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ABSTRACT 
 

Clostridium perfringens is a Gram-positive, anaerobic bacterium that is a pathogen in humans 

and animals. C. perfringens has been associated with humans causing gas gangrene, food 

poisoning, necrotizing enterocolitis (NEC) in very premature neonates and necrotic enteritis 

(NE) in poultry.  Although it is well established that pathogenic bacteria form biofilms 

extensively in nature to survive and resist adverse conditions by attaching to each other and 

to a substrate with extracellular polymeric substance (EPS). Biofilm formation in anaerobic 

organisms is under-researched.  

One of the objectives of this study was to compare the biofilm-forming potential of C. 

perfringens isolates from broiler chickens, free-range poultry environments and neonatal 

humans using the traditional protocols of crystal violet staining assays in microtiter plates. In 

addition, the susceptibility of C. perfringens to a range of veterinary or human antimicrobial 

drugs in conventional or biofilm modes were tested using the broth microdilution method. All 

fifty-four (54) C. perfringens isolates tested from a variety of sources were shown to form 

biofilms. 7/54 (13%) were strong biofilm producers, 31/54 (57%) were moderate biofilm 

producers and 16/54 (30%) were weak biofilm producers according to current criteria. There 

was no significant difference observed in the density of biofilms formed by isolates from 

different sources but out of the 9 isolates tested previously for the presence of adhesin genes 

(virulence factors/appendages that facilitates bacteria attachment to host cell/surfaces), 

moderate biofilm producers harbored multiple adhesin genes whilst weak biofilm producers 

harbored only one adhesin gene each.  As anticipated, the formation of biofilms significantly 

protected C. perfringens from the action of the antibiotics and resistance ranged between 83% 

to 100%.  

Another objective of this study was to determine the in vitro activity of silver and gold 

nanoparticles against C. perfringens established biofilm. The antibiofilm activity of silver and 
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gold nanoparticles alone and the enhanced antibiotic effect of antibiotics in the presence of 

nanoparticles were determined by enumerating viable cells on agar plates after antimicrobial 

treatment. Treatment of C. perfringens with silver nanoparticles resulted in 19% to 58% (1.3log 

to 4.8log) biofilm reduction while treatment with gold nanoparticles recorded 11% to 39% 

(0.7log to 3.2log) biofilm reduction. Combination of antibiotic and nanoparticles improved 

biofilm reduction compared to antibiotic alone, but this was not generally significant at the 

concentration tested.  

The third objective of this study was to test the antibiofilm potential of the ethanolic leaf extract 

of three medicinal plants (Vernonia amygdalina, Ocimum gratissimum and Azadirachta 

indica). The study showed that the plant’s extracts inhibited or reduced biofilm differently for 

each tested C. perfringens isolate at the concentration tested. Using the viable count method 

to determine the effect of treatment showed minimal (2%/0.1 log) to good (28% /2.5 log) biofilm 

inhibition and reduction.  

The final part of this study was aimed at testing the antibacterial and antibiofilm activity of a 

recently developed antimicrobial (QAC) solution (Acquorsol) on C. perfringens. The 

antibacterial and antibiofilm activity of Acquorsol was determined by enumerating viable cells 

using total viable count assay. 50% to 0.1% of Acquorsol solution completely inhibited the 

growth of four C. perfringens planktonic grown strains while 50% to 0.78% of Acquorsol 

solution completely prevented the growth of four C. perfringens biofilm grown strains. 50% to 

6.25% of Acquorsol inhibited the growth of 100% of tested planktonic strains while 50% 

concentration of Acquorsol prevented the formation of C. perfringens biofilm in 91% (30 out of 

33) of tested strains. 

In summary, the results in this thesis show that C. perfringens grown in biofilm mode 

independent of the source of isolation could reduce the effective susceptibility of 

antimicrobials. Furthermore, it showed that alternative therapeutic strategies have the 

potential to control biofilm related contamination and infections in animals and people. These 
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alternative bacteriocides could be useful for decontaminating surfaces in hospital and may 

have a role in decontamination of skin surfaces and may be used in poultry environments as 

well as other public places. 
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CHAPTER: ONE 

INTRODUCTION / LITERATURE REVIEW 

 

1.1 Introduction 

Clostridium perfringens is an encapsulated spore forming Gram-positive anaerobic 

pathogen that is widely distributed in nature. Although an anaerobe, this species can 

survive under low oxygen tension and is found in vegetation, marine sediment, soil, 

air, water and as part of the microbiome of the gastrointestinal tract of humans and 

animals (Piet, 2015). C. perfringens produces numerous exotoxins like alpha (α), beta 

(β), episilon (ε), iota (I) and enterotoxin (CPE) which are responsible for diseases in 

humans and animals caused by the bacterium (Pantanleon et al., 2014; Uzal et al., 

2014; Ferreira et al., 2016; Olkowski, et al., 2008; Bannam et al., 2011). In humans it 

causes gas gangrene; a soft tissue disease causing necrosis (Stiles et al., 2014; 

Hassen et al., 2015; Garcia and Heredia, 2011; Stevens et al. 2010) and it has been 

suggested as the possible cause of necrotizing enterocolitis NEC); a severe 

inflammatory disease that affects the intestinal lining of very premature infants 

approximately 7% of the time with less than 1.5kg birth weights (Lin and Stoll, 2006, 

Neu et al., 2011; Shulhan et al., 2017; Agnoni et al., 2017). In poultry, C. perfringens 

is part of a complex aetiology of necrotic enteritis (NE) (Uzal et al., 2014; Timbermont 

et al., 2011; Keyburn et al., 2008). M’Sadeq et al., (2015); Skinner et al., (2010); 

Immerseel et al., (2004); Lovland and Kaldhusdal, (2001) have reported that NE is a 

significant disease of economic loss to the global poultry industry. Wade and Kayburn, 

(2015) reported that economic loss from NE increased from 2 billion US dollar as 
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estimated in the year 2000 to between 5-6 billion US dollar annually in prevention and 

control measures. The rise in the incident rate of the disease in some countries is due 

to the removal of antibiotic growth promoters (AGPs) especially when poor husbandry 

is identified (Shojadoost et al., 2012; Stanley et al., 2012). Isolates of C. perfringens 

from animal origin can be transmitted to humans through the food chain especially in 

uncooked or poorly cooked meat (Garcia and Heredia, 2011; Brynestad and Granum, 

2002). 

There is a growing appreciation that the persistence of biofilms in the body contributes 

to the re-occurrence of diseases or chronic infections (Hall and Stoodley 2005). 

Generally, the ability of any bacterial species to form biofilms has been thought to 

significantly increase their persistence and enables them to adapt to environmental 

fluctuations (Davey and O Toole, 2000). The biofilm forming potential of C. perfringens 

in vitro was demonstrated for the first time by Vargal et al., (2008). Some reports have 

shown that formation of biofilms in C. perfringens is specifically associated with the 

pathogenicity of the microbe by increasing their resistance and tolerance to 

antimicrobial agents, environmental, physical, and chemical stress (Vargal et al., 2008; 

Charleboise et al., 2014; Charleboise et al., 2015). It is likely that pathogenic bacteria 

form biofilms extensively in nature to survive and resist adverse conditions by 

attaching to each other and to a substrate with the production of extracellular polymeric 

substance (EPS) but their formation by anaerobic organisms is under-researched and 

have been reported by Donelli et al.,(2012); Pantaleon, et al., (2014); Varga et 

al.,(2008), Obana et al., (2014), Vida et al.,(2015); Charleboise et al., (2014; 2016; 

2017). Understanding of biofilm formed by C. perfringens is necessary for the 

development of novel and more efficient control methods since the organism is difficult 

to eradicate. The identification of C. perfringens isolates which readily form biofilm 
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from humans and animals will provide information on the potential of persistent 

infection in the health care, poultry industry and regulatory agencies for necessary 

mitigation strategies. Therefore, this study aims to characterize the biofilm forming 

potential of the anaerobic pathogen C. perfringens from diverse sources, to compare 

the susceptibilities of C. perfringens growing planktonically or in a biofilm to 

conventional antibiotics and to test the efficacy of different novel antimicrobial 

compounds on biofilm.  

 Literature review 

1.2. The genus Clostridium / Clostridium perfringens 

The genus Clostridium consist of over a hundred species, though most isolates fall 

within a few species. They are mainly anaerobic, spore-forming bacilli, some of which 

are medically important. Species of this genus have different biochemical properties, 

and some such as C. perfringens are aerotolerant anaerobe and can tolerate low 

oxygen tension. Clostridium species are ubiquitous, they are present in sewage, water, 

soil and as normal intestinal microbiota of humans and animals. Most Clostridium 

species are free living saprophytes while a few are opportunistic pathogens that have 

been associated with severe disease conditions with high mortality rate. Some of these 

species include C. perfringens, C. difficile (now known as Clostridioides difficile due to 

16S rRNA gene sequence analysis), C. histolyticum, C. novyi and C. septicum. 

Diseases caused by the Clostridium genus include gas gangrene, tetanus, botulism, 

and antibiotic associated diarrhea (AAD) caused by C. perfringens, C. tetani, C. 

botulinum and C. difficile, respectively.  

C. perfringens (formally C. welchii) was first described in 1892 by Welch and Nuttall 

when they isolated a Gram-positive anaerobe from a gangrenous wound (Hatheway, 

1990). The organism is part of normal microbiome of the large intestine of humans 
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and animals. It is present in faeces and spores are frequently found in soil and 

vegetation. C. perfringens is listed as a ‘Category B Bioterrorist agent’ by CDC.  It 

produces oval sub-terminal spores and Gram-stained smears appear as straight sided 

rods with blunt or truncated ends which are either single or paired.  

 

1.3. Virulence / major toxins of Clostridium perfringens 

In humans and animals, C. perfringens can cause different diseases most of which 

have an intestinal origin, from self-limiting food poisoning events to severe destruction 

of tissues. The pathogenicity of this organism is linked largely to its fast-doubling time, 

stress-resistant spores, and ability to produce numerous toxins and enzymes though 

no single strain can produce all toxins (Keyburn et al., 2008; Jihong et al., 2016).  

These lethal toxins are referred to as major or minor toxins and includes alpha (CPA), 

beta (CPB), episilon (ETX), Iota (ITX), enterotoxin (CPE), perfringolysin O 

(PFO)/theta, beta-2 (CPB2), TpeL, NetB, NetF, BecA, BecB, NanI, Nanj, Kappa, mu, 

Lambda, delta and α- clostripan (Ferreira et al., 2016). They are classified into five 

toxin types designated A-E based on the production of four major exotoxins: α, β, ι and 

ε (see Table 1) (Songer 1996; Petit et al., 1999; Uzal et al., 2010). C. perfringens type 

A is a normal inhabitant of the gastrointestinal tract of humans. It is widely distributed 

in the environment and can be isolated from water, soil, sediments, dust, cooked and 

uncooked foods.  

Most of the toxins are plasmid encoded and vary in size from approximately 45kb to 

approximately 140kb. Presence of these toxin genes in conjugative plasmids with 

insertion sequences enhances the mobility of these toxin genes which increases the 

virulence of C. perfringens diseases emanating from the intestine (Jihong et al., 2013).  

Different diseases are caused by each group and infection is usually through a 

traumatic route into the body for the type A strains which are found in soil. Other routes 



22 
 

of infection are the fecal-oral route (ingesting food contaminated with spores) and 

dysbiosis (change in the gut microbiota) which can lead to excessive proliferation (or 

overgrowth) of C. perfringens. The second and last infection route are common to all 

toxin types. 

Table 1.1: Classification of Clostridium perfringens based on the production of 
four major exotoxins 

Toxin types                                                                     Exo-toxin 

                                                 α                              β                              ε                              ι 

A                                               +                               -                                -                              - 

B                                                +                              +                               +                             -  

C                                                +                              +                                -                              - 

D                                                 +                              -                                 +                             - 

E                                                  +                              -                                  -                             + 

(+) indicates toxin production; (-) indicates no production of toxin. 

 

C. perfringens produces various toxins which induce specific syndromes, and these 

toxins are produced during the exponential growth phase. The type of disease and the 

resulting symptoms is dependent on the strain of C. perfringens involved. Diseases 

caused by C. perfringens major toxins are shown in Table 2 below while the genetic 

location and mode of action of C. perfringens toxins are presented in Table 3. 
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Table 1.2: Diseases associated with Clostridium perfringens major toxins. 
Source: (Stiles et al., 2013) 

 

Toxin type 

(major toxins) 

Associated diseases 

in humans 

Associated diseases in animals 

A (α) Gangrene, food 

poisoning and 

antibiotic associated 

diarrhea 

Myonecrosis in animals and 

necrotic enteritis in chicken and 

pigs 

B (α, β and ε)  Dysentery in newborn lambs, 

hemorrhagic enteritis in 

neonatal calves and 

enterotoxaemia in sheep 

C (α and β) Necrotizing 

enterocolitis 

Enterotoxaemia in sheep, 

necrotic enteritis in goat, calves, 

chicken and pigs 

D (α and ε)    Enterotoxaemia in lamb, goat 

and calves.  

E (α and ι) 
 Enterotoxaemia in calves and 

lamb 
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Table 1.3: Location of Clostridium perfringens toxins and their mode of action 
Source: Kircanski, (2012) 

 

Toxin/enzyme Gene Genetic location Mode of action 

Αlpha Cpa Chromosome Phospholipase C  

Beta 1 Cpb1 Plasmid Destruction of cell membrane  

Beta 2 Cpb2 Plasmid Destruction of cell membrane 

Εpsilon Etx Plasmid Increases cell membrane 

permeability 

Ιota Iap Plasmid Actin ADP – ribosylation 

Ιota Ibp Plasmid Actin ADP – ribosylation 

Enterotoxin Cpe Chromosome/plasmid Pore forming ability 

NetB NetB Plasmid Pore forming 

Theta pfoA Chromosome Hemolysin specific to cholesterol 

 

1.4. Major toxins of Clostridium perfringens 

 Alpha toxin (CPA) 

C. perfringens alpha toxin is produced by all strains of C. perfringens, but the type A 

strains produce a very high amount of CPA compared to other toxin types. CPA 

consists of 370 amino acids (43kDa) and it has over 50% amino acid level similar to 

the phospholipases C from other species of Clostridium such as C. novyi, C. baratii 

and C. bifermentans.  CPA is a zinc dependent phospholipase C that modifies cell 

membrane through degradation of phosphatidylcholine and sphingomyelin thereby 

causing cell damage.  CPA enables C. perfringens to escape host phagocytes and 

promotes aggregation of C. perfringens which is responsible for blood vessel 
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blockage, anoxia and necrosis (Bryant et al., 2000). The genetic study has shown that 

the Cpa gene encodes the production of the alpha toxin and it is encoded by the 

chromosome unlike other toxins that are plasmid borne (Songer, 1996; Petit et al., 

1999; Stiles et al., 2013). 

 

 

 

Figure 1.1: Clostridium perfringens alpha toxin structure  

Source: Ferreira et al., (2016)  

 

 Beta toxin (CPB) 

The cpb genes encodes the production of the CPB toxins - a thermolabile toxin. CPB 

toxin is a 35 kDa protein which shares similar sequence with alpha and gamma toxins 

of Staphylococcus aureus (Hunter et al., 1993). The CPB toxin is responsible for 

‘pigbel’ in humans - a disease that causes necrosis of the ileum and jejunum (Gui et 

al., 2002). This disease is usually associated with the high consumption of meat by 
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people on a limited protein diet because of a low-basal level of pancreatic trypsin 

(Stiles et al., 2013). Since high concentrations of protein in the intestinal tract 

encourages C. perfringens type B and C overgrowth, leading to lethal concentration 

of beta toxin which causes intestinal necrosis and bloody stools.  

 

 

Figure 1.2: Clostridium perfringens beta toxin structure Source: (Ferreira et al., 
2016) 

 Epsilon toxin (ETX)  

C. perfringens ε-toxin is produced by type B and D strains (Petit et al., 1999). Type B 

causes dysentery in newborn lambs while Type D causes enterotoxaemia in sheep. It 

is considered the most potent clostridial toxin following tetanus and botulinum 

neurotoxins (Stiles et al., 2013).  ETX is located on a large plasmid and it is 32.7 kDa 

and matures when 13 or 14 basic amino acids are cleaved from its amino-terminal end 

(Rood 1998; Stiles et al., 2013). The precise role of the epsilon toxin like other toxins 

in the disease process is unclear. See Figure 1.2 for ETX structure. 
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 Iota Toxin (ITX) 

Iota toxin is a binary toxin found in C. perfringens type E. C. perfringens type E has 

been identified as the cause of diarrhoea in animals especially in domesticated 

livestock (Songer 1996; Petit et al., 1999). ITX is encoded by two genes (lap and Ibp). 

Iota toxin is composed of two independent polypeptides: Ia, is an ADP-

ribosyltransferase and it has a molecular weight of approximately 47.5 kDa, and Ib, 

with a molecular weight of approximately 71.5 kDa which causes the binding and 

internalization of the toxin into the cell (Stiles et al., 2013). The light chain Ia is involved 

in ADP-ribosylation of globular skeletal muscle and non-muscle actin while the Ib 

heavy chain is needed for penetration of Ia into the cytosol (Sakurai et al., 2009).  

