 

MT4. Catechin + 214 214 428 f( 

Cu(U) + vit. C 214 214 856 f( 

(Fig. 4.3) 214 214 1712 
f( 

F e(Il) + vit. C Ringer's 214 Fe(II) 856 (f 

fresh 

~5.Catechin+ 214 214 Fe(II) 856 (f 

Fe(lI) + vit. C fresh 

Fe(II) + Cu(I1) + vit.C Ringer's 214 Fe(II) 214 856 « 

fresh 

MT6. Catechin + 214 214 Fe(Il) 214 856 « 

Fe(JI) + Cu(lI) + vit. fresh 
C (Fig. 4.7) 

EDTAalone Ringer's 2140 (f 

(Table 4.5b) 

Fe(II) + Cu(U) + EDT A Ringer's 214 Fe(U) 214 535 « 

(Table 4.5b) fresh 

MT7. Catechin + 214 214 Fe(II) 214 1070 
It 

Fe(II) + Cu(lI) + fresh 
EDTA 
(Table 4.5b) If 

MT8. Cu(I1) + Ringer's 214 0·200 
It 

catalase 0·600 

(Fig. 4.15) 

Catalase alone Ringer's 600 
If 

Catechin + catalase 600 
If 

214 fI 

Fe(Il) + Cu(II) Ringer's 214 Fe(If) 214 600 

+catalase fresh 
(Table 4.5c) 

V it. C + catalase Ringer's 856 600 
« 

MT9. Catechin + 214 214 856 0·200 
« 
fI 
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Cu(ll) + vit. C + 0-600 
catalase (Fig. 4.17) 

Cu(1l) + Vit.C + 214 214 0- 200 f( 

catalase 0-600 
f( 

MTIO.Catecllin + Ringer's 214 Fe(IJ) 214 600 
Fe(I1) + Cu(II) + fresh 
catalase f( 

catechin + Fe(II) + 214 214 Fe(II) 600 
catalase fresh f( 

catechin + Cu(ll) + 214 214 600 
catalase 
Key: Fe(lI) = aqueous Iron(II) sulphate heptahydrate; Fe(II1) ., aq. tron(lII) chlonde solutIon; Cu(lI) • aq. copper(lI) 
sulphate pentahydrate; EDTA = aq. Ethylenediamine acetic acid disodium salt; Catalase ., bovine liver catalase solution 
50 mg mL') with an activity of ca. 47 kU mg') protein. Inocula: Sa - S. aureus" Staphylococcus aureus NCTC 06571. 
Psa = Ps.aeruginosa = Pseudomonas aeruginosa NCTC 950. Pm - P.mirahilis - Proteus mirohilis NCTC 7827. Ec -
E. coli = Escherichia coli NCTC 14441. Results are shown as viabilities with SEM's in brackets based on at least 3 
replicates; ranges are shown where appropriate. Figure and Table numbers refer to illustrations in the data chapters. Main 
treatements are numbered as MT and shown in bold text with accompanying controls shown in non·bold text. 

Notes on Methodology 

The assay mixtures made up to produce the final concentrations shown above used following volumes and concentrations 
of solutions shown below: 

Main treatments (MT + number, shown in bold) and controls: 
Buffer: bAll assays featured l000"L control samples oflambda buffer adjusted to pH 7.2 as a control. 
Ringer's solution adjusted to different pH values: 1000 "L Ringer's solution adjusted to pH 3.5, or 5.5, or 7.2 
(+)-Catechin alone: 330)1L 1000)1M (+)-catechin + 700 "L Ringer's solution 
Cu(JI) alone, fresh, heated: 330 "L Ringer's solution + 700 "L 472 "M Cu(I1)SO. 