 

 
 

Figure 1.3:   C. perfringens Iota toxin structure Source: (Sakurai et al., 2009) 

 

Clostridium perfringens associated diseases (CPAD)  

1.5. Gas gangrene in humans 

Gas gangrene also known as clostridia myonecrosis and is an extensive and rapid 

necrosis and toxic infection of muscles/soft tissues accompanied by gas production 

caused by alpha and theta toxins produced by type A strains. Although several species 

of Clostridium (C. novyi, C. sporogenes, C. septicum, C. tertium, C. histolyticum and 
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C. bifermentans) can cause gas gangrene, C. perfringens is responsible for majority 

of gas gangrene cases (Verherstraeten et al., 2015). C. perfringens causes 80-95% 

of gas gangrene infections and is a serious traumatic and post-surgical wound 

infection that becomes fatal if it is not treated at the correct time (Buboltz 1999). 

Historically, Clostridial myonecrosis was a common wound infection during war with 

occurrence rate of 5% of wound infections. With improvement in wound care, use of 

antisepsis and antibiotics, the occurrence rate has reduced to 0.1% of war- wound 

infections since the Vietnam War era. Puncture wounds and surgical wounds, 

especially gastrointestinal tract surgeries done on the biliary tract or intestinal 

surgeries, remain causes of clostridial infections due to inadvertent inoculation of the 

surgical wound with gut bacteria including C. perfringens.  The organism enters the 

human body through traumatized skin and the incubation period of this disease can 

be as low as 6h and it can progress to adjacent muscles several inches within an hour. 

The disease often leads to tissue death, shock and eventually death of host. Gas 

gangrene is usually characterized by absence of inflammatory cells in infection sites 

and accumulation of leukocytes between facial planes which results from vascular 

dysfunction and injury mediated by toxins. The perfringolysin O toxin causes 

leukocytes degeneration, cytolysis and polymorphonuclear cell destruction which 

leads to lack of inflammatory response during tissue necrosis and rapid spread of 

infection (Stevens et al., 2012; Steven and Bryant, 2017).  

1.6.  Necrotic enteritis (NE) in poultry  

C. perfringens is a ubiquitous bacterium, and it is part of the normal gut microbiota of 

vertebrates (Songer, 1996; Porter, 1998). The organism is important in the 

development of necrotic enteritis along with other factors (Gholamiandehkordi et al., 

2007). The intestine of broilers suffering from necrotic enteritis contains up to 108-
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109cfu/g of C. perfringens while healthy broilers, contains 0-105cfu/g of C. perfringens 

(Baba et al., 1997; Brown, 2018). Necrotic enteritis is caused by the toxins produced 

by types A and C strains of C. perfringens. The disease usually occurs in 4-week-old 

broiler chickens and affects poultry worldwide (Dahiya et al., 2006). The plasmid-borne 

pore forming toxin NetB is an important virulence factor (Bannam et al., 2011; Prescott 

et al., 2016). The toxin causes necrotic lesions to develop in the intestines (ileum and 

jejunum) of poultry, makes holes in cell membranes and causes leakage of intestinal 

content. The intestine is covered with a yellow pseudomembrane, appears ballooned 

and contains a foul-smelling brown liquid (Van Immerseel et al., 2004).  

Severe depression, ruffled feathers, sluggishness, drooping wings and head, diarrhea, 

drowsiness, anorexia, dehydration, and high mortality rate of flock are common signs 

of resulting enterotoxaemia. Craven, (2000); Nauerby et al., (2003) reported that high 

cell counts of C. perfringens in the intestine is not enough to cause NE disease. Pre-

disposing factors are necessary for the disease to develop, and these include an 

intestinal environment that enhances the growth of the bacterium (C. perfringens) such 

as an intestinal infection by coccidial pathogen that damages the intestinal mucosa 

(Williams, 2005). Porter, (1998) reported that coccidiosis often occurs simultaneously 

or precedes outbreaks of necrotic enteritis. Collier et al., (2008) in their article reports 

that Coccidiosis increases intestinal mucus production which then increases the 

availability of nutrient in the intestine which favors the proliferation C. perfringens. 

Furthermore, virulent strains of C. perfringens isolated from outbreaks of NE can 

produce bacteriocins (perfrin) (Timbermont et al., 2014). Bacteriocin production by 

these strains is capable of inhibiting growth of commensal strains thereby benefiting 

immensely from the high nutrient availability and then grow massively and release 

their toxins (Timbermont et al., 2014). Studies have shown that C. perfringens and 
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Eimeria act synergistically to induce necrotic enteritis lesions (Baba et al., 1997; 

Gholamiandehkordi et al., 2007). Eimeria parasites colonize the small intestine and 

damage the epithelial lining due to the intracellular stages of their life cycle. This 

creates gaps in the epithelial lining that allows the leakage of plasma proteins into the 

gut lumen. This is then utilized by C. perfringens as substrate for growth and 

subsequent disease (Van Immerseel et al., 2004). Olkowski et al., (2006; 2008) 

pointed out the pivotal role of collagenolytic enzymes and collagenase produced by C. 

perfringens in the pathogenesis of NE. These enzymes are responsible for the 

morphological changes to the gut that appear during the early stages of the disease. 

Another factor that influences the incidence of necrotic enteritis is diet. Diets high in 

undigestible, water-soluble non-starch polysaccharides increase the risk of necrotic 

enteritis in birds. Examples are wheat, rye, oat, and barley (Kaldhusdal and Skjerve, 

1996; Craven, 2000; Jia et al., 2009). Also, high protein diets such as fishmeal, have 

been reported to favour the incidence of necrotic enteritis (Drew et al., 2004; 

Gholamiandehkordi et al., 2007). Generally, diets rich in protein contain high amounts 

of low digestible protein in the gastrointestinal tract which are used as substrates by 

the bacterium (Williams et al., 2001). The dietary fat source also affects   C. perfringens 

growth. Animal fats promote C. perfringens counts compared to vegetable fat 

(Knarreborg et al., 2002). Interestingly also, the physical form of the feed either 

mashed or pellet also determines the C. perfringens count in the intestine (Engberg et 

al., 2002). Pellet food reduce C. perfringens in intestine because there is high feed 

conversion ratio and little or no remains for C. perfringens to feed and proliferate. 

Another predisposing factor of birds to NE is stress because it could alter the intestinal 

environment and increase the risk of necrotic enteritis. Alterations in feeding pattern 

such as changing from starter diets to grower diets have been associated with necrotic 
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enteritis. Also, immunosuppressed birds that are suffering from diseases like chick 

anaemia virus, Gumboro disease or Marek’s disease are more prone to gut infections 

(Engberg et al., 2002). 

NE occurs as either acute clinical disease or sub-clinical disease. The acute clinical 

form of the disease is characterized by wet litter and a sudden high mortality rate. 

Death may occur in 1-2h and daily mortality may exceed 1% (Timbermont et al., 2011). 

The chronic sub-clinical disease is mild, undetected and mortality is low but 

economically important since the birds fail to thrive and put on weight causing low 

productivity leading to high economic loss in the poultry industry (Wade and Kayburn, 

2015). 

 
 
 

 
 

Figure 1.4. Everted jejunal segment of broiler chicken showing gross lesion, 
obvious ulcers in the mucosa and necrotic tissues caused by C. perfringens 
infection. Source: (Keyburn et al., 2010)   

1.7. Antibiotic use to control NE in poultry. 

NE is an important problem in the poultry industry due to causing high economic losses 

due to high mortality rate, low weight gain, decreased feed conversion ratio, high cost 

of medication and risk of consumption of contaminated poultry product by humans 

(Timbermont et al., 2011). Control strategies for NE involves the use of antimicrobials 
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(McDevitt et al., 2006; Chan et al., 2015). For decades, antibiotics have been used to 

prevent NE and improve the yield of broilers. In general, antibiotics are used in animal 

feed, where they are either used for preventive or curative purpose. Several classes 

of antibiotics are used for control of C. perfringens infection in poultry and for growth 

promotion. Antibiotics used includes polypeptides (bacitracin), tetracyclines 

(chlortetracycline), β-lactams (penicillin), glycolipids (bambermycin), ionophores 

(salinomycin) and streptogramins (virginiamycin) (Diarra and Malouin 2014; Mehdi et 

al., 2018). Antibiotics are used greatly to improve poultry production, by (a) probably 

selectively changing and reducing the gut microbiome thereby increasing nutrient 

penetration through the intestinal wall (b) reducing bacterial fermentation of nutrient 

thus allowing for more nutrient absorption and (c) high feed conversion ratio through 

the reduction of NE subclinical infection. All these are deemed necessary to improve 

poultry health, nutrient availability, and overall poultry growth performance (M'Sadeq 

et al., 2015).  

The use of antibiotics in the poultry industry raised concerns regarding the continued 

usage of antibiotics in antimicrobial growth promoters (AGPs) and how it has 

contributed to antimicrobial resistance in bacteria. This led to a re-evaluation on the 

use of antibiotics as a control strategy which eventually led to the ban of the use of in-

feed antibiotics in poultry in European countries in 2006. With a ban of in-feed 

antibiotics, the incidence rate of NE has subsequently increased in European countries 

(Mcdevitt et al., 2006; Chan et al., 2015). Wade and Keyburn in 2015 reported that the 

ban of AGPs in Europe has increased the global economic loss in the poultry industry 

to range between 5 to 6 billion US dollar annually. With the ban of AGP, alternatives 

to antibiotics considered by poultry industries includes probiotics, prebiotics, enzymes, 

and organic acids (Dahiya et al., 2006). 
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1.8.  Necrotizing enterocolitis (NEC) in humans 

Necrotizing enterocolitis (NEC) is an inflammatory disease that causes extensive 

damage to intestinal tissues in neonates. This disease appears in premature infants 

and clinical NEC occurs when the lining of the intestinal walls dies off. The effect of 

this is inflammation of the intestine and if no proper intervention, it leads to perforation 

of the intestinal wall. In premature babies, this causes waste product and 

microorganisms in the intestine to pass through the wall of the intestine into the 

bloodstream or abdominal cavity progressing into a life-threatening disease. NEC is a 

disease that is almost exclusively confined to neonates during the first two weeks after 

birth. It is more common in very premature infants mostly those who are less than 32 

weeks gestation period and those who have medical problems prior to birth (Heather 

et al. 2013). 

The causes of NEC have not been clearly proven, but the overwhelming cause is 

immaturity. It is thought that a reduction in oxygen and blood flow to the intestine 

weakens the intestinal tissues, makes it lose its vigor and subjects it to damage by 

bacteria from food leading to perforation (Obladen, 2009). As a result, the intestine 

becomes highly immunoreactive which may lead to substantial increase in the 

inflammatory process causing systemic infections. If the central nervous system is 

affected, chances that such an infant will develop neurodevelopmental delays 

pertaining to the gastrointestinal tract are high. The chances that every infant who 

recovers from NEC will develop microcephaly and neurodevelopmental delays is 25% 

(Neu and Walker, 2011). The percentage mortality rate of NEC is about 20-30% and 

the occurrence of NEC based on NICU admission range from <1% to 5% and 5 in 

1000 live births (Heather et al. 2013). The main factors involved in the complex 
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pathogenesis of NEC are ischemia, intestinal immaturity, intestinal microflora, enteral 

feeding, and inflammation.  

1.9. Pathogenesis and clinical features of Clostridium perfringens food 

poisoning 

C. perfringens food poisoning is a self-limiting, non-febrile disease. It is however one 

of the commonest causes of human gastrointestinal infection in the United States and 

Europe, costing millions of dollars in economic loss by staff absence each year. In the 

United States, between 1998 to 2002, C. perfringens was ranked as the third most 

frequently reported agent of human food-borne disease and the fifth leading cause of 

death from food poisoning (Lynch et al., 2006; Painter et al., 2006). C. perfringens type 

A have been associated with non-food-borne illness such as AAD (antibiotic 

associated diarrhoea) (Gorkiewicz, 2009; Joo et al., 2008; Modi and Wilcox, 2001). 

Further, it has been estimated that approximately 5% to 20% of all cases of AAD and 

1non-food-borne sporadic diarrhoea are caused by C. perfringens type A. 

 Consumption of improperly cooked food contaminated with C. perfringens 

encourages the growth of spores in the nutrient rich gut environment which leads to 

the proliferation of large numbers of C. perfringens cells. Some of the cells ingested 

with the contaminated food are killed by the acidity of the stomach but some ingested 

cells can move to the small intestine where they reproduce and produce spores. The 

spores produced then release enterotoxins although some vegetative cells can also 

release enterotoxins. The enterotoxin is linked with the spore-coat though it is likely 

not to be an important structural component and it is released from the sporangium 

into the intestinal lumen when the sporangium is lysed. Symptoms of C. perfringens 

type A food poisoning usually starts 8 to 24hrs after consumption of contaminated food 

containing large number of C. perfringens vegetative cells. An estimated infective dose 

of 106-108 cfu/ml is required to cause illness by ingestion. The illness is usually 
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characterized by abdominal pain, diarrhea, and nausea. Vomiting is also a symptom 

though it is not frequent. Healthy individuals usually recover within 1-2 days without 

medical treatment (Uzal et al., 2014).  However, it could be severe in the 

immunocompromised and immunosuppressed individuals such as the elderly. The 

disease is generally diagnosed by the delayed onset of symptoms compared to 

characteristic staphylococcal food poisoning and the detection of toxin in the faecal 

samples of patients if tested (Uzal et al., 2014). 

 

 

Figure 1.5:  C. perfringens type A food poisoning. Source: (Huang, 2007) 

Spores of C. perfringens that survive in improperly cooked food grow into vegetative cells and this 

results in ingestion of bacteria vegetative cells with food. Cells that survive the acidity of the stomach 

move to the intestine and sporulate. Spores release produce Clostridium perfringens enterotoxin 

(CPE) which is cytolytic causing diarrhoea.  

.  

1.10. Biofilms  

Biofilms are sessile cells that are ubiquitous in nature. They can be found in industrial 

places, water channels, hospital settings and on living and inert surfaces (Jamal et al., 

2015; Donlan 2002). Biofilms were first observed by the Dutch researcher, Antonie 
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van Leeuwenhoek in the 17th century when he scraped his teeth surface and observed 

what he called animalculi with his primitive but compound microscope (Chandki et al., 

2011, Costerton et al., 1999).  

Between 1980s and 1990s, it was observed that bacterial cells attached to surfaces 

did so in an organized pattern. A single bacterial cell can merge with several other 

cells which in turn aggregate with other cells leading to the formation of a dense 

microbial community that is encased in a self-produced extracellular polymeric 

substance (EPS) (Donlan and Costerton, 2002). Biofilm structure can either be simple 

or complex organization consisting of single or multiple species of organisms. The 

structure of biofilms is influenced by the type of organism in the biofilm and nutrient 

availability. Though this complex structure provided by biofilm results from 

communication and interaction among biofilm cells, it has conferred pathogenic 

properties to such cells (Hogan and Kolter 2002). Different biofilms display different 

physical and chemical properties which contribute to their unique characteristic making 

them difficult to destroy (Chandki et al., 2011). The structural characteristics of biofilms 

and the physiological state of cells within the biofilms makes them highly recalcitrant 

to antimicrobial agents (Lewis 2001; Jamal et al., 2018).  

Components of the biofilm matrix are DNA (<1%), proteins (<1-2%), polysaccharide 

(1-2%), RNA (<1%) and water (97%) which makes up the largest component of the 

EPS (Charleboise et al., 2014; Flemming et al., 2007; Sutherland 2001). Water 

availability is key for the flow of nutrient within the matrix (Jamal et al., 2015). The 

composition of the matrix makes biofilms resistant to antimicrobials and host immune 

cells (Flemming et al., 2007). The chemical and physical composition of 

exopolysaccharides varies in different biofilms and is dependent on the biofilm growth 

stage (Jiao et al., 2010). Some are made of neutral macromolecules while others are 
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made of polyanionic molecules (Donlan 2002). The extracellular matrix of biofilm cells 

is a glue-like substance that enables biofilm to adhere to surfaces and neighboring 

cells.  

The protein component of the extracellular matrix includes adhesin, outer membrane 

vesicle proteins, secreted extracellular proteins and protein subunits of flagella and pili 

(Fong and Yildiz, 2015). Pili and flagella are necessary for the initial attachment of 

bacteria to surfaces and for movement across surfaces. The role of matrix protein in 

biofilm structure and stability has been confirmed from various mutational studies 

which has shown that the absence of matrix proteins reduces the stability, formation, 

and structure of biofilms (Fong and Yildiz, 2015) 

The extracellular matrix helps biofilms to adhere to surfaces, protects them from 

antimicrobials, competing microbes, and desiccation, provides reservoir of nutrient 

and creates a suitable and distinct structure that enables microorganisms to persist in 

difficult situations (Vu et al., 2009; Oliviera et al., 2015). Biofilm extracellular 

polysaccharides can be protective, aggregative, and architectural/structural in function 

(Limoli et al., 2015). The aggregative polysaccharide is essential for the biofilm 

formation process. It plays a major role in attachment and microbial interaction that 

results in structure formation.     

1.11. Formation of biofilms 

The structure of a biofilm is dependent on the nature of species and environmental 

factors as there is usually interaction of bacterial subpopulations (Tolker-Nielsen et al., 

2000). Biofilm formation starts when a specific environmental signal induces a genetic 

programe in free living planktonic cell to attach to nearby surface with the aid of 

flagella, pili and fimbriae. The attached cell coats the layer with organic monolayer of 

polysaccharide and glycoproteins to which more planktonic cells can attach. The initial 
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attachment of cells to surfaces is accomplished by a weak reversible bond known as 

Van der Waals forces - a temporary type of attraction of intermolecular forces. The 

van der waals bond is a relatively weak electric force that attract molecules to one 

another in liquefied and solidified gases which arise from temporary attractions 

between electron rich regions of one molecule and electron poor regions of another 

molecule. In a situation where the colonist is not detached immediately, they use cell 

surface proteins and molecules to adhere to other cells and bind themselves more 

permanently to the surface. The first bacterial colonist encourages the adhesion of 

pathogens and other cells that were unable to attach to surfaces on their own by 

providing many adhesion sites (Butt and Khan 2015). As cells go into biofilm mode, 

they no longer maintain their flagella but switch to twitching form of motility that 

involves the extension and retraction of pili and later stop moving and firmly attach to 

the surface. Adhered cells undergo cell division, forms microcolonies and start 

producing extracellular materials (Jamal et al., 2018). As more cells attach to the 

surface, they form microcolonies and begin to communicate with each other by 

sending and receiving chemical signals in a process called quorum sensing. When the 

population reaches a specific number analogus to an organizational quorum, the 

chemical signals reach a threshold or specific concentration that the cells can sense. 

This concentration triggers genetic regulated changes that makes cells bind 

tenaciously to the surface and to each other. Quorum sensing can regulate the amount 

of extracellular matrix produce by the cells. The biofilm progresses to its last stage 

called the development stage and at this level, the biofilm can only change in shape 

and size. Biofilms can move collectively across surfaces and detach clumps referred 

to as seeding. Biofilm formation can be terminated in response to growth conditions 

such as nutrient availability and this has been reported in Pseudomonas putida where 
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biofilms in a flow chamber dispersed completely due to stoppage of nutrient flow or a 

change in the nutrient content in the medium (that is from a medium with carbon to 

that with no carbon) (Gjermansen et al., 2005).  

  

1.12. Process of biofilm formation by bacteria 

1. Attachment of cells to surfaces 

This phase is induced by environmental signals, and it includes nutrient concentration, 

pH, temperature, oxygen, iron and osmolarity. Microorganisms attach more easily to 

rough, hydrophilic, and coated environmental surfaces. Microbial attachment is also 

enhanced by presence of flagella, pili, fimbriae, and slime on bacterial surfaces 

(Donlan and Costerton, 2002). Cell appendages helps the microbial cells to overcome 

repulsive forces during the process of attachment thus enhancing the process of 

biofilm formation and contributing to virulence. Research by Koczan et al., (2011) 

demonstrated that bacterial cell appendages that play a role in the attachment process 

of biofilm formation contributes to their virulence. They reported that flagella have 

multifaceted effect on the process of biofilm attachment and virulence on Erwinia 

amylovora. They also showed that type 1 fimbriae and type iv pilus were utilized for 

early and late-stage biofilm attachment and lack of these appendages resulted in 

decrease in virulence of the pathogen.  Also, Lazaro et al., (2009) reported the 

importance of FIC fimbriae in biofilm formation in E. coli commensal strain while Tan 

et al., (2016) demonstrated the importance of flagella and fimbriae in the attachment 

process of Salmonella Typhimurium ATCC/14028 strain.  

The reversible attachment occurs by Brownian motion and movement of motile cells. 

Irreversible attachment occurs when reversibly attached cell starts producing 
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extracellular polymeric substances that glues the cell to the substratum and provides 

an adhesion surface for other cells.  

2 Formation of biofilm monolayer and microcolonies 

This occurs after the successful attachment of bacteria cells to living or non-living 

surfaces. Microbial cells adhere to each other and secretes binding molecules such 

as adhesion proteins that enables it to bind irreversibly to the substrate. Also, cells 

start multiplying and emitting chemical signals that help the cells to communicate with 

each other. When the signal exceeds a certain threshold level, the genetic process 

that leads to the production of exopolysaccharides (EPS) is activated. Bacteria 

continue to proliferate and form cell aggregates within the exopolysaccharide matrix 

leading to the formation of micro- colonies (Toyofuku et al., 2015). The bacterial cells 

are organized into communities with functional heterogenicity (Butt and Khan 2015, 

Stoodley et al., 2002). 

3 Biofilm detachment 

The ability of organisms to spread and colonize new habitats is necessary for the 

continuity of the organism, prevention of overcrowding and accumulation of biofilm 

cells that do not cooperate or participate in cell to cell signaling (quorum sensing 

mutants) (Popat et al., 2012). This has led to the dispersal phase in the biofilm life 

cycle and biofilms have a mechanism to release highly motile cells into the 

environment. Bacterial cells within the biofilm can disperse from the biofilm on a 

regular basis into the environment and attach to other surfaces. Cells that disperse 

from biofilm are either new cells detached from growing cells or voluntary dispersion 

of clumps of cells resulting from mechanical stress. Dispersed cells usually retain 
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certain properties of original biofilm cells (Vasudevan, 2014). Figure 1.6. shows a 

diagrammatic representation of the biofilm formation process. 

 
 

Figure 1.6.: Sequence of event leading to formation of biofilm. Source: 
(Vasudevan, 2014) 

Planktonic cells attach to a suitable surface and proliferate. Cells adhere to each other to form 

monolayer which grows into a microcolony by forming a multilayer structure of bacterial. As the biofilm 

grows into maturity, more extracellular matrix and quorum sensing molecules are produced and 

bacterial cells at the centre grows slowing. At maturity, part of biofilm bacterial are dispersed and it goes 

back into planktonic mode.  

1.13. Factors regulating biofilm formation (quorum sensing) 

It is well known that organisms within a biofilm can communicate with each other 

through a process known as quorum sensing. This process involves the release, 

sensing and response to small diffusible signals. Quorum sensing (QS) enables 

bacterial cells sense the presence of cells in the environment and interact by cell-to-

cell signals (Li and Tian, 2012). If a cell ‘knows’ that it is near a dense population of 

other cells, it will be inclined to contribute to biofilm formation. Microorganisms involved 

in quorum sensing communicate their presence in the environment by releasing 

chemical signals (e.g AHL in Gram-negative bacteria) that are recognized by co-

inhabitants of the biofilm. If the signal increases and reaches a threshold, the 

organisms respond together and act as a group. Quorum sensing is observed either 
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in single bacterial species or in diverse species and can control different processes 

using various molecules as signals. Singh et al., (2000) demonstrated that 

Pseudomonas aeruginosa strains isolated from cystic fibrosis produced AHLs in vitro. 

This simple communication network by bacterial cells is activated by a low molecular 

weight auto-inducer present in the environment (Irie and Parsek, 2014). This auto 

inducer is activated when it gets to its threshold, and it regulates the transcription of 

certain genes, and it varies with different organisms. The autoinducers that trigger the 

QS mechanism are different among Gram-negative and Gram-positive bacteria. 

Gram-positive bacteria use peptides as signaling molecules while Gram negative 

bacteria makes use of N-acyl-homoserinelactone of varied length dependent on the 

extent of cell density (Vasudevan, 2014). Other types of autoinducers include amino 

acids and quinolones. Different phenotypic characters in bacteria such as biofilm 

formation, motility, and virulence factor expression (toxin production) could be 

controlled by QS (Parsek and Greenberg 2005). 
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Figure 1.7.: Effect of contact surfaces and QS on biofilm. Source: (Kyd et al., 
2016) 

Bacteria produce biofilm differently upon contact with biotic (host epithelial cell) or abiotic surfaces 

(tissue culture polystyrene culture plate). The figure illustrates higher biofilm production (EPS matrix) 

in a dualspecies biofilm growing on biotic surface under increased QS autoinducer-2 (Al-2) (left) and 

low level of EPS matrix when growing on abiotic surface and low amount of Al-2 (right).  

1.14. Mechanisms of antimicrobial resistance in biofilms 

Microorganisms can either die or survive in the presence of antimicrobial agents. 

Microbes that survive in the presence of antimicrobial agents (resistant microbes) will 

replicate and spread continuously. Some non-resistant microbes can undergo 

mutation during replication. Mutation can make microbes resistant to treatment. Also, 

microbes can transfer genes to each other. This may lead to the transfer of 

antimicrobial resistance genes from resistant microbes to non-resistant microbes. 

Biofilms are often much more resistant to antibiotics than their planktonic counterparts.  

The reasons for biofilm loss of susceptibility or resistance are multifactorial depending 

on the type of antibiotic, the organism, and the nature of the biofilm. Temperature, pH, 

nutritional status of the growth medium, growth rate and prior exposure to antibiotics 

effects susceptibility of biofilms to antibiotics. Highly resistant bacteria have been 
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identified in biofilms which have multi-drug resistant pumps that expel antimicrobials 

from cells.  Excellent reviews by Hall and Mah., (2017); Singh et al., (2017); Chadha 

(2014); Jamal et al., (2015); Bridier et al., (2011); Stewart, (2002) have identified 

specific mechanisms of biofilm resistance as follows.  

 

 

 

Figure 1.8.: Mechanisms involved in antibiotic resistance in biofilm. Source: 
(Jamal et al., 2015) 

Mechanisms identified to be responsible for high resistance nature of biofilms includes (a) limited 
diffusion of antibiotics, (b) antibiotic neutralization by enzyme (c) heterogeneous nature of biofilm, (d) 

slow growth rate, (e) presence of non-dividing cells and (f) biofilm phenotype. 

 

i. Limited penetration of antimicrobial through the biofilm matrix 

The biofilm matrix limits movement of the antibiotics through the matrix and 

microorganisms are therefore probably exposed to sub-lethal concentrations of 

antibiotics. The matrix also serves as an adherent site for bacterial exoenzymes. 

These enzymes can use the antibiotics as substrates thereby degrading the antibiotics 

in the matrix which also slows down the penetration, movement, and activity of the 
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drug (Singh et al., 2011). Albayaty et al., (2019) studied the level of penetration of 

three different topical antimicrobial on S. aureus biofilm matrix and they reported that 

the biofilm matrix maturity as well as physicochemical properties of the antimicrobial 

agent influenced the penetrating ability of the tested antimicrobials through the biofilm 

matrix. Their report suggested that low antimicrobial penetration through the biofilm 

matrix results in failure in killing bacteria within the biofilm which leads to biofilm 

tolerance to antimicrobials. 

ii Slow growth rate of bacterial in biofilm 

Eng et al., (1991) examined the effect of different class of antibiotics on slow and 

optimal growing Gram-positive and Gram-negative bacteria. Their work showed that 

the activity of antibiotics was influenced by high growth rate of bacteria as the death 

of optimally growing bacteria was more compared to slow growing bacteria. Antibiotic 

treatment and bacterial susceptibility are influenced by the metabolic state of bacteria 

cell. This is because antibiotics target different cellular processes which can be 

grouped into four class- DNA replication, cell wall biosynthesis, protein synthesis and 

cell membrane (Stokes et al., 2019). In biofilm there is a reduced metabolic activity, 

reduction in energy production, cell division and protein synthesis. These changes 

increase the recalcitrance of biofilm to antimicrobial agents because they have 

reduced or no target for many antibiotics. The growth rate and metabolism of bacteria 

in a biofilm is affected by the nutrient and oxygen distribution within the structure. Also, 

bacteria within the biofilm have a lower supply of nutrient and experience depletion of 

oxygen compared to cells in the periphery region of biofilm, they grow slowly, and this 

makes such cells less susceptible to antibiotics (Hall and Mah 2017). 
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iii Development of persister bacteria 

‘Persisters’ are part of the bacterial population that are tolerant to antibiotics. Persister 

cells in biofilm could be responsible for biofilm recalcitrance because these cells are 

not sensitive to antibiotics as the cells are not metabolically active thus antibiotics can 

not act on it leading to tolerance.  These types of cells neither die nor proliferate in the 

presence of lethal doses of antibiotics and they are referred to as dormant variants of 

the wide type/metabolically inactive cells (Singh et al., 2011). Persister cells are about 

1% of the biofilm and unlike resistant cells that grow in the presence of antibiotics, 

persister cells are unable to grow (Wood et al., 2013). Persisters results from the slow 

growth rate of bacteria within a biofilm which makes cells resistant to antibiotics. Some 

biofilm bacteria have developed into distinct phenotypes and such biofilm phenotypes 

shows specific adaptive response to antibiotics. This results from limited availability of 

nutrient leading to starvation, stress, and bacteria exposure to sub-lethal dose of 

antibiotics (Bridier et al., 2011). This phenotypic variant was first discovered in S. 

aureus and S. pyogenes when it was revealed that a small fraction of cells that was 

not killed by penicillin, did not undergo genetic changes hence such cells could not be 

called resistant cells rather phenotypic variants that are tolerant to antibiotics (persister 

cells). 

iv Efflux pumps 

The up regulation of genes coding for efflux pumps in biofilms compared to planktonic 

counterparts contributes to biofilm resistance (Alav et al., 2018). Efflux pumps are a 

system that enables cells to remove toxic substances including antimicrobials. Alav et 

al., (2018) studied the role of efflux pump in E. coli, P. aeruginosa, P. mirabilis, A. 

baumanii and in other bacteria biofilm formation process. Their study showed that 
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efflux pumps regulate biofilm formation in different ways which includes (1) Transport 

of extracellular polymeric substance and quorum sensing molecules to increase the 

formation of biofilm matrix. (2) Indirectly regulating genes that play a role in biofilm 

formation. (3) Efflux of toxic molecules (metabolites and antibiotics) and (4) influencing 

the aggregation of cells to surfaces. Also, Ikonomidis et al., (2008) reported that the 

efflux pump inhibitor - proton motive force (PMF) – carbonyl cyanide-m- 

chlorophenyhydrazone (CCCP) decreased biofilm formation in Pseudomonas 

aeruginosa significantly. 

v Stress response genes 

Oxidative stress plays a role in antibiotic susceptibility. Stewart et al., (2015) tested 

the effect of oxidative stress in biofilm resistance to antibiotics in P. aeruginosa biofilm. 

The development of stress response genes is an important feature of biofilms. Stress 

response is induced by stationary phase bacterial growth and nutrient deprivation. The 

RpoS is the regulator of stress response in Pseudomonas aeruginosa and this gene 

has been shown to be expressed three times more in 3-day old biofilms compared 

with stationary phase planktonic cells (Xu et al., 2001). Stewart et al., (2015) 

demonstrated that rpoS mutant strains treated with ciprofloxacin showed 2.4 – 2.9 log 

reduction in cell count compared to 0.9 log reduction observed in the wide type. 

vi Gene transfer 

Gene transfer is another characteristic associated with biofilms. The biofilm 

environment favours the exchange of genetic materials between bacteria (Molin and 

Tolker-Nielsen, 2003). Cells within a biofilm are so closely linked that there is easy 

exchange of virulence genes that can result in more pathogenic strains of 

microorganisms. There is also the possibility of transfer of plasmids carrying resistant 
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traits from one cell to another and genetic mutation. Horizontal gene transfer (HGT) 

enables bacteria resist antibiotics, adapt to changing environments (Stalder and Top, 

2016). HGT in biofilm can occur through different mechanisms; conjugation, 

transformation, and transduction (bacteriophage mediated DNA transfer (Abe et al., 

2020). Conjugation occurs more in biofilm communities compared to when growing in 

a planktonic state because the transfer requires a direct contact between the donor 

and recipient cells. However, in biofilms, this is an advantage as cells are attached to 

a matrix and are located closely (Madsen et al., 2012). Li et al., (2018) studied the 

horizontal gene transfer of antibiotic resistant plasmid from P. putida biofilm using 

microfluidics to E. coli and activated sludge bacteria. Their study revealed that the 

composition and structure of the biofilm influences the route of gene transfer. Savage 

et al., (2013) reported an increase in transfer rates of up to 16 000-fold compared to 

planktonic cells when a conjugative plasmid (pGO1) transferred trimethoprim and 

gentamicin resistance genes in S. aureus biofilms. This can be related to the fact that 

biofilms are dense communities that accelerates the spread of mobile genetic 

elements (MGEs). This spread is achieved because of the structural and spatial 

advantage of the biofilm growth mode whilst keeping the conjugative pili intact. Unlike 

conjugation, transformation does not require a physical contact between the donor 

and recipient cells. Free DNA released during cell lysis can serve as the donor for 

transformation.  HGT by transformation occurs frequently in biofilms and this involves 

both small DNA fragments and big elements such as plasmids. Hendrickx, et al., 

(2003) demonstrated that Acinetobacter sp.  BD413 biofilms formed in LB medium 

have been transformed with an exogenous plasmid (pGAR1) carrying a tetracycline 

resistance gene. Also, it has been reported that Acinetobacter sp. BD413 cells in river 
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biofilms were transformed with a mercury resistance plasmid pQM17 (Williams et al., 

1996). 