MT1: 330 J&L 1000 pM (+)-eatechin + 700 J&L 472 pM Cu(II)SO. 
Fe(U) alone, fresh, heated, autoclaved: 330 "L Ringer's solution + 700 "L 472 "M Fe(JI)SO. either freshly made, or 
freshly made and then heated ,or freshly made and then autoclaved 
Fe(IJI) alone, fresh, heated, autoclaved: 330 ilL Ringer's solution + 700 ilL 472 IlM Fe(JII)ch prepared as Fe(II) above 
Fe(U) + Cu(II): 330 "L Ringer's solution + 350 "L 944 IlM Fe(II)SO. + 350 ilL 944/1M Cu(lI)SO. 

MT2: 330 pL 1000 pM (+)-eatechin + 700 pL 471 pM rFe(II)SO. or Fe(III)CI" In eatb ea •• eltber ,"ably mad., or 
freshly made and tllen heated ,or fresllly made and then autoelaved 

MT3: 330 pL 1000 pM (+)-tatechln + 350 pL 944 pM Fe(II)SO. + 350 pL 944 pM Cu(II)SO. 
Vitamin C alone: 330 )1L Ringer's solution + 700 IlL IS 1 0 "M vit. C 
(+)·Catechin + vit. C: 330 "L 1000 "M (+)-catechin + 700 "L 1510 "M vit. C 
Cu(I1) + vit. C alone: 330 "L Ringer's solution + 350 "L 944 "M Cu(II)SO. +350 "L 1888 "M, or 3776 "M ,or 7552 
"M vit. C respectively 

MT4: 330 IlL 1000 pM (+ )-catechln + 350 pL 944 pM Cu(II)SO. + 3.~O pL 1888 pM, or 3776 pM, or 7552 pM vtt. C 
respectively 
Fe(Il) + vit. C: 330 "L Ringer's solution + 350 )1L 944 )1M Fe(U)SO. + 350 "L 3776 "M viI. C 

MT5: 330 J&L 1000 pM (+)-catechln + 350 pL 944 pM Fe(II)SO. + 350 pL 3776 pM vlt. C 
Fe(II) + Cu(II) + vit. C: 330 )1L Ringer's solution + 115 "L 1888 "M Fe(II)SO. + I" "L 1888 I'M Cu(II)50. + I" "L 
3776 I'M vit. C 

MT6: 330 J&L 1000 pM (+)-eatechin + 175 pL 1888 pM F.(II)SO. + 175 pL 1888 pM Cu(II)SO. + 175 pL 3776 pM 
vlt. C 
EDTA alone: 330 "LRinger's solution + 700 "L 2140)1M EDTA solution 
Fe(II) + Cu(II) + EDTA: 330 IlL Ringer's solution + 175 )1L 1888 "M Fe(II)SO. + 175 )1L 1888 "M Cu(II)SO. + '75 "L 
2140 "M EOTA 
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MT7: 330 J&L 1000 pM (+)-catecbin + 175 J&L 1888 pM Fe(lI)S04+ 175 flL 1888 pM Cu(II)S04+ 175 pL 1140 pM 
EDTA 

MT8: 330 pL Ringer's solution + 700 J&L 472 pM Cu(lI)S04 + ·catalase at concentrations specified 
·Catalase alone: 1000 ilL Ringer's solution + catalase at concentration specified 
(+)-Catechin + catalase: 330 ilL 1000 IlM (+)-catechin + 700 ilL Ringer's solution + catalase at concentration specified 
Fe(lI) + Cu(lI) + catalase: 330 ilL Ringer's solution + 350 ilL 944 IlM Fe(lI)S04 + 350 ilL 944 IlM CU(Il)S04 + catalase 
at concentration specified 
Vit. C + catalase: 650 ilL Ringer's solution + 350 ilL 3776 IlM vit C + catalase at concentration specified 

MT9: 330 J&L 1000 pM (+)-catechin +350 pL 944 pM Cu(lI)SO.+3SO pL 3776 pM vit. C + catalase at 
concentrations specified 
Cu(II) + vit. C + catalase: 650 ilL Ringer's solution + 350 ilL 3776 IlM vit. C + catalase at concentrations specified 