 

1.15. Traditional and non-traditional strategies for bacterial biofilm 

control  

Treatment of infections caused by biofilms is a challenge as traditional antibiotic 

treatment alone is often insufficient to cure biofilm related infections. However, suitable 

alternative strategies to overcome biofilm resistance and associated infection by 

preventing cell attachment and induce biofilm disruption are in progress. Strategies 

include use of appropriate inhibitors that prevent the attachment of microbial cells, 

interference on the development of biofilm structure, killing of bacterial biofilm cells 

and induction of biofilm detachment (Yang et al., 2012).  

The anti-biofilm potential of various natural antimicrobial compounds has been shown 

to control biofilm formation. Also, more effective anti-biofilm activity of antibiotics has 

been described when these antimicrobials are used in combination with traditional 

antibiotics (synergism) compared to their activity when each agent was used alone 

(Chhibber et al., 2017; Mu et al., 2014). The high antimicrobial activity is more likely 

since each agent acts on different targets. Figure 11 summarises biofilm control 

strategies. 
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Source: (Yang et al., 2012)  

Figure 1.9: Strategies to control biofilm during different growth stages.  

Currently employed experimental biofilm control strategies 

 1.16. Bacteriophages (phages) 

Phages are currently considered as alternative antimicrobial agents and are also used 

in combination with antibiotics to inhibit or disrupt biofilm. Phages are easy and quick 

to produce and since their antimicrobial activity is host specific, they do not affect the 

microbiota when used. Bacteriophages (also known as phages) are viruses that infect 

bacteria. Phages can either reside in the bacterial host genome (lysogenic phages) or 

they destroy/kill the bacteria (lytic phages). The lytic phages are most suitable as 

therapeutic agents. Currently phages are used as alternative therapeutic agent against 

bacterial infections. Phages are selective in action meaning they are active against a 

specific host or host range. Using the microtiter plate method and microscopic 

observation with the transmission electron microscope (TEM), phages have been 
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reported to show positive antibiofilm activity in many bacteria (Dickey and Perrot, 

2019; Nair et al., 2016; Kim et al., 2019; Maszewska et al., 2018; Meng et al., 2011). 

However, in contrast there are reports in the literature that phages can enhance 

bacterial biofilm growth (Henriksen et al., 2019; Lucia et al. 2017; Tan et al. 2015; 

Zainab et al., 2013). Biofilm can confer resistance to phages because of the biofilm 

matrix barrier. Henriksen et al., (2019) reported that treatment of 72h P. 

aeruginosa biofilm with single virulent phages resulted to the growth of large 

microcolonies in flow cell system and they suggested this to be a defense mechanism 

against phage treatment. Tan et al., (2015) reported that strains of Vibrio 

anguillarum reacted differently to vibriophages. In their work, microscopic observation 

with the florescence microscope showed that there was an increase in biofilm 

formation (multilayered cell aggregate formed) when a strain of V. 

anguillarum (PF430-3) was treated with phage (KVP40) after 24h.   Hosseinidousta et 

al., (2013) showed that pre- treatment of 48h P. aeruginosa, S. aureus and S. 

enterica Typhimurium biofilm with species-specific phages, resulted to 4 to 6 times 

greater biofilm formation than the control. Biofilm increase in growth after exposure to 

phages has been attributed to evolutionary and non-evolutionary mechanisms (Tan et 

al., 2015; Hosseinidousta et al., 2013; Lacqua et al., 2006). Bacteria growing in 

biofilms have reduced metabolic activity and this affects the propagation of phages in 

biofilms. Abedon, (2012) reported that low number of phage and the abundance of 

phage resistance bacterial in biofilm is beneficial to the host bacteria as low phage 

number has been observed in situations where biofilm level increased above the level 

of the control during phage treatment (Fernandez et al., 2017). 

 Figure 1.10. shows the life cycle of phage in biofilm. Bacteriophages produce 

depolymerizing enzymes that aids in the degradation of the biofilm impermeable EPS 
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matrix. Phages attach to bacterial cell surface and penetrate through the cell by 

binding to specific surface receptors on bacterial cell wall. In the cell, phage replicates 

resulting in production of large number of bacteriophage (amplification). This releases 

numerous infectious phages into the biofilm capable of spreading through the biofilm 

and infecting other cells. This process can successfully eliminate the bacteria 

producing the EPS material and remove the biofilm. Phage can infect persister cells 

even though the phages are unable to replicate in such cells because they are inactive. 

Phage remain within the cell until such cells reactivate and then commence the lytic 

life cycle. 

 

 

Source: (Gutierrez et al., 2016) 

Figure 1.10: Biofilm destruction by phage (lytic life cycle of phage)  

(1) phage attach to bacterial cell surface by binding its tail fibers to specific surface receptors on the 

cell surface of the host bacteria (2) nucleic acid of phage is injected into the cytoplasm of the 

bacterium. (3) Phage genome replication in bacteria cytoplasm. (4) virion maturation. New phage 

particles are formed by assembly of the phage heads and tails and packaging of the nucleic acid 

inside the heads. (5) Bacterial cell lysis and release of the phage progeny which then infect other cells 

within the biofilm and start a new cycle 
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1.17. Nanoparticles 

The study of materials that range between 1 and 100 nanometers in size is known as 

nanotechnology. Nanoparticles are at the forefront of the rapidly growing field of 

nanotechnology. The use of nanomaterials has been beneficial to the industrial world. 

This technology has created materials with unique physico-chemical properties, high 

reactivity, conductivity, antimicrobial activity, and stability. NPs are usually classified 

as organic, inorganic and hybrid NPs based on the core materials they are made from 

(Liu et al., 2007). Sond and Sondi, 2004 stated that the high stability of inorganic NPs 

(metal and metal oxides) results in more effective antibacterial activities. Novel and 

unique characteristic of nanomaterials makes it relevant in drug delivery includes 

shape, size, large surface area-to-volume ratio and surface charge (Allaker and 

Memarzadel 2014; Raghupathi et al., 2011). The antibiofilm activity of different 

nanoparticles (NPs) have been reported against biofilm cells. This antibiofilm activity 

of NPs is associated with the generation of hydroxyl radicals by NPs, ATP-associated 

metabolism, and permeability of the outer membrane (Algburi et al., 2017).  

El-Gohary et al., (2020) reported the bactericidal activity of the combination of AgNPs 

and hydrogen peroxide on five multiple drug-resistant Gram-negative bacteria to range 

between 6.25µg/ml and 50µg/ml. Ramasamy et al., (2016) demonstrated that AuNPs 

and AgNPs inhibited biofilm formation in P. aeruginosa. S. aureus, E. coli and E. 

faecalis in both single specie and mixed culture biofilm in a concentration dependent 

manner. Gurunathan et al., (2014) reported that AgNPs showed effective antibiofilm 

effect on S. aures, S. pnuemoniae, S. flexneri and P. aeruginosa and could be used 

as an adjuvant to enhance antibiotic activity. Martinez-Gutierrez et al., (2013) reported 

biofilm reduction and inhibition activity of AgNPs on P. aeruginosa, A. baumanii. 

Candida albican and methicillin resistant S. aureus. They showed that 10mg/ml of 

AgNPs effectively prevented or reduced P. aeruginosa cells in established biofilm 
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resulting in 4 log reductions in colony forming unit. Ansari et al., (2014); showed that 

50µg/ml of AgNps was effective in removing 24h old K. pnuemoniae and E. coli biofilm 

from glass slides. 

Due to the increasing research aligned with multi-drug resistant bacteria, 

nanomaterials can also be functionalized/ manipulated by the addition of capping 

agent or coatings to their surface. This method of coating NPs with antibiotics, 

antimicrobial peptides, amino acids is used as an alternative method to treat resistant 

bacteria. Panacek et al., (2016) investigated the effect of AgNPs alone and the 

combination of AgNPs with different antibiotics against S. aureus, E. coli and P. 

aeuginosa. Their results showed the AgNPs reduced the antibiotic MICs and made 

the bacteria susceptible to the tested antibiotics. Furthermore, their study revealed that 

antibacterial effect of the combined therapy was dependent on the antibiotic class. 

They were able to show an enhancing effect for AgNPs and antibiotics against either 

Gram-negative or Gram-positive bacteria by using different mechanisms. This 

suggests that combining NPs with antibiotics could be a possible alternative 

therapeutic strategy against biofilms. Singh et al., (2019) showed that alginate 

nanoparticles effectively penetrated P. aeruginosa biofilm. They also reported 

nanoparticles as a potential antibiofilm agent that will be useful in combination 

treatment against biofilm prevention and reduction. 

The application of new technologies usually tends to raise public concerns on toxicity, 

health, and environmental risks. Studies have reported that silver in nanoform can 

cause adverse effects on humans and the environment. Tonnes of silver are released 

from industrial waste into the environment and exposure to soluble silver can cause 

toxic effects such as liver damage, eye, skin, respiratory and gastrointestinal tract 

irritations, and kidney damage. However, in the twenty-first century, the use of 
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nanosilver has gained much popularity; the same features that make NPs attractive, 

also raise important issues. There are reports that silver NPs are not selective as an 

antimicrobial agent and therefore can kill both harmful and beneficial microbes in the 

environment (Allsopp et al., 2007). The application of nanomaterials is still 

controversial though most research have reported no or minimal risk to health and 

environment for most nanomaterials used. Hussain et al., 2005 tested the toxicity of 

silver in rat liver cells and reported that AgNPs was toxic to the cells even at low 

concentration which manifested as oxidative stress. It was reported that high doses of 

AgNPs causes cytotoxicity on human cells (Liu et al., 2017). As more investigation has 

been carried out on the long- and short-term toxicity of NPs, there should be caution 

on the usage of nanomaterials.   

 

 

 

Source: Qayyum and Khan, (2016) 

Figure 1.11.: Disruption of preformed biofilm by NPs 
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Nanoparticles mechanism of action 

 

Several properties of NPs such as the size, shape, surface area and surface charge 

confer numerous advantages to NPs over conventional antibiotics (Hu and Menco 

2017).  AgNPs are known to cause damage to cell membranes by inducing leakage 

when it infiltrates the membrane. AgNPs in cells can induce reactive oxygen species 

(ROS) generation, forming free radicals that cause strong oxidative stress in the cells. 

This activity leads to a powerful bactericidal action because it alters the DNA structure, 

inhibits protein synthesis and oxidation of lipids (Matsumura et al., 2006; Liu et al., 

2017). Also, released silver ions can react with enzymes, proteins, lipids, and DNA 

releasing ROS and free radical species such as hydrogen peroxide, singlet oxygen, 

superoxide ions and hydroxyl radicals. This can result in the denaturation of ribosomes 

and blockage of translation and transcription process by binding with the genetic 

material of the cell (Prabhu and Poulose 2012; Adhikari et al., 2013). 
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Figure 1.12:  Mechanism of action of NPs on bacterial cell 

Source (Qayyum and Khan, 2016) 

 

The antibacterial activity of Nanoparticles is determined by the following. 

1. Size of NPs 

The extra-small sizes of NPs provide them with substantial advantages, which 

includes high penetrating ability, drug delivery and increased surface area which 

enhances its antimicrobial activities (Baker et al., 2005). The large surface area of NPs 

enhances more intimate interaction between the NPs and bacterial membranes. This 

results in broad antimicrobial activity. For example, AgNPs has a greater surface 

area/volume ratio than the bulk material silver. This characteristic of NPs increases 

the number of interactions with the bacterial surfaces therefore facilitating higher 

antibacterial activity. Smaller size NPs release more radicals, which are the important 

factors needed for bacterial destruction. In metallic NPs, the smaller the nanomaterial 
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the higher the dissolution rate of the ions from the particles. The increased ion 

dissolution results in more ions available for attachment with bacterial surface leading 

to greater bacterial killing (Yeh, et al., 2020; Vassallo et al., 2020) 

Makhluf et al., (2005) reported that when Escherichia coli and Staphylococcus aureus 

where subjected to different sizes (23nm, 18nm,15nm, 11nm and 8nm) of MgO NPs, 

the 8nm which was the least NP size tested showed the greatest inhibition. The size, 

shape and concentration of NPs influences their ability to filter through the membrane 

(Zhang et al., 2007). Nagarajan and Rajagopalan, (2008) demonstrated that smaller 

sizes of ZnO NPs increased their antimicrobial activity. This they attributed to the 

higher number of smaller sizes of ZnO NPs needed to cover a bacterial colony leading 

to the production of more reactive oxygen species which damages bacterial cells. Size 

of NPs and zeta potential are important parameters for bacterial growth inhibition and 

eradication (Azam et al., 2012; Franci et al., 2015). 

2. Shapes. 

There are different shapes of nanoparticles, and the type of shape influences their 

antimicrobial activity. Hong et al., (2016) reported the influence of shape of AgNPs on 

their antibacterial activity. The rod-shaped NPs penetrates bacterial wall faster as 

compared to spherical shape. They related this effect to the contact areas and reactive 

facets. Pal et al., (2007) showed the antimicrobial activity of different shapes of NPs 

on Escherichia coli. Their work revealed that though all shapes tested showed 

antimicrobial activity, the triangular shape nanoparticles was more effective than the 

spherical shape nanoparticles and the rod-shaped NPs have (111) and (100) facets, 

compared to spherical nanoparticles having (100) facets. The greater antibacterial 

activity is linked to the higher facets which posses more atom density and exhibit less 

energy. Also, Slomberg et al., (2013) reported that NPs that are rod like in shape are 
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more effective as anti-biofilm agent compared to the spherical shape NPs. Alshareef 

et al., (2017) reported bactericidal effect of truncated octahedral AgNPs which showed 

bacteriostatic effect.  

 

3. Charges. 

The surface charge of NPs is dependent on their zeta potential. The zeta potential is 

the electric charge on the surface of the NPs. The magnitude of the zeta potential 

determines the stability. A higher positive charge of NPs enhances its stability and the 

attachment of NPs to the negatively charge bacterial cell walls leading to cell damage 

through direct interaction or free radical production (Jiang et al., 2009). Positively 

charged NPs shows strong affinity to negatively charged bacterial cell wall and tightly 

adhere and fuse with the bacterial cell wall (yeh et al., 2020. The positive surface 

charge in the NPs has led to bacterial cell damage which is a mode of antibacterial 

action of NPs. 

 

1.18. Alternatives to antibiotics - Plant extracts 

There has been a great interest in finding new plants for medicinal purposes. Medicinal 

plants are generally herbs which contain substances that are useful as therapeutic 

agents and are widely used in traditional medicine to treat diseases. The use of 

medicinal plants has a long history which was established long before the advent of 

pharmaceutical drug industry. Traditional (or herbal) medicine has existed worldwide 

in antiquity, and it depends on observation or past experiences. Early attempts to cure 

diseases made use of native plants and their extracts. In ethnomedicinal (traditional) 

treatment, a plant is either cooked, soaked in water or local wine, or eaten raw.  Plant 

leaves, roots, bark, fruits, seeds, flowers, and stems can be used, and many have 

been validated with medicinal value which depends on substances in the plant known 
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as phytochemicals (Oyeyemi et al., 2018). Many antiseptics are phytochemicals. The 

increased use of antibiotics from specific filamentous bacteria or fungi in the treatment 

of bacterial infections has led to the emergence of multiple drug resistant (MDR) or 

AMR. This has become a major cause of failure in the treatment of infectious diseases 

and necessitates the discovery of new classes of compounds that inhibits or avoids 

bacteria resistance mechanisms (Gibbons 2005). 

 Ethnomedicinal treatments from plants presents as a promising alternative to combat 

MDR. Extracts of medicinal plants are known to show bacteriostatic or bactericidal 

effect and contain components which are useful for treatment or for drug production 

(Gibbons et al., 2005). Some plants used in West Africa to control illnesses have been 

screened and shown to have medicinal value. Quave et al., (2008) revealed that 

ethnomedicinal plants used for the treatment of skin and soft tissue infections in Italy 

showed antibiofilm activity compared to plants that have no traditional application. 

Gislene et al., (2000) studied the antibacterial activity of some plant extracts and their 

findings suggest that they can be used in the treatment of diseases caused by resistant 

bacteria and potentially could be useful as antimicrobial agents.  Plants such as 

Vernonia amygdalina commonly called bitter leaf, Azadirachta indica also known as 

neem and Ocimum gratissimum (Basil) have been used in the treatment of diverse 

conditions such as stomach discomfort, cough, and fever traditionally (Oyeyemi et al., 

2018). The ethnomedicinal value of plants results from their bioactive compounds 

examples of which constituents are tannis, alkaloids, flavonoids, and phenolic 

compounds. In West African Countries V. amygdalina is a valuable medicinal plant. 

The leaves of V. amygdalina are green with characteristic bitter taste reflected in the 

local name bitter leaf and can be used as antimalarial, antibacterial and antiparastic 

agent (Okigbo and Mmeke, 2008; Alo et al., 2012; Ghamba et al., 2014; Udochukwu 
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et al., 2015). Evbuomwan et al., (2018) assessed the antibacterial activity of V. 

amygdalina leaf extract on selected pathogens. Their results showed that V. 

amygdalina has potential bioactive compounds that are responsible for its antibacterial 

activity. Therefore, investigating the antibiofilm activity of plants recognized for 

medicinal effect could show great potential in controlling biofilm infection. 