MTlO: 330 J&L 1000 pM (+)-catechin + 350 pL 944 pM Fe(II)S04 + 350 pL 944 pM Cu(II)S04 + catalase at 
concentration specified 
(+)-Catechin + Fe(lI) + catalase: 330 ilL 1000 IlM (+)-catechin + 700 ilL 472 IlM Fe(lI)S04 +catalase at concentration 
specified 
(+)-Catechin + Cu(lI) + catalase: 330 ilL 1000 IlM (+)-catechin + 700 ilL 472IlM Cu(II)SO. + catalase at concentration 
specified 
·Catalase was added immediately prior to addition of inoculum 

Further details of catechin suspension assays: fresh catechin with other putative adjuncts (zinc 
(11) and manganese (11) sulphate, vitamin C, caffeine); fresh catechin and other flavanols with 
molar ratios of copper (11) sulphate; treated catechin with copper (H) sulphate. Figure or Table 
numbers in brackets that follow section titles refer to those in the main text. 

B. Effects of adding catechin and vitamin C to manganese (11) sulphate against Staphylococcus tl"reus 
NCTC 06751 (Figure 4.6) 

Inoculum 330 flL 1000 pM catechin or Volumes of putative adjuncta 
control used3)lus .~.ddltlon.1 control 

Staphylococcus aureus Catechin 700)iL 472)iM manganese (11) 
NCTC06751 sulphate 

Ringer's solution 700 ilL 472IlM manilUlOse (11) 
sulphate 

Ringer's solution 350 Jll 944 IlM manganese (11) 
sulphate plus 3'0 ilL 1888 JlM 
vitamin C 

Ringer's solution 3'0 III 944 IlM manilUlOse (11) 
sulphate plus 350 JlL '664 pM 
vitaminC 
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C. Effects of adding caffeine to fixed ratios of copper (If) sulphate and vitamin C a,ainst 
Staphylococcus aureus NCTC 06751 (Figures 4.3, 4.4) 

Inoculum Volume of test substance or control 
Volumes of putative adjuncts used plul 
additional controls 

Staphylococcus 330 ilL 0.01,0.1,0.5, 1% caffeine 700 JJL Ringer's solution 
aureusNCTC 
06751 330 JJL Ringer's solution 700 ilL 47211M copper (11) sulphate 

330 ilL Ringer's solution 350 ilL 94411M copper (11) sulphate plus 350 ilL 
1888 IlM vitamin C 

330 "L 1000 I1M catechin 472 J1M copper (11) sulphate 

330 ilL 1000 J1M catechin 350 "L 94411M copper (11) sulphate plus 350 ilL 
1888 I1M vitamin C 

330 ilL ·2.34 % caffeine 472 J1M copper (11) sulphate 

330 ilL ·2.34 % caffeine 350 ilL 944 I1M copper (11) sulphate plus 350 ilL 
1888 J1M vitamin C 

175 ilL 1000 J1M catechin plus 175 ilL 472 I'M copper (11) sulphate 
·4.68% caffeine 

175 ilL 1000 J1M catechin plus 175 ilL 350 pL 944 JolM copper (Il) sulphate plus 350 ilL 
·4.68% caffeine J 888 JolM vitamin C 

tfinal concentration in assay of 0.5% 

D. Effects of adding zinc (11) sulphate to combinations of catechin plus copper (11) sulphate plul 
vitamin C against Staphylococcus aureus NCTC 06751 (Figure 4.5) 

Inoculum Volume of test 
substance or control 

Volume. of putative adjunct. used piu. additional controls 

Staphylococcus 330 ilL Ringer's 700 ilL 472 "M zinc (11) sulphate 
aureus NCTC 06751 solution 

330 ilL Ringer's 350 JolL 944 IlM zinc (Il) sulphate plus 350 ilL 1888 I'M vitamin 
solution 

330 "L 1000 J1M 700 ilL 47211M zinc (11) sulphate 
catechin 

330 "L 1000 I'M 350 ~L 944 J1M zinc (11) sulphate plus 350 ilL 1888 "M vitamin 
catechin 

330 f1L Ringer's 350 "L 944 I'M zinc (11) sulphate plus 350 "L 944 ",M copper (11) 
solution sulphate 

330 "L 1000 I'M 333.3 ilL 1416 ~M zinc (11) sulphate plus 333.3 ",L 1416 ",M copper 
catechin (11) sulphate plus 333.3 ilL 2832 )lM vitamin C 

330 ILL 1000 j.IM 3313 ilL 1416 J1M zinc (ll) sulphate plus 333.3 "L 1416 jtM copper 
catechin (11) sulphate plus 333.3 ilL 5664 "M vitamin C 

330 ilL 1000 I'M 333.3 ilL 1416 ",M zinc (11) sulphate plus 333.3 ilL 1416 JiM copper 
catechin (11) sulphate plus 333.3 ~L 8496IlM vitamin C 
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E. The effect of heating catechin solution at 100 QC for 10 and for 30 minutes on subsequent 
antimicrobial activity, and when combined with equimolar copper (11) sulphate against Staplrylococcul 
aureus NCTC 06751 (Figure 4.8) 

Inoculum 330 f'L catechin or control 700 f'L of putative adjunct 
Staphylococcus aureus NCTC Ringer's solution 472 ~ copper (II) sulphate 
06751 

1 000 ~ catechin heated for 10 Ringer's solution 
minutes at 100°C 

1 000 ~ catechin heated for 30 Ringer's solution 
minutes at lOO °C 

1000 ~ catechin freshly made Ringer's solution 

I 000 ~ catechin heated for 10 472 J1M copper (11) sulphate 
minutes at 100°C 

1000 ~ catechin heated for 30 472 IlM copper 01) sulphate 
minutes at 100 DC 

F. The effect of autoclaving freshly made and previously heat treated catechin and copper (11) 
sulphate solution in different combinations on subsequent antimicrobial activity against 
Staphylococcus aureus NCTC 06751 (Figure 4.9) 

Inoculum 330 f'L catechin or control 700 p.L of putative adjunct 

Staphylococcus aureus NCTC Ringer's solution 472 ~ copper (11) sulphate 
06751 

Ringer's solution 472 IlM copper (11) sulphate autoclave<! 

500 J1M catechin freshly made Ringer's solution 

500 J.1M catechin freshly made and Ringer's solution 
autoclaved 

500 IlM catechin heated for 10 minutes Ringer's solution 
at 100°C 

500 J.1M catechin heated for 10 minutes Ringer's solution 
at 100°C and autoclaved 

500 }lM catechin freshly made 472 IlM copper (11) sulphate 

500 }lM catechin freshly made and 472 J.1M copper (11) sulphate 
autoclaved 

500 JlM catechin freshly made 472 J.1M copper (11) sulphate Dutoclavcd 

SOO J.1M catechin freshly made and 472 JlM copper (11) sulpbate lutoclaved 
autoclaved 

500 J1M catechin freshly made and 472 .. M copper (11) sulphate 
autoclaved with the adjunct prior to 
mixing with inoculum 

500 J.1M catechin heated for 10 minutes 472 }lM copper (11) sulpbate 
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at 100°C 

500 J1M catechin heated for 10 minutes 472 J1M copper (If) sulphate 
at 100°C and autoclaved 

500 J1M Catechin heated for 10 minutes 472 J1M copper (H) sulphate autoclaved 
at 100°C 

500 J1M catechin heated for 10 minutes 500 J1M Catechin freshly made and 
at 100°C and autoclaved autoclaved 

500 J.lM catechin heated for 10 minutes 472 J1M copper (JI) sulphate 
at 100°C and autoclaved with the 
adjunct prior to mixing with inoculum 