1.19.  Quartenary ammonium biocide 

Quaternary ammonium compound (QACs) biocide also known as quats are cationic 

surfactants (positive charged surface-active agents). They reduce surface tension, 

form micelles, and allow dispersion in liquid (Gerba, 2015). QACs came into 

widespread use after World War II and their low toxicity and ability to be formulated 

for specific purpose and to target specific microorganisms account for their widespread 

application. QACs are added to numerous products for cleaning, disinfecting, and 

sanitizing surfaces both in food and health care industries (Gerba, 2015). Examples 

of QACs include cetrimonium, cethexonium bromoides, methylbenzethonium and 

benzalkonium and benzethonium. Generally, the activity of quartenary ammonium 

biocide varies significantly as it is based on the respective formulations of the 

compound.  

The primary mode of action of QAC is the disruption of the structure and function of 

microbial cell membranes and QACs have shown bactericidal, fungicidal and virucidal 

activities. The antimicrobial activity of QACs can be affected by anionic surfactant and 

fat-containing substances. Some QACs are used at low concentrations as antiseptics 

examples includes biguanides- chlorhexidine (chlorhexidine gluconate, CHG) and 

polyhexamethylene biguanide (Vantocil) (Chauret 2014). Figure 1.13 shows the basic 

structure of a QAC.The basic QAC structure consist of the central nitrogen (cation 

portion) with four attached R groups, R1, R2, R3, and R4 representing a variety of alkyl 



62 
 

or aryl groups (Chauret, 2014). The anion portion (X) is negatively charged and is 

usually chlorine or bromine linked to the nitrogen to form the QAC salt.  

 

 
 

Figure 1.13.: Basic structure of QAC. Source: (Gerba, 2015) 

 

QACs can be further classified based on the nature of the R groups. This variation 

includes branching of the carbon chain, number of nitrogen atoms and the presence 

of aromatic groups. These variations affect the antimicrobial activity of the QAC in 

terms of mode of action against different groups of organisms and dose. The length of 

the carbon chain in the R groups influences the quality of QACs as a disinfectant. 

Carbon chain between C8 to C18 usually show the greatest antimicrobial activity.  

Several antimicrobial products contain a mixture of QACs and other adjuncts to 

enhance their efficacy and target a specific organism or group of organisms (Moore et 

al., 2008). The different chemical structures available with QACs from first generation 

(Benzalkonium, alkyl chains, C12 to C18) to seventh generation (Bis-QACs with 

polymeric QACs) allows for evolution of their effectiveness and extension of their 

applications over the last century. This has led to continuous increase in efficacy while 

reducing toxicity and cost (Gerba, 2015). 

The effective pH range for QACs is between pH 3 and pH10 with optimum activity 

around neutral pH. QACs have the advantage of being stable when diluted and are 

non-corrosive in nature. QACs are affected by organic soil, and they cling to surfaces 
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thus may be difficult to rinse off, resulting in taint problems. Chauret, (2014) reported 

that QACs are more effective against Gram – positive bacteria compared to Gram- 

negative bacteria and have limited activity against bacterial spores.  

Mechanism of action of QACs.  

QACs are positively charged thus they are attracted to the cell wall surface causing 

cell surface structure disruption and then penetrating the cell membrane. In the cell 

membrane, QACs interacts with phospholipids, causing disruption of membrane 

structure and function because of leakage of cytoplasmic components. These effects 

lead to cell death and loss of viability of microbial cells (Chauret, 2014). QACs are 

membrane-active agents and interact with the cytoplasmic membrane of bacteria and 

plasma membrane of yeast. The hydrophobic activity of QACs makes them effective 

against lipid-containing viruses. QACs can interact with intracellular organelles and 

bind to DNA (Gerba, 2015).  

The mode of action of QACs against organisms follows a series of events; (1) 

Attachment and penetration of the cell wall; (2) Reaction with the cytoplasmic 

membrane (lipid or protein) (3) Leakage of intracellular material (4) Proteins and 

nucleic acids degradation and (5) Lysis of cell wall caused by autolytic enzymes. The 

nonspecific/multitarget mode of action of QACs makes it difficult for resistance to 

develop (Gilbert and McBain, 2003). This means that mutation in a single target is 

unlikely to result in treatment failure because there are other target site for action. 

Meyer and Cookson (2010)   in their review analysed the resistance to biocides used 

in the health care industry and they concluded that the reasons for resistance to QACs 

was not clear. They suggested that resistance could be related to cross resistance, 

over dilutions of compound and incorrect handling of product. Also, efflux pumps can 



64 
 

cause biocide resistance. Efflux pumps can be induced by natural products, household 

chemicals, antibiotics, and biocides. Ortega, (2013); Weber and Rutala, (2006).   

1.20. Research gap 

C. perfringens strains can form biofilm-like structures either in their natural 

environment or in host tissues and this is considered as a major factor for its 

persistence in the host. There is a growing appreciation that the persistence of biofilm 

in the body contributes to the reoccurrence of diseases or chronic infections (Hall and 

Stoodley, 2005).  The economic importance of biofilms has increased focus on the 

investigation of microbial biofilms and it’s regulating factors (Jefferson, 2004). For 

several infections and opportunistic pathogens, the role of bacterial surface 

communities has been established and well-studied although not in C. perfringens. C. 

perfringens biofilms have not been studied extensively compared to other pathogenic 

bacterial species although initial attempts demonstrated in vitro biofilm formation (Vigal 

et al., 2008). Donelli et al., (2012) reported that C. perfringens forms mono species 

biofilms but the ability of C. perfringens to form mono, dual and mixed species biofilm 

was reported by Pantaleon et al., (2014). Investigations have revealed that strains of 

C. perfringens can display various biofilm phenotypes (Charleboise et al., 2014) and 

it is very likely that persistence and strong biofilm phenotypes will be associated more 

frequently with certain isolates. Therefore, extensive study of C. perfringens biofilms 

could be key in understanding the ecological diversity existing amongst strains. 

Research has revealed that microbial biofilms are naturally more tolerant to antibiotic 

administration than planktonic bacteria. Varga et al., (2008) reported that cells in 

biofilm showed 5 to 15-fold increase in survival rate compared to planktonic cells after 

exposure to penicillin G. Charlebois et al., reported in 2017 that biofilm formed by C. 

perfringens were resistant to common disinfectants applied in farms and food 
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industries even as mono or dual species biofilms. C. perfringens biofilm formation has 

been shown to be influenced by temperature, growth media and type IV pili (Varga et 

al., 2008). Other studies have characterized the biofilm of C. perfringens and have 

studied the structure of their exopolymeric components, namely polysaccharides and 

proteins (Type IV pilus) (Varga et al., 2008; Obana et al., 2014; Charlebois et al., 

2014). Charleboise et al., (2014) revealed the presence of beta-1,4 linked 

polysaccharides and (extracellular) DNA in C. perfringens biofilm. Obana et al., (2014) 

reported that temperature regulates biofilm morphology in C. perfringens, 

demonstrating that biofilm growth at 370C was more adherent (compared to biofilm 

formed at 25°C) which up-regulated AbrB and pilA2 which encodes a subunit of the 

type IV pili.  Recently, Vidal et al., (2015) reported that CpAL regulates C. perfringens 

toxins (CPA and PFO) needed for the formation of biofilm structure. Furthermore, the 

transcription of the genes cpa and pfoA were up regulated in biofilm compared to 

planktonic cells. More recently, Charleboise et al., (2017) gave an insight on gene 

expression in C. perfringens biofilm. Their work showed the down regulation of 

virulence genes, energy production and quorum sensig genes whilst the up regulation 

of defense mechanism genes, EPS biosynthesis, sporulating genes and oxidative 

response genes occurred. Though studies have reported the persistence of C. 

perfringens biofilms following antimicrobial treatment, to our knowledge there has 

been no report on the influence or importance of isolate origin on biofilm formation or 

on antibiotic tolerance. Furthermore, to help prevent and control biofilm persistence, 

the need of the hour is to devise alternate therapeutic strategies. 
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1.21. Research Aim and objectives 

The aim of this research was to assess for biofilm formation in the anaerobic 

pathogenic bacterium C. perfringens and to test the antibiofilm effect of alternative 

antimicrobial agents. The specific objectives of this research were as follows.  

 
1. To evaluate and compare any difference in biofilm forming abilities of C. 

perfringens isolated from diverse sources - either preterm human neonate, free 

range poultry environment or broiler chickens. 

2. To investigate the effect of growth temperature on C. perfringens biofilm 

formation in terms of density achieved.  

3. To compare the differences in susceptibility to antibiotics of C. perfringens 

biofilm and planktonic cells in vitro 

4. To investigate any antibiofilm activities of gold and silver nanoparticles on C. 

perfringens preformed biofilm. 

5. To investigate the antibiofilm activities of medicinal plants extract on biofilm. 

6. To determine the activity of quartenary ammonium compound - Acquorsol 

solution on planktonic and biofilm cells. 
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CHAPTER TWO: 

 

GENERAL MATERIALS AND METHODS 

2.1 Chemicals and reagents 

List of growth media, chemicals, commercial kit, equipment, consumables, and their 

manufacturers are presented in Appendix A. 

2.2 Preparation of growth media and solutions 

Recipes for solutions and growth media used in the different experiments are provided 

in Appendix B. Manufacturers’ specification was followed in preparation of all solutions 

and growth media. 

 

2.3 Cleaning and sterilization of materials 

Materials such as glassware and pipette tips were carefully wrapped and sterilized by 

autoclaving at 121°C for 15min. Used glassware was washed with clean tap water and 

detergent prior to sterilization. Also, broth culture, used agar plates and all materials 

that were contaminated were placed in autoclave bags and autoclaved prior to 

disposal.  

 

2.4 Bacterial isolates used in this study. 
 

A total of fifty-four (54) isolates of C. perfringens were used in this study (Table 2.1). 

Nineteen (19) of the isolates were from faecal samples taken from preterm neonates 

diagnosed with Bell stage 3 of necrotizing enterocolitis (NEC) hospitalized in the 

neonatal intensive care unit in St Mary’s Hospital, Paddington, London. Seventeen 

(17) of the isolates were recovered from various body parts from broiler chickens 

diagnosed with clinical or subclinical cases of necrotic enteritis (NE) and apparently 
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healthy chickens from a poultry farm in the UK. The final eighteen (18) isolates of C. 

perfringens were obtained from free range poultry farm environment in the UK (faeces, 

soil, litter beddings, wall). The isolates used in this study were isolated and identified 

as C. perfringens by Brown, (2018) using conventional cultural methods (growing in 

selective agar and gram staining) and molecular methods (PCR). C. perfringens ATCC 

13124 strain was used as a positive control for biofilm formation in the laboratory. All 

isolates were stored at -800C in BHI with 30% glycerol stock until used.  Before each 

experiment, the stock culture was streaked onto tryptose sulphite cycloserine agar 

(TSC) plates and incubated in anaerobic chamber at 37°C for 24hrs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 2.1: Clostridium perfringens isolates used in this study. 

  S/n                                                    C. perfringens isolates ID                          Source  
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1       N20.1               preterm neonate   

 

2     N143.2                            preterm neonate   

 

3     N88.5               preterm neonate   

 

4     N88.1           preterm neonate    

 

5     N88.7         preterm neonate    

 

6     N88.3          preterm neonate   

  

7     N20.2    preterm neonate   

 

8     N143.6               preterm neonate   

 

9     N88.9      preterm neonate   

 

10     N88.6              preterm neonate 

 

11     N88.11               preterm neonate   

 

12     N88.4                preterm neonate   

 

13     N20.13                           preterm neonate   

 

14     N88.2               preterm neonate  

  

15     N143.5                          preterm neonate 

  

16     N143.4                         preterm neonate  

 

17     N143.8                          preterm neonate 

 

18     N143.1               preterm neonate   

 

19     N88.12               preterm neonate       

  

20     E139               free range poultry 

 

21     E25               free range poultry 

 

22     E135                free range poultry 

 

23     E61                free range poultry 

 

24     E32               free range poultry 

 

25     E2               free range poultry 

 

26     E55                free range poultry 

 

CONTINUATION 

27     E38                free range poultry 

 

28     E133                free range poultry 

 

29     E15                 free range poultry 
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30     E132    free range poultry 

 

31     E60                free range poultry 

 

32     E70               free range poultry 

 

33     E14                free range poultry 

 

34     E130    free range poultry  

 

35     E11               free range poultry 

 

36     E5              free range poultry 

 

37     E6            free range poultry 

 

38     C33               chicken clinical 

      

39     CG36              chicken clinical 

      

40     CI058                chicken clinical 

 

41     CG43             chicken subclinical 

  

42     CCR35             chicken subclinical 

 

43     CG34             chicken subclinical 

 

44     CG26            chicken subclinical 

      

45     CG35             chicken subclinical 

      

46     CG57              chicken subclinical 

 

47     CG25                         healthy chicken 

 

48     CG27                        healthy chicken 

  

49     CCR27            healthy chicken 

 

50     CJ29            healthy chicken 

  

51     CC24             healthy chicken 

 

52     CCR24             healthy chicken 

 

53     CCR37            healthy chicken 

      

54     CI056             healthy chicken 
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Antimicrobial agents  

2.5. Antibiotics 

Four antibiotics of different categories (drug class and mode of action) were used in 

this study. These antibiotics are administered to chickens either as antimicrobial 

growth promoter or to keep chickens healthy. Gentamicin (aminoglycoside /broad 

spectrum protein synthesis inhibitor), tetracycline (tetracyclines/broad spectrum 

protein synthesis inhibitor), penicillin (beta lactam/narrow spectrum inhibitor of 

bacterial cell wall synthesis) and bacitracin (polypeptide/ broad spectrum inhibitor of 

cell wall synthesis). Bacitracin is consistently used as an antibiotic growth promoter in 

the poultry industries.  

Antimicrobial stock solutions 

The stock solution for antibiotic used were prepared by dissolving antibiotic powder in 

deionised water in sterile universal bottles and then stored at 4°C.  

  

2.6 Gold and silver nanoparticles 

Silver nanoparticles (AgNPs) and gold nanoparticles (AuNPs) have demonstrated 

broad spectrum antimicrobial effect against both Gram-positive and Gram-negative 

bacteria but there is no report in the literature of their antimicrobial activity on 

Clostridium perfringens. AgNPs were received as a gift from Dr Mark Baron, School 

of Chemistry, University of Lincoln. The average particle size (APS) was 31.2 nm 

diameter, zeta potential (mv) = 28.4 (minimal significant), uv-in was 390 (absorbance) 

and pH = 8.5 and the purity 99.9%. Gold nanoparticles were purchased from BBI 

solution UK (bbisolutions.com). Average particle size was 80nm (Product code EM 

GC80). 

 

Calculation of Nanoparticles concentration 
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10mg of gold and silver nanoparticles was used. To calculate the concentration of 

nanoparticles in the stock solution, the following steps were performed. 

Weight of empty Eppendorf = 0.49g 

Weight of rack   = 24.48g 

Weight of Eppendorf + rack = 28.97g 

Weight of Eppendorf containing 200µl of NPs solution + rack = 29.17g 

Weight of NPs =0.2g 

Weight of Eppendorf containing 200µl of NPs solution + rack after centrifuging = 

28.98g 

Weight of Eppendorf containing 200µl of NPs solution + rack after centrifuging - Weight 

of Eppendorf + rack = 28.98g-28.97g = 0.01g = 10mg 

 

2.7. Leaf extract of medicinal plants 

The antibiofilm activity of the ethanolic extract of three medicinal plants from the tropics 

were used. These are Vernonia amygdalina (common name - bitter leaf), Ocimum 

gratissimum (common name - scent leaf) and Azadirachta indica (Neem tree). These 

plants have been used traditionally for the treatment of various diseases and though 

there are scientific reports of their antimicrobial activity no report has been published 

on their specific antibiofilm effect. 

To prepare the leaves for testing, they were washed thoroughly with distilled water 

and then air dried at room temperature before grinding into a fine powder in a sterile 

blender. The extract was prepared by weighing 12g of each ground sample and 

soaking in 100ml of 60% ethanol at room temperature for 72h with regular stirring. The 

plant extract was filtered using a Whatman no.1 filter paper. The filtrate was then 
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evaporated using a rotary evaporator to obtain the crude extract with a final 

concentration of 20mg/ml. The extract was stored at 4°C until required. 

 

2.8 Biocide 

This work studied the antimicrobial properties of a novel compound acquorsol which 

is a QAC on C. perfringens to test for any antimicrobial activity. QAC is a common 

biocide primarily used as an intervention option against pathogenic bacteria on 

surfaces in healthcare facilities. Recontamination of surfaces, after disinfection, is a 

serious concern, therefore there is need to develop disinfectants that could prevent 

surface contamination and extend activity by exhibiting residual antimicrobial effect 

post disinfection. 

 

2.9 General methods and procedures 

  

Adequate care was taken during experiments to ensure all tests were carried out 

aseptically. The experiments were either carried out in a category II biohazard cabinet 

or on a working bench with a flaming bunsen burner. Work bench was wiped with 

alcohol and pipette was wiped with tissue soaked in alcohol. Glassware and pipette 

tips were sterilized by autoclaving before use to avoid any contamination. Disposable 

gloves were changed frequently to avoid contamination. Reagents were prepared from 

analytical laboratory grade chemicals. Deionized water was used as the solvent for 

most solutions. Weighing balance (Sartorius) was used to weigh dry chemicals. 

Appropriate pipettes were used for dispersing solutions with volumes ranging from 0.5-

10μl, 2-20μl, 20-200 μl, 200-1000μl, 1-2 ml, 2-5ml and 5-25 ml. Measuring cylinders 

were used to measure volumes over 50ml. Media and reagents used were sterilized 

at 121°C for 15 min in a bench top autoclave after dissolving thoroughly in the solution. 
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Media and reagents were either stored at room temperature, in 55°C incubator or in a 

4°C refrigerator according to manufacturers’ instructions. 

 

2.10. Planktonic bacteria culture 

Planktonic culture was prepared by taking three to four colonies of bacteria from an 

overnight bacterial culture on TSC agar plates. This was inoculated into 10ml of BHI 

broth and incubated at 37°C for 3 to 4h to obtain midlog phase culture. Growth curve 

for C. perfringens bacterial isolates is shown in appendix C. 

 

Biofilm assay procedure 

2.11. Biofilm growth in polystyrene well plates 

C. perfringens biofilm were grown in 96 well microtiter plate which is a high through 

put method for biofilm assay and an effective method of growing anaerobic bacteria.  

Following an established method by Stepanovic et al., (2007); Donelli et al., (2012) 

with some modification. Isolates were grown on Tryptose sulphite cycloserine (TSC) 

agar by inoculating a loop (10µl) from C. perfringens stock broth recovered on agar 

plates. This was incubated at 37°C for the required growth period in an anaerobic 

chamber. 3 to 4 colonies from the overnight culture plates were inoculated in 10ml of 

brain heart infusion (BHI) broth and incubated in an anaerobic cabinet without shaking 

at 37°C for 3 to 4h. The optical density of the log phase broth culture was determined 

using a spectrophotometer (at 570nm) and when the optical density was 0.3, the 

inoculum was distributed. (The number of cells in the broth culture was confirmed as 

approximately 107CFU/ml by plating on sterile TSC agar plate for 24h at 37°C both 

aerobically and anaerobically). Each well of the 96 well plate (83.3924 TC-plate 96 

Well Standard.F SARSTEDT, Germany) was filled with 200μl of the broth culture. 

Three independent experiments were performed for each isolate and each experiment 
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was replicated (three replicates for each sample and three repeats). For each 

experiment, three wells of the 96 well plate was filled with 200μl of the sterile broth to 

serve as negative control (no bacteria). ATCC 13124 was used as a positive control 

for biofilm formation. The plates were sealed with ‘parafilm’ to minimize evaporation 

and incubated anaerobically at 37°C in an anaerobic chamber connected to a 

compressed gas cylinder with a mixture of 95% nitrogen gas and 5% hydrogen gas. 

Because C. perfringens is an anaerobe and shaking were not necessary, growth was 

allowed to continue without shaking for the required number of days.   

2.12. Biofilm quantification (Crystal violet staining) 

To ascertain the level of biofilm produced, after the required growth period, the 

bacterial broth culture was carefully aspirated with pipette and the wells were rinsed 

three times with 200μl of sterile quarter strength Ringer’s solution per well to remove 

non-adherent bacteria cells. Adherent cells in the wells were heat fixed at 55°C for 1hr 

and 150μl of crystal violet (Pro-lab diagnostic) was added into each well for 10mins to 

stain biofilms. Afterwards, the crystal violet in the wells was discarded and the wells 

were rinsed with deionized water several times to remove excess stain. The tissue 

culture plates were tapped on paper towels to remove excess water in wells and then 

allowed to dry facing down. When wells were confirmed dry, 150µl of 33% acetic acid 

was added to biofilm in wells to solubilize the biofilm for 10mins. The absorbance value 

of each well was read with a microplate reader (BMG lab tech) at 570nm. This value 

determined the level/quantity of biofilm formed. Biofilm formation was determined by 

calculating the cut off OD (ODc) which is 3 standard deviations of the negative control 

added to the average optical density of the negative control. As described by 

Stepanovic et al. (2007), values less than ODc indicates no biofilm, values greater 

than ODc but less than 2 x ODc indicates weak biofilm. Values greater than 2 x ODc 

and less than 4 x ODc indicates moderate biofilm while values greater 4 x ODc 
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indicates strong biofilm. The average values obtained from three replicates of three 

repeats for each isolate were calculated and used for the determination of biofilm 

phenotype. 

 

 

 

 

Figure 2.1: Microtitre plate for detecting biofilm formation showing solubilised 
adherent cells in wells.  

The density of purple colour that appear after the addition of acetic acid indicates the extent of biofilm 

production. a; (negative control), b; (weak biofilm class), c; (strong biofilm class) and d; (moderate 

biofilm class). 

                                                                                                                                                                      

2.13. Total viable cell counts  

Biofilm was produced in wells of 96 well plates as described in section 2.10. Planktonic 

cells in the wells were removed and wells were washed gently with 200µl of sterile 

quarter strength Ringer’s solution. Sterile pipettes were used to gently scrape adherent 

biofilms from wells and suspended in quarter strength Ringer’s solution. A tenfold 

serial dilution was performed by pipetting 180μl of quarter strength Ringer’s solution 

into wells in a new microtiter plate.  20μl from the bacterial suspension was transferred 
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into well A1, content was mixed by pipetting up and down before transferring 20μl to 

well A2 and this continued until the 8th dilution (10-1 to 10-8 dilution). After dilution, 10µl 

of each dilution was plated on TSC agar plates (spot plate) and plates were incubated 

overnight at 37°C in an anaerobic chamber. To check that the cells were scrapped 

properly, crystal violet staining was performed on scrapped wells. Also, sterile broth 

culture was added onto wells and plates were incubated overnight to check for growth.  

and broth culturMicrobial loads of the adherent biofilm were reported in colony forming 

unit per ml. To calculate the number of biofilm cells per ml (CFU/ml) in the sample, the 

number of colonies was multiplied by the dilution factor and the result was divided by 

the volume of diluted cell suspension plated (inoculum).  

CFU/ml = (Number of visible cell colonies X dilution factor)/ volume of inoculum 

plated  

2.14. Coverslip biofilm assay 

Colonies of bacteria from overnight culture on TSC agar plates were inoculated in BHI 

broth and incubated anaerobically at 37°C for 3 to 4h to attain mid log stage and OD 

values of 0.3. 3ml of the broth culture was transferred into appropriate wells in 12 -well 

microtiter plates containing sterile broken pieces of microtiter plates. Plates were 

sealed with parafilm and incubated at 37°C anaerobically for the required growth 

period. After the period of incubation, growth medium was aspirated from the wells 

and coverslips were washed three times with sterile quarter strength Ringer’s solution. 
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Figure 2.2: Broken pieces of microtiter plate in 12 well plate containing C. 
perfringens bacterial broth culture.  

 

Microscopy 

2.15. Light microscope 

The ability of C. perfringens to adhere to surfaces was determined using a glass 

coverslip and imaging with a light microscope. C. perfringens broth culture (3 to 4h 

growth) were standardized to 0.3 optical density at 570nm and 3ml was transferred 

into 12 well plates containing coverslip. Following incubation at 37°C for the required 

growth period, coverslips were gently washed in sterile quarter strength Rimger’s 

solution, heat fixed and then stained with 2% crystal violet for 10mins. Adherent 

bacterial cells were imaged using 10X and 40X objectives giving overall magnification 

of 100X or 400X magnification. 

2.16. Confocal laser scanning microscopy  

Leica SP8 Confocal Microscope was used, and biofilm was imaged using the oil 

immersion objective 63X. Biofilms was grown on coverslips by transferring 3ml of C. 

perfringens mid log stage broth culture into 12 well microtitre plates containing 

coverslips glass.  Coverslip placed in well with sterile BHI broth was used as control. 

This was incubated anaerobically for the required growth period and coverslips were 



79 
 

washed three times with 0.85% NaCl before staining. LIVE/DEAD BacLight™ Bacterial 

Viability Kit (Invitrogen, Molecular Probes Ltd) was used to determine the viability of 

the biofilm population and to estimate bacterial counts. BacLight™ is composed of two 

nucleic acid-binding stains: SYTO9 and propidium iodide. SYTO9 is a membrane 

permeate dye that penetrates all bacterial membranes and stains the cells green. 

Propidium iodide (PI) can penetrate only dead cells or cells with compromised cell 

membranes and the combination of both stains in a cell produces a red fluorescing 

cell (Boulos et al. 1999). Dyes were stored in the freezer at -20°C and thawed before 

use. 3µl of each dye was used and the dyed biofilms were incubated at 25°C for 15min 

in the dark. A drop of BacLight mounting oil (refractive index 25°C= 1.517 +/- 0.003) 

was added to the biofilm and a coverslip glass (High precision coverslips Marienfold, 

Ref 0107032 was placed on the top of it and imaged with the CLSM. The 

excitation/emission maxima for these dyes are about 480/500 nm for SYTO 9 stain 

and 490/635 nm for propidium iodide. 

2.17. Scanning electron microscopy  

Biofilms are established on glass cover slips or the bottom of polystyrene plates as 

described in section 3.2.2.4.2. After biofilm formation on microtiter plates or cover 

glass, surfaces were washed 2 times in quarter strength Ringer’s solution and further 

washed in 0.1M potassium phosphate buffer (pH 7.2) for 3min at room temperature.  

Biofilm on plastic or glass surfaces were fixed by immersing the surface in 2.5% 

glutaraldehyde solution for 2h at room temperature. Thereafter, cover slips were 

washed 2 times in deionised water for 2mins each time. This was followed by 

dehydrating in graded series of ethanol 20%, 40%, 60%, 80% and 100% for 10mins 

each. After this, hexamethyldisilazane was used to freeze dry the sample for 10 

minutes. Samples were mounted on aluminum stubs using an adhesive and coated 

with gold by sputtering prior to imaging (Eales et al., 2018). Samples were inserted 
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into SEM chamber and beam of electron from an electron gun is used to produce a 

magnified image of the sample which is visualized in the computer.  

 

2.18. Antimicrobial susceptibility testing 

The minimum inhibitory concentration (MICs) of antimicrobials for planktonic cells in 

log phase were determined conventionally with the broth microdilution method as 

described by Clinical and Laboratory Standards Institute (CLSI, 2004). Briefly, 

bacterial culture at mid-log phase were diluted using sterile BHI broth to reach a 

bacterial cell density of about 1×106CFU/ml. 100μl of the diluted bacterial suspension 

were added to 100μl of two-fold serially diluted antimicrobial solutions in wells of 96 

well microtiter plates and cultures were incubated in anaerobic chamber for 18- 24hr 

at 37°C. The MICs were determined by reading the absorbance in each well with the 

microplate reader. The lowest concentrations of antimicrobial agents that prevented 

turbidity after 18-24hr incubation were observed to have optical density of 0.1 or less.  

2.19 Statistical analysis 

Statistical analysis of the data was performed using R software version 4.0.3. 

Normality test of the data was checked by Shapiro-Wikinson normality test and 

Kruskal-Wallis test was performed to compare the means of multiple samples. 

Comparison of means of two samples was performed using t test or Wilcoxon test. All 

experiment results were expressed as mean ± standard deviation (SD) and each 

experiment was replicated at least two times. The test was considered statistically 

significant where p value was p<0.05  

 

 

  

 



81 
 

    CHAPTER THREE: 

BIOFILM FORMATION AND ANTIBIOTIC SUSCEPTIBILITY 

PATTERN OF PLANKTONIC AND BIOFILM GROWN 

Clostridium perfringens IN VITRO 

 

3.1. Aims and objectives of study 
The aim of this chapter is to evaluate the biofilm forming potential of C. perfringens 

recovered from a variety of sources.  Specific objectives were, 

(1) To determine the effect of temperature and time on C. perfringens biofilm formation 

(2) To compare susceptibility of C. perfringens planktonic and biofilm cells to different 

antimicrobial classes. 

(3) To compare biofilm susceptibility to antibiotics during their different growth stages 

in vitro. 

 

3.2 Influence of growth temperature / time point on C. perfringens 

biofilm formation.  
The difference in biofilm formation by C. perfringens when grown at different 

incubation temperatures was investigated on isolates from the different sources (n = 

23). Tissue culture plates for growing biofilm were incubated in the anaerobic cabinet 

at 30°C, 37°C and 44°C, respectively because C. perfringens is known to have a growth 

temperature range between 15°C to 55°C and an optimum temperature of between 

43°C to 47°C.  3 to 4h BHI broth culture of C. perfringens was standardized to 0.3 

optical density (107 CFU/ml). Biofilm was grown for the required period following the 

methods stated in sections 2.10 and 2.11. Biofilm formation was assessed after 24h 

growth period. The biofilm ‘class’ of each isolate was determined based on the method 
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by Stepanovic et al., 2007. The experiment was conducted in triplicate and three 

separate experiments were performed. Subsequently analysis was performed to 

identify the best time for screening large number of C. perfringens isolates for their 

biofilm forming capability. 

3.3. Determination of optimum period of incubation for biofilm 

formation 

The optimum period of incubation to determine the growth of mature biofilm was by 

inoculating C. perfringens broth culture grown for 3 to 4h (OD570nm 0.3) into wells of 96 

well microtiter plates and incubating at 37°C based on results from section 3.3. They 

were grown in an anaerobic chamber for 1 to 4 days, respectively. The extent of biofilm 

formed in the wells were determined each day by the crystal violet staining assay and 

viable cell counts as described in sections 3.11 and 2.12 Each experiment was 

replicated, and it was repeated on three separate occasions. For crystal violet staining, 

the average optical density of test and control wells was determined using a microplate 

reader and the cut off OD (ODc) was calculated as described by Stepanović et al. 

(2007).  

3.4. Screening of C. perfringens isolates for biofilm formation  

The biofilm forming potential of 54 C. perfringens isolates from a variety of sources 

and the positive reference control (ATCC 13124) was evaluated in BHI broth at 37°C 

following 48h incubation based on results from preliminary experiments in this study. 

3 to 4h broth culture was standardized to OD570nm
 = 0.3 (~ 107 CFU/ ml) for biofilm 

assay. Each isolate was screened for their biofilm potential in three independent 

experiments and each experiment had three replicates. The cut off OD (ODc) was 

determined for each growth condition separately. The ODc is defined as 3 standard 

deviations (SD) of the negative control added to the average optical density of the 

negative control (uninoculated medium/ sterile broth) (Stepanovic et al., 2007). Biofilm 
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formation of the isolates were assessed and classified as weak biofilm formers, 

moderate biofilm formers or strong biofilm formers based on the method published by 

Stepanović et al. (2007). In summary,    

OD ≤ ODC = no biofilm   

ODC < OD ≤ (2 × ODC) = weak biofilm   

2 × ODC   < OD ≤ 4 × ODC = moderate biofilm   

4 × ODC < OD = strong biofilm.   

 

3.5. Comparison of antibiotic susceptibility profile of C. perfringens 

grown either planktonically or as a biofilm.  

The minimum concentration of four different classes of antibiotics; gentamicin 

(aminoglycoside), tetracycline (protein synthesis inhibitor), penicillin (β-lactam 

antibiotic) and bacitracin (polypeptide) that inhibits the growth of planktonic and biofilm 

grown cells was determined as described by Balouiri, et al., (2016). Broth microdilution 

assay for assessing minimum inhibitory concentration (MIC) of antibiotics was used. 

For planktonic grown cells, bacteria broth culture at midlog phase of growth was 

diluted using sterile broth to 0.01 optical density (106 CFU/ml). 100 µl of diluted broth 

culture was added to 100 µl of tested antibiotics. To determine the MICs for C. 

perfringens in biofilm, 100 µl of antibiotic was added to wells in microtiter plate holding 

pre-formed biofilm.  

 Minimum inhibitory concentration of planktonic cells 

The antibiotic susceptibilities of selected isolates (n = 33) were determined using the 

broth microdilution method in microtiter plates. For planktonic grown cells, MIC was 

determined by inoculating single colonies from 24h TSC agar grown cultures in BHI 

broth, and this was incubated at 37°C in an anaerobic chamber for 3 to 4h. The 

antimicrobial challenge plates of tested antimicrobials (penicillin, gentamicin, 
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tetracycline, and bacitracin (Sigma) were prepared and were all tested at 2-fold 

concentrations between 0.13 μg/mL and 256 μg/mL. 100 µl of each concentration of 

the antimicrobial was transferred into wells of 96 well tissue culture plates (triplicate 

for each concentration). Broth culture was adjusted to 106CFU/ml and 100µl was 

added to each well in the challenge plate. Wells containing broth culture with no 

antibiotics served as negative control while sterility control wells contained sterile 

broth. Plates were incubated under anaerobic conditions overnight at 37°C.The MIC 

of each antibiotic was determined by measuring the optical density in each well using 

the microplate reader at 600nm. The least concentration with optical density of 0.1 or 

less was considered the MIC. 

 Minimum inhibitory concentration of biofilm cells 

The MICs for biofilm grown cells was determined by growing biofilms in 96 well flat 

bottom plates for 48h. Microtiter plates were inoculated with 3 to 4h broth culture of C. 

perfringens at OD570 (0.3). After 48h of biofilm growth in microtiter wells, broth 

containing planktonic cells was removed and wells washed three times with quarter 

strength Ringer’s solution. Established biofilm in wells were exposed to 100µl of two-

fold dilutions from 2µg/ml to 1024µg/ml of antibiotics; penicillin, gentamicin, 

tetracycline, and bacitracin (Sigma) and 100µl of sterile BHI broth was added to the 

test wells. Sterility control wells contained 200μl of sterile BHI broth with no preformed 

biofilm, growth control wells had preformed biofilm and 200μl of sterile BHI broth was 

added and all tests were performed in triplicate. Plates were incubated overnight at 

37°C anaerobically. The MICs of isolates in the biofilm mode was assessed by 

measuring the optical density in each well using the microplate reader at 600nm. 

Optical density of 0.1 or less was considered the MIC.  



85 
 

Results 

3.6. Influence of different growth temperature on C. perfringens 

biofilm formation 

The impact of different growth conditions on biofilm forming capability of C. perfringens 

including a reference strain (ATCC 13124) was investigated on selected isolates 

(n=23). Results are presented in Table 3.1. The strains produced different biofilm class 

under the tested growth conditions. For all the isolates, higher levels of biofilm mass 

were observed at 37°C compared to 44°C. The positive control strain ATCC 13124 

displayed a weak biofilm phenotype. Interestingly, higher numbers of moderate biofilm 

phenotypes were observed during biofilm growth at 37°C compared to biofilm growth 

at 44°C. Biofilm growth at 44°C showed higher numbers of weak phenotype or no 

biofilm formation.  

The density of biofilm formation varied based on incubation temperature and tested 

isolates. Biofilms formed at 37°C were significantly different (P < 0.05) than biofilm 

formed at 44°C. Also, biofilm formed at 30°C and 44°C were significantly different (P < 

0.05) showing higher biofilm mass at 30°C. Biofilm growth at 30°C and 37°C was 

significantly different (P < 0.05). Since biofilm growth at 37°C recorded the highest 

optical density, 37°C was selected as the growth temperature for screening our 

isolates for their biofilm forming potential throughout the study. 
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Figure 3.1 Comparison of biofilm formation by C. perfringens strains after 
24hrs at different incubation temperature. Result is expressed as mean ± SD 
of triplicate assay. 

 

3.7. Determination of optimum period of incubation for biofilm 

formation 

Following the earlier work that showed higher biofilm mass when grown at 37°C in BHI 

broth (section 3.7), biofilm production by C. perfringens at different incubation period 

in days was investigated using crystal violet assay and viable cell counts (Figure 3.2a 

and 3.2b). Biofilm mass obtained during the different incubation times were compared 

using ANOVA to determine an optimal incubation time for screening large number of 

C. perfringens isolates. Viable cell counts of biofilm cells and biofilm mass obtained 

from crystal violet assay both increased gradually from 6h biofilm growth to 24h biofilm 

growth. Fluctuation in biofilm cell count and biofilm mass was observed after 24h of 

biofilm growth thus biofilm growth after 24h were considered as matured biofilm. 

Though there was an initial rise in biofilm cell counts to 24h and then a decline, the 

difference was not statistically significant between all time points.  
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Figure 3.2: Optimum incubation period for biofilm growth using viable cell 
count. Result is expressed as mean ± SD of triplicate assay 

 

3.8. Microscopic confirmation of biofilm formation 

Light microscopy 

Light microscopy was used to examine the morphology of adherent cells on coverslip 

glass. Adherent cells on glass surface stained with crystal violet were imaged using 

100X magnification (Figures 3.2). 
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A     B 

Figure 3.3: Light microscope image of C. perfringens biofilm.  

(A) 100X magnification of 1h old biofilm showing biofilm attachment (B) 100X 
magnification of 48h old biofilm showing clusters of bacterial cells considered as 
matured biofilm.   

Scanning electron microscopy 

As previously described in section 3.2.2.4.2, adherent C. perfringens cells on coverslip 

glass or microtiter plate coated with gold were mounted on an aluminum stub and 

imaged under different magnification (Figures 3.3.).   
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Figure 3.4: SEM image showing the formation of biofilm microcolony and EPS 
of 48h old C. perfringens biofilm grown anaerobcally at 37°C on a cover glass. 

3.9 Screening of C. perfringens isolates for biofilm formation 

Table 3.1 shows the biofilm class of fifty-four C. perfringens tested isolates and the 

positive reference control (ATCC 13124) screened for their biofilm phenotypes by 

growing them individually in BHI broth at 37°C anaerobically for 24h. OD values at 

570nm obtained ranged from 0.13 ± 0.11 to 0.666 ± 0.003 (Table 3.2 and Table 3.3). 

Therefore, isolates with less than or equal to 0.109 were considered non-biofilm 

producers, OD570nm values between 0.109 and 0.215 were considered as weak biofilm 

producers, OD570nm values between 0.224 and 0.433 were considered moderate 

biofilm producers while OD570nm values greater than 0.433 were considered strong 

biofilm producers. Of the 54 isolates tested, 7(13%) displayed strong biofilm 

phenotype, 31 (57%) produced moderate biofilm phenotypes, 16(30%) were weak 

biofilm producers and 0(0%) produced no biofilm under the conditions used in this 

study.  
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Table 3.1: Biofilm forming phenotypes of C. perfringens 

C. 
perfringens 
isolates 

OD 
570nm 

biofilm 
phenotypes 

c. 
perfringens 
isolates 

OD 
570nm 

biofilm 
phenotypes 

CG57 0.51 Strong N88.9 0.256 Moderate 

CG27 0.43 Moderate N143.4 0.254 Moderate 

CG36 0.417 Moderate N20.1 0.305 Moderate 

CCR27 0.361 Moderate N143.6 0.245 Moderate 

CG35 0.352 Moderate N88.4 0.27 Moderate 

CJ29 0.325 Moderate N88.3 0.132 Weak 

CG34 0.319 Moderate N88.7 0.13 Weak 

CC24 0.298 Moderate N143.5 0.283 Moderate 

CG43 0.286 Moderate E133 0.638 Strong 

CG25 0.271 Moderate E130 0.433 Moderate 

CG26 0.271 Moderate E15 0.377 Moderate 

CC33 0.228 Moderate E11 0.325 Moderate 

CCR24 0.228 Moderate E5 0.296 Moderate 

CCR35 0.178 Weak E139 0.293 Moderate 

CCR37 0.177 Weak E70 0.274 Moderate 

CI056 0.17 Weak E14 0.227 Moderate 

CI058 0.152 Weak E38 0.213 Weak 

N88.5 0.666 Strong E6 0.215 Weak 

N88.2 0.623 Strong E55 0.21 Weak 

N20.2 0.6 Strong E2 0.206 Weak 

N88.1 0.573 Strong E32 0.19 Weak 

N143.2 0.443 Strong E25 0.168 Weak 

N20.13 0.422 Moderate E60 0.264 Moderate 

N143.8 0.371 Moderate E61 0.151 Weak 

N88.6 0.344 Moderate E132 0.148 Weak 

N143.1 0.305 Moderate E135 0.224 Moderate 

N88.11 0.185 Weak 
ATCC 
13124 0.134 

Weak 

N88.3 0.132 Weak    
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Table 3.2: Classification of C. perfringens biofilm formation  

 

Biofilm Frequency Percentage (%) Absorbance 

(A570nm) range 

Strong producers 7 13 0.443-0.666 

Moderate producers 31 57 0.224-0.433 

Weak producers 16 30 0.13-0.215 

Total 54 100  

 

Strains are classified as negative, when OD ≤ ODc; weak producers (ODc < OD ≤ 2 x ODc); 

moderate biofilm producers (2 x ODc < OD ≤ 4 x ODc) and strong biofilm producers (4 x 

ODc < OD).  ODc = 3 x SD of negative control + average OD of negative control 

 

3.10. Biofilm formation of C. perfringens isolated from different 

sources. 

The biofilm phenotypes produced by C. perfringens isolates from three sources; 

human (n=19), broiler chicken (n=17) and free-range poultry environment (n=18) were 

compared (Figure 3.13). The highest OD values (0.666) was recorded from the 

preterm neonate group. All tested isolates were biofilm formers and isolates from the 

three groups displayed strong, moderate, and weak biofilm phenotypes. Figure 3.4. 

showed that out of the 19 isolates from neonates, 5(26%) displayed strong biofilm 

phenotype, 10(53%) displayed moderate biofilm phenotype, 4(21%) showed weak 

biofilm formation. Of the 18 samples from free range poultry environment investigated, 

1(5.6%) isolate displayed strong biofilm phenotype, 9(50%) produced moderate 

biofilm while 8(44%) displayed weak biofilm phenotype. Of the 17 isolates from broiler 

chickens, 1(6%) produced strong biofilm, 12(71%) were moderate biofilm producers 

and 4(23%) were weak producers. Comparing biofilm formation (absorbance at 
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570nm) of strains based on the source of isolation using the single factor analysis of 

variance showed p values were > 0.05 and the difference was not significant. 

 

 

Figure 3.5: Biofilm formation by C. perfringens strains (n =54) grouped by 
origin of isolation.  
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Table 3.3 Density of biofilm formed by C. perfringens among source of 
isolates. 

Isolation group Strong  

Producers 

Moderate producers Weak  

Producers 

Broiler chicken 

(n=17) 

1(6%) 12(71%) 4(23%) 

Free range poultry 

environment (n=18) 

1(7%) 9(50%) 8(44%) 

Preterm neonates 

(n=19) 

5(26%) 10(53%) 4(21%) 

 

3.11. Antibiotic susceptibility testing of biofilm and planktonic cells 

The antibiotic susceptibility of planktonic compared with biofilm grown C. perfringens 

to four antibiotics (penicillin, gentamicin, tetracycline, and bacitracin) are presented in 

table 3.5 and table 3.6. Susceptibility to antibiotics was determined according to 

previous established clinical breakpoints on C. perfringens as reported by Charlebois 

et al., (2014); Slavic et al., (2011) (penicillin: susceptible (S) ≤ 2µg/ml, resistant (R) > 

2µg/ml; bacitracin: susceptible (S) ≤ 16µg/ml, resistant (R) > 16µg/ml; tetracycline: 

susceptible (S) ≤ 2µg/ml, resistant (R) > 2µg/ml; gentamicin: susceptible (S) ≤ 4µg/ml, 

resistant (R) ≥ 4µg/ml. Susceptibility pattern of isolates varied for different antibiotics.  

The MIC of four tested antibiotics on C. perfringens planktonic cells varied between 

0.25µg/ml to >256 µg/ml whilst the MIC range of antibiotics on biofilm cell was 

considerably higher and different for each antibiotic. MIC of penicillin was between 2 

µg/ml to 1024 µg/ml, MIC of bacitracin was between 64 µg/ml to >1024 µg/ml, MIC of 

gentamicin was between 8 µg/ml - >1024 µg/ml and tetracycline was between 2 µg/ml 

- >1024 µg/ml.  
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For the planktonic cells, 18 (53%) of tested isolates were resistant to penicillin and 

bacitracin while 26 (76%) and 30 (88%) of isolates were resistant to tetracycline and 

gentamicin, respectively. C. perfringens in the biofilm mode displayed 100% 

resistance to bacitracin and gentamicin while 28(82%) and 31(91%) were resistant to 

penicillin and tetracycline respectively (Figure 3.5). For bacitracin and gentamicin, 

100% of the cells growing in biofilm became insensitive as opposed to 53% and 88% 

that were resistant in the planktonic growth mode. 

The fold difference in MIC between planktonic and biofilm cells are shown in (Table 

3.5). For penicillin, fold difference ranged between 2- 128, for bacitracin, fold difference 

was between 2 – 256, for gentamicin, it was between 2 – 128 while for tetracycline it 

was between 4 – 128.Though there was significant positive relationship between the 

MICs of antibiotics tested against planktonic and biofilm cells, (P < 0.05), some isolates 

that were susceptible in the planktonic mode of growth became insensitive when 

growing in biofilms.  
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Table 3.4: Susceptibility profile of C. perfringens planktonic and biofilm cells 
(n=34) tested in broth to antibiotics 

C. 

perfringens  

Penicillin 

MIC (µg/ml) 

MIC/MIC** 

Fold 

diff 

Bacitracin MIC 

(µg/ml) MIC/MIC** 

Fold 

diff 

Tetracycline 

MIC (µg/ml) 

MIC/MIC** 

Fold 

diff 

Gentamicin 

MIC (µg/ml) 

MIC/MIC** 

Fold 

diff  

N88.5 >256/512 2 >256/>1024 2 128/1024 8 >256/1024 4 

N88.2 >256/1024 4 >256/>1024 2 64/1024 16 128/>1024 8 

N88.9 0.25/2 8 4/128 32 2/256 128 64/>1024 16 

N88.10 >256/1024 4 >256/>1024 2 64/1024 16 256/>1024 4 

N88.6 0.5/8 16 2/64 32 0.5/4 8 128/>1024 8 

N88.4 8/128 16 8/128 16 4/64 16 128/>1024 8 

N143.4 0.25/2 8 4/128 256 0.25/2 8 0.25/8 32 

N143.6 0.5/4 8 4/128 256 2/64 32 8/512 64 

N20.13 0.5/64 128 8/256 32 1/8 8 4/512 128 

N143.8 0.5/8 16 16/1024 64 16/128 8 32/1024 32 

N143.2 0.25/2 8 0.25/64 256 0.25/2 8 0.25/8 32 

N143.5 0.5/64 128 8/1024 128 8/64 8 128/512 4 

N20.2 0.25/2 8 2/256 128 0.25/2 8 16/256 16 

N88.11 0.25/256 4 4/>1024 256 8/512 32 32/256 8 

N88.33 4/32 8 4/>1024 256 64/1024 16 32/256 8 

CI058 128/1024 8 >256/>1024 2 256/>1024 4 32/>1024 32 

CG35 4/64 16 >256/>1024 16 4/256 64 1/64 64 

CG27 >256/512 2 64/>1024 2 64/1024 16 128/1024 8 

CR37 2/64 32 64/512 8 32/1024 32 128/>1024 8 

CG57 0.5/16 32 128/>1024 8 8/1024 128 256/>1024 4 

C33 64/256 4 >256/>1024 2 64/>1024 16 64/>1024 16 

CI056 64/512 8 >256/1024 2 64/>1024 16 128/512 4 

CG43 128/1024 8 >256/>1024 2 2/64 32 128/>1024 8 
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Continuation of Table 1. 

C. 

perfringens  

Penicillin 

MIC (µg/ml) 

MIC/MIC** 

Fold 

diff 

Bacitracin MIC 

(µg/ml) MIC/MIC** 

Fold 

diff 

Tetracyclin 

MIC (µg/ml) 

MIC/MIC** 

Fold 

diff 

Gentamicin 

MIC (µg/ml) 

MIC/MIC** 

Fold 

diff  

E130 >256/1024 4 >256/>1024 2 128/1024 8 64/>1024 16 

E5 4/64 16 64/1024 16 4/128 32 128/512 4 

ATCC 

13124 

0.5/64 128 2/128 64 128/>1024 8 32/>1024 32 

E15 >256/512 2 >256/>1024 2 256/1024 4 128/512 4 

E14 0.25/2 8 4/256 64 16/1024 64 64/1024 16 

E133 8/64 8 >256/>1024 2 128/>1024 8 128/>1024 8 

E32 16/128 8 >256/>1024 2 8/512 64 64/256 4 

E11 2/512 256 8/>1024 128 4/512 128 256/>1024 4 

E02 8/32 4 >256/>1024 2 256/1024 4 256/1024 4 

E55 16/512 32 >256/>1024 2 >256/1024 4 >256/512 2 

E06 2/32 16 8/>1024 128 16/256 16 256/512 2 

MIC: minimum inhibitory concentration for planktonic cells, MIC**: minimum inhibitory concentration of 

biofilm cells Statistical analysis of results revealed a significant positive relationship between the 

planktonic MICs and the biofilm MICs P<0.05 
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Figure 3.6: Antibiotic tolerance of C. perfringens planktonic and biofilm cells 
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Table 3.5: Minimum inhibitory concentration (MIC) of antibiotics µg/ml on C. perfringens planktonic and biofilm grown 
isolates.     

 

         

 

            0.25               0.5     1              2                 4                   8          16               32       64           128               256          >256 

DRUGS               MIC        MIC*              MIC        MIC*              MIC        MIC*                 MIC        MIC*                    MIC        MIC*          MIC        MIC*              MIC        MIC*                 MIC        MIC*           MIC            MIC*              MIC        MIC*              MIC        MIC*                    MIC        MIC* 

 

Penicillin       6      -                 7      -           -       -                3      5                3        1              3     2              2        1            -      3           2        7              2      2            -        2              6          11        

 

 

Bacitracin      1        -               -         -          -       -                  3     -                   6       -               5      -             1          -          -        -          3        2               1       5             -      3              14       24 

 

 

Gentamicin    2        -                -         -          1      -                -      -                    1       -              1    2                1     -              5         -         5        1               11      -             5          4       2        27 

 

 

Tetracycline   3       -            1         -                 1       -                3      3                 4       1            4    1               3     -               1        -        6        4                4       2             3     4          1       19 

 

Key: MIC – minimum inhibitory concentration for planktonic grown isolates; MIC* - minimum inhibitory concentration for biofilm grown isolates 
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3.12. Comparison of antimicrobial susceptibility of C. perfringens 

from different sources 

The antibiotic susceptibility pattern of C. perfringens isolates from three sources 

growing in planktonic and biofilm mode to four antibiotics is shown in table 3.7. 

Antibiotics tested are commonly administered in the poultry industry is either as 

antimicrobial growth promoter or for the treatment of diarrhea. All 8 isolates tested 

from broiler chicken were resistant to all four antibiotics at the highest concentration 

tested (1024 µg/ml) when grown in biofilm. Only 13% and 27% of isolates from poultry 

environment and preterm neonates displayed any sensitivity to penicillin while 20% of 

isolates from preterm neonates displayed any sensitivity to tetracycline. Differences 

between susceptibilities of C perfringens from the various sources were strain and 

antibiotic dependent. Resistance to tested antibiotics observed could be attributed to 

overuse of these antibiotics which can make organisms develop tolerance.  
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Table 3.6: Antibiotic susceptibility of planktonic and biofilm cells from different 
sources 

Source (N)                             Penicillin                         Bacitracin                       Gentamicin              Tetracycline 

                                                     %S/%S*                         %S/%S*                            %S/%S*                  %S/%S* 

Broiler chicken (8)                           25/0                            0/0                                   13/0                            13/0      

Poultry environment (11)                 36/13                           36/0                                  0/0                              0/0 

Preterm neonates (15)                     67/27                          80/0                                  20/0                           53/20 

N: Number of isolates; %S: percentage susceptibility of planktonic cells; %S*: 

percentage susceptibility of biofilm cells  

 

 

3.13. Comparison of antimicrobial susceptibility of C. perfringens 

grown in different modes.  

The effect of bacterial growth stage on antibiotic susceptibility of 8 randomly selected 

C. perfringens isolates from broiler chicken and free-range poultry environment were 

tested. Differences in MICs of antibiotics on mature biofilms (48h old biofilm), early 

adherent cells (1h old biofilm) and planktonic cells was observed as presented in Table 

3.8. For most isolates tested, the MICs of tested antibiotics were higher for the matured 

biofilm compared to the early adherent cells. Also, the bacterial counts of the matured 

biofilm were higher than the bacterial counts of the early adherent cells (Table 3.7). 

The higher bacterial count and MIC observed for the 48h old biofilm is inline with the 

the result of biofilm imaging observed with the light microscope as shown in Figure 

3.7. were the 1h old biofilm showed fewer bacterial cells without clusters compared to 

the 48h old biofilm that formed clusters with more bacterial cells. 
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Table 3.7: Antimicrobial susceptibilities of biofilm producing isolates of C. 
perfringens grown in different modes. 

 

Isolate growth mode             Bacterial count (CFU/Ml)                    Penicillin (µg/ml)                                Bacitracin (µg/ml)                    

                                                                                                                     MICs                                                              MICs              

CI056                      

Log planktonic cells                          2 x 107                                              64                                                                >256    

Early adherent cells                         2 x 106                                               64                                                               >256 

Mature biofilm                                  1.6 x 107                                            512                                                              1024    

CI058                                                        

Log phase planktonic cells               2.5 X 107                                            128                                                               >256 

Early adherent cells                          1 X 106                                              128                                                               >256 

Mature biofilm                                   1.3 x 107                                            1024                                                             >1024 

CC33 

Log phase planktonic cells               2.3 X 107                                                                  128                                                              >256                                       

Early adherent cells                          1.5 X 106                                            64                                                                >256 

Mature biofilm                                   1.4 x 107                                             256                                                             >1024 

CG27               

Log phase planktonic cells                2.5 X 107                                            >256                                                            >256 

Early adherent cells                           2 X 106                                              >256                                                            >256 

Mature biofilm                                    1.6 x 107                                             512                                                             >1024 

E32 

Log phase planktonic cells                2.5 X 107                                             64                                                              >256     

Early adherent cells                           1.2 X 106                                             64                                                              >256 

Mature biofilm                                     1.6 x 107                                           128                                                             >1024 
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Table 3.7: Continues 

 

Isolate growth mode                   Bacterial count (CFU/Ml)                    Penicillin (µg/ml)                                Bacitracin (µg/ml)                    

 

E55 

Log phase planktonic cells                2.5 X 106                                               32                                                       >256   

Early adherent cells                           1.5 X 106                                               64                                                       >256 

 Mature biofilm                                   1.6 x 107                                               512                                                     >1024 

E5 

Log phase planktonic cells                2.2 X 107                                                8                                                        128   

Early adherent cells                          1 X 106                                                   32                                                      >256 

 Mature biofilm                                  1.3 x 107                                                 64                                                     >1024 

CG35 

Log phase planktonic cells               2.4 X 107                                                16                                                       >256   

Early adherent cells                          2 X 106                                                  16                                                       >256 

 Mature biofilm                                  1.3 x 107                                                64                                        >1024 

 

 

 

3.14. Discussion  

Biofilm formation is considered as a major factor in diseases (Mah and O’Toole, 2001). 

Antimicrobial tolerance, resistance to environmental stress and disinfectants by C. 

perfringens biofilms have been previously reported. Charleboise et al., (2017) 

demonstrated that C. perfringens biofilm showed tolerance to disinfectants such as 

sodium hypochorite, QAC, potassium monopensulphate, hydrogen peroxide and 

glutaraldehyde. Vargal et al., (2008) reported that C. perfringens can respond 
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carbohydrate limitation by producing biofilm. Considering the importance of biofilm in 

increasing drug resistance, there is a need for more efficient prevention and control 

strategies for infections, and more appropriate methods to control and prevent biofilm 

related infections. Studies by Charleboise et al., (2014) has characterized the biofilm 

forming potential of human and animal strains of C. perfringens and strains produced 

different biofilm class. This study agrees with the work of Charleboise et al., (2014) by 

showing biofilm formation of C. perfringens isolates from human and chicken and aims 

to extend the understanding of the biofilm forming capability of C. perfringens and how 

biofilms affect antibiotic tolerance.  

Some studies have reported the influence of growth temperature on C. perfringens 

biofilm formation. C. perfringens is known to have a growth temperature range 

between 15°C to 55°C and an optimum temperature of between 43°C to 47°C (Li and 

McClane 2006). This present study compared biofilm growth at 30°C, 37°C and at 44°C 

and in contrast with Charleboise et al., (2014) showed that biofilm grown at 30°C and 

37°C produced more adherent cells than biofilm grown at 44°C. This does not correlate 

with Charleboise et al., (2014) where 44°C was reported as the optimal growth 

temperature for biofilm growth for C. perfringens strains. In contrast, Obana et al., 

(2014) reported the influence of temperature on C. perfringens biofilm morphology. 

Their data showed that more adherent biofilm was formed at 37°C compared to biofilm 

formed at 25°C. Lee et al., (2013) discovered that Listeria monocytogenes formed 

biofilm faster at 44°C compared to at 30°C and 45°C. Tezel et al., (2016) reported 

higher percentage of biofilm formation by Salmonella infantis strain at 28°C compared 

to biofilm growth at 20°C and 37°C.  The differences in results could be related to the 

different growth media used and bacteria tested.  
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In the present study, biofilm formation of two strains were analyzed for 4 days at 37°C 

to obtain the growth pattern of biofilm at different biofilm growth stages. Measuring the 

biofilm formation at specific time intervals proved valuable. It showed that biomass 

increased from 6h to 24h. It is likely that matured biofilm is formed around 24h of 

biofilm growth and thereafter, disintegration of biofilm cells occurs which might be the 

likely cause of the fluctuating biofilm mass observed after 24h of biofilm growth as 

shown in figure 3.1. Results obtained from crystal violet assay were correlated with 

visual observation of biofilm morphology using the light microscope, confocal laser 

scanning microscope and scanning electron microscope. The ability of the established 

growth condition (24h at 37°C) to support biofilm formation was confirmed 

microscopically using the positive control strain ATCC 13124 before the test isolates 

were screened.  

Although growth conditions (media, temperature, and time) used for biofilm formation 

in this study were different from those described in earlier studies by Varga et al., 

(2008); Donelli et al., (2012); Charlebois et al., (2014); Obana et al., 2014; Vidal et al., 

(2015), results from the present study agrees with data obtained by Charlebois et al., 

(2014). Charleboise et al., (2014) reported that clinical and commensal strains of C. 

perfringens grown at 44°C in Tryptic soy broth (TSB) for 6 days produced biofilm with 

different types of biofilm class (weak, moderate, and strong biofilm class).  

Biofilm formation by microorganisms have been shown to contribute to the persistence 

of diseases as biofilm can adhere and grow on surfaces. Results from this present 

study suggest that isolates of C. perfringens can form biofilms and therefore may be 

associated with chronic infections. All C. perfringens isolates (from chicken, poultry 

environment and humans) (n=54) tested in this study were able to form biofilms under 

the growth conditions used in this study. Human clinical isolates formed more intense 
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biofilm than the chicken and environmental isolates with optical density (OD) values 

between 0.13 and 0.67 but the difference in OD was not significant (p>0.05). The 

chicken and environmental isolates displayed OD values between 0.15 and 0.51; 0.64 

and 0.19, respectively. Donelli et al., (2012) obtained a higher OD value of 3.2 for C. 

perfringens strain (CpeBs31) and this strain was classified as a strong biofilm producer 

based on the growth conditions used in their study. There was no significant difference 

in biofilm formed by isolates from the three sources (chicken, human and 

environmental sources) or between clinical and commensal isolates. Similar results 

were reported by Reisner et al., (2006). In their study, there was no significant 

difference in biofilm formed by E. coli isolates from diverse sources. Hussain and Oh, 

in 2018 reported that origin of strains influenced Bacillus cereus biofilm formation 

during early incubation period. Upadhyaha et al., (2011) also found that clinical 

isolates of Enterococcus faecalis produced significantly higher biofilm when compared 

to their commensal counterparts. In Enterococcus faecium, it was found that 67.5% of 

clinical isolates formed and this was significantly greater than biofilm formed by fecal 

isolates from community volunteers which was 32% (Almohamad et al., 2014). 

Barbosa et al., (2013) observed greater capability for biofilm formation from food 

isolates compared to clinical isolates from cases of listeriosis. 

The application of antibiotics for the routine treatment of infections is more productive 

in treating planktonic cells compared to biofilm cells because the extracellular matrix 

of the biofilm protects bacteria from antimicrobial agents (Clayton and Thien-Fah Mah, 

2017). The heterogeneous population of cells in biofilm has slow and fast-growing cells 

and this reduced metabolism and slow growth rate may lead to resistant to antibiotics 

which act on actively growing cells. Other factors that contribute to recalcitrance of 

biofilm cells is caused by the reduced growth rates of cells in the biofilm, little or no 
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penetration of antibiotics through the biofilm and exchange of genetic determinants of 

antibiotic tolerance. The viability and minimum inhibitory concentration of biofilm and 

planktonic cells of C. perfringens have rarely been studied compared to other biofilm 

producing bacteria. The ability of C. perfringens to produce biofilm could be an 

important virulence factor as biofilm can enhance antimicrobial tolerance, facilitate 

recurrent diseases, and hinder the immune system from eliminating infections. 

Understanding the biofilm producing potential of C. perfringens and their antibiotic 

tolerance will help to enhance the prevention and control strategies of C. perfringens 

infections.  

This study showed that biofilm could protect C. perfringens from antibiotics. Vargal et 

al., (2008); Charlebois et al., (2014) have previously reported increase in biofilm 

tolerance to 20µg/ml of penicillin G compared to their planktonic counterparts of same 

strain. In this study, C. perfringens isolates (n=34) displayed varied (MICs) value to 

tested antibiotics. In this study, 16 of the 34 planktonic strains were resistant to 

penicillin and bacitracin, 4 were resistant to gentamicin while 8 were resistant to 

tetracycline. A smaller number of biofilm cells were susceptible to the tested 

antibiotics; 6 were susceptible to penicillin, none of the biofilm cells were susceptible 

to bacitracin and gentamicin while 3 were susceptible to tetracycline. The presence of 

a biofilm increased the MICs up to 2 - 256-fold in biofilm grown cells and bacitracin 

and penicillin had the highest fold difference. Antibiotic susceptibility was not 

dependent on biofilm class, suggesting that resistance to antimicrobial was not 

dependent on class of biofilm but more on the existence of cells in biofilm mode. 

Charlebois et al., (2014) compared the viability of planktonic and biofilm cells following 

exposure to antimicrobials and observed a significantly higher survival rate for the 

biofilm cells. Varga et al., (2008) observed that biofilm cells have 15-fold increase in 
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percentage survival rate over planktonic cells after exposure to 20µg/ml of penicillin G 

for 6h. Also, data from this study agrees with previous study that reported significantly 

higher viability rates of biofilm cells compared to those observed in planktonic cells. 

Charleboise et al., 2014 reported a rise in survival rate of 0.6 – 9-fold after 6h and 0.8 

to 36-fold rise in survival rate after 24h of exposure to antibiotics. This suggests that 

biofilm formation may be an important survival mechanism of C. perfringens in 

infections such as necrotic enteritis and necrotizing enterocolitis. 

This data on high tolerance of biofilm cells is consistent with the report of Sevanan et 

al., (2011) where 50% of the biofilm cells were resistant to gentamicin. Olson et al., 

(2002) found that Streptococcus dysgalactiae and Streptococcus suis biofilm and 

planktonic cells were sensitive to penicillin. They also reported sensitivity of E. coli, 

Salmonella spp. and Pseudomonas aeruginosa planktonic cells to gentamicin but 

gentamicin was only effective against E. coli biofilm cells. Tezel et al., (2016) found 

that Salmonella infantis serovars biofilm were sensitive to gentamicin while nalidixic 

acid, spectinomycin, tetracycline and neomycin induced biofilm formation.    

This study also investigated the effect of antibiotics on different stages of biofilm 

development. Planktonic cells at mid-log phase, early adherent monolayers (early 

biofilm) and mature biofilms (48h grown biofilm) were assessed for their susceptibility 

to two antibiotics. The aim was to test bacterial cultures at different growth stages with 

the same concentration of antibiotics. Results from this study showed significantly 

higher MICs for mature biofilm compared to when C. perfringens were in mid log 

planktonic growth stage and early adherent stage. In coagulase negative 

staphylococci, it was found that the MICs and MBECs of planktonic grown and early 

adherent monolayer cells were significantly lower than mature biofilm (Yu, 2017). This 

finding suggests that after initial bacterial cell attachment to a surface, C perfringens 
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may be susceptible to antimicrobials, but resistance may develop as the cells in the 

biofilm proliferate and develop into mature biofilm. As shown in Figure 3.2, early 

adherent biofilm displayed few bacterial cells that did not attach to each other unlike 

the mature biofilm that displayed more bacterial cells attached to each other. This 

therefore suggest that biofilm related infections could be controlled by early treatment. 

 

Kiu et al., (2019) analyzed the genome of 88 C. perfringens isolates from broiler 

chicken and poultry environment and these includes 9 of the isolates used in this 

present study. Isolates from this present study subjected to genome analysis includes 

four environmental isolates, four isolates from broiler chicken linked with necrotic 

enteritis and one isolate from healthy chicken. The toxin genes (plc, ccp and colA and 

at least 4 other toxin genes) out of the 12 toxin genes evaluated were expressed in all 

nine isolates tested. Collagen adhesin genes (cna, cnaA, cnaC and cnaD) were 

produced by seven out of the nine isolates. Four of the isolates that harbored the 

adhesin genes were moderate biofilm formers while three were weak biofilm formers. 

Also, the moderate biofilm producers harbored more than one adhesin genes while 

the weak biofilm producers harbored one adhesin gene each (Kiu et al., 2019). From 

these results, it is difficult to say if there is a correlation between biofilm class and 

adhesin gene production because of the low number of isolates tested.  

3.15. Conclusion 
In summary, the work in this chapter gives a general understanding of C. perfringens 

biofilm which has received little research attention. The role of biofilm formation in C. 

perfringens diseases and the possibility that biofilm could hinder the success of 

antimicrobial therapy has been highlighted here. The work reports that C. perfringens 

can produce biofilms which can protect the embedded bacterial cells from antibiotics. 
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Results shows no correlation between tolerance to antibiotics and source of isolates. 

Also, the ability of tested C. perfringens isolates to form biofilm and the biofilm class 

produced was not dependent on the source of the isolates. Furthermore, this study 

reports that the extent of biofilm formed by C. perfringens was dependent on growth 

temperature therefore, temperature should be considered while planning for the 

experimental control of C. perfringens biofilms in laboratory experiments. Future study 

will investigate the genetic components of C. perfringens to determine if there is any 

correlation between the presence of adhesin genes and biofilm density. 
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CHAPTER FOUR:  

ANTIMICROBIAL EFFECTS OF SILVER AND GOLD 

NANOPARTICLES ON BIOFILMS OF Clostridium 

perfringens  

 

 

4.1 Introduction 

Many