G. Investigation of reaction mecbanisms using kinetic studies (Figures 4.13, 4.14) 

The rate of antimicrobial activity of test agents with putative adjuncts (measured as a reduction in 

cell viability over time) was investigated to find out if certain antimicrobial combinations would 

produce their inhibitory effects on cells faster than other test combinations. If this proved to be true 

then the rate experiments could also provide information on whether certain chemical functional 

groups within the molecular structure of the tea catechins were more active than others. In 

Experiment I, samples were made up as per suspension assays with concentrations of 1000 JLM 
catechin and 1 f,lM EGCG which previously gave similar levels of activity in independent assays 

with added 4.8 mM copper (11) sulphate against S. aureus NCTC 06751 (Table 3.4), to reach a 

point where resulting viability was ca. 3 10gl0 cfu mL-1 after 30 minutes exposure. Rates of action 

of test agents against S. aureus NCTC 06751 were compared in excess copper(lI) sulphate 

conditions to avoid any rate limitations caused by low availabilty of copper (11) ions. In a second 

experiment fresh and heat treated catechin were tested in a similar way but with samples withdrawn 

at 0, 10, and 40 seconds. Rate of antimicrobial activity was expressed in both experiments as a 

fraction of the numbers of cfu's seen at a particular time interval divided by the original number of 

buffer control cfu's at time zero. 

Test or control substance witb 700 J1L of test or eontrol.obstance wltll Time lampla wl.ladrawn 
concentration. used concentrations used 
330 ilL Ringer's solution 

Experiment I: 
330 ilL 1000 J1M freshly made 0,12,3, S, 10 ,IS minutes 
catechin In Expt. 11: 0, 10,40 

700 ilL 4.8 mM, copper (JI) sulphate seconds. EOCO not tested. 
330 ilL 1000 JiM catechin, heat 
treated at 100°C for 10 minutes 

330 ilL 1 JiM epigaUocatechin 
gallate (EGCG) 
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H. Investigation of structure-activity relationship of catechin and its ftavanol isomers (Figure 
4.18) 

In order to find out whether the functional groups of the molecular structure of catechin had any 

influence on its antimicrobial activity when combined with copper (II) sulphate against S. aureus 

NCTC 06571 flavanol isomers of catechin were investigated using the suspension assay methods 

described above. The antimicrobial activity of catechin was compared to ent-catechin, epicatechin 

and ent-epicatechin, heat treated catechin (IOO°C for 10 minutes), as well as catechin solution 

stored at room temperature for 14 days at room temperature and exposed to the atmosphere, all 

against S. aureus NCTC 06571. The catechin solutions and its isomers were tested alone as well as 

combined with equimolar copper (11) sulphate. 

330 IlL test or control substance with concentrations used 700 IlL of test or eontrol.ubttanee 
with concentration. used 

330 ilL 1000 JLM freshly made catechin Ringer's solution 

330 ilL 1000 JLM ent-catechin Ringer's solution 

330 ilL 1000 JLM ent-epicatechin Ringer's solution 

330 ilL 1000 JLM catechin, heat treated at 100°C for 10 minutes Ringer's solution 

330 ilL 1000 JLM catechin solution, stored at room temperature for 14 
days, exposed to the atmosphere Ringer's solution 

330 ilL Ringer's solution 700 ilL 472 IlM, copper (11) sulphalc 

330 ilL 1000 J1M freshly made catechin 700 ilL 472 IlM, copper (11) sulphatc 

330 ilL 1000 J1M ent-catechin 700 ilL 472 I'M, copper (11) SUlphate 

330 JlL 1000 J1M ent·epicatechin 700 JlL 472 ItM, copper (11) sulphate 

330 ilL 1000 IlM catechin, heat treated at 100°C for 10 minutes 700 ilL 472 I'M, copper (11) sulphate 

330 ilL 1000 J1M catechin solution, stored at room temperature for 14 700 ilL 472 I'M, copper (11) sulphate 
days, exposed to the atmosphere 
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Appendix III 

Assays of stored mixtures 

A. The effect of storage at for periods up to 3 years at -20 °c on solutions of catechin and copper (11) 
sulphate solution on subsequent antimicrobial activity against Staphylococcus aureus NCfC 06751 
Figure 5.1) 

Inoculum 330 pL test substance 700 JlL of putative adjunet 
Staphylococcus aureus Ringer's solution 4.8 mM copper (H) sulphate (freshly 
NCTC06751 made) 

Ringer's solution 4.8 mM copper (Il) sulphate (stored) 

WT(fresh) Ringer's solution 

WT(stored) Ringer's solution 

WT(fresh) 4.8 mM copper (I1) sulphate (stored) 

WT (stored) 4.8 mM copper (Il) sulphate (stored) 

Ahquotted frozen samples were thawed from tIme to tIme and compared With freshly made solutions 

B. The effect of storage at room temperature on catechin solution on subsequent antimicrobial activity 
when added to copper (11) sulphate activity against Staphylococcus aureus NCTC 06751 (Figure 4.8) 

InoculUm 330 pL catecbin or control 700 pL of putative adjunct 
Staphylococcus Ringer's solution 472 J.LM copper (11) sulphate 
aureus NCTC 06751 

1000 JlM catechin stored for 14 Ringer's solution 
days 

1000 J.LM catechin stored for 14 472 J.LM copper (Il) sulphatc 
days 

C. The effect of storage at different temperatures on solutions of catechin and copper (11) sulphate 
solution and with the further addition of vitamin C on subsequent antimicrobial activity I.alnst a 
panel orrour different species of bacteria (Figures 5.2 - 5.6) 

Inocula 1000)lL of test mixtures stored at Lenath of storage prior to .... y 
room temperature and at SaC 

Staphylococcus aureus NCTC $321 J!M combined equimolarcatechin 0, 1,2, and 7 days 
067S1 plus copper (Il) sulphate (room 

temperature) 

Pseudomonas aerugillosa 321 J!M combined cquimolar catcchin 0, I, 2, 7 and days 
NCTC950 plus copper (Il) sulphate (5°C) 

Proteus mirabilia NCTC 7827 321 ~ combined equimolar catechin 0, 1. 2. 7 and days 
plus copper (11) sulphate plus 1284 JlM 

Escherichia coli NCTC 14441 vitamin C (room temperature) 

321 ~ combined equimolar catechin 0, 1.2,7 and days 
plus copper (1l) sulphate plus 1284 JlM 
vitamin C (S 0c) 

*Final concentrations in assays following addition of inoculum: catechin 214 ~; copper (11) sulphate, 214 
J!M; vitamin C. 856 J!M. 
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F. The effect of freeze drying and storage of combined catechin plus copper (11) sulpbate plus vitamin 
C solution on subsequent antimicrobial activity against a panel or rour different species of bacteria 
(Figure 5.7) 

Inocula 1000)lL solution of combined fresb 1000 pt solution of freeze dried mixture 
components 

Staphylococcus 
aureus NCTC 0675 I 

Pseudomonas 
aeruginosa NCTC 32111M catechin plus 321 j.tM 321 j.tM combined equimolar catechin plus 
950 copper (11) sulphate copper (11) sulphate 

Proteus mirabilis 
NCTC7827 

Escherichia coli 
NCTC 14441 

Freeze dried substances were stored at SoC. Final concentrations in assays following addition of inoculum: catechin 214 
I'M; copper (ll) sulphate. 214 I'M; vitamin C. 8S61!M. Amounts of freeze dried full mixture required to make up S mL 
solutions for suspension assays = 0.0062 g SmL,1 
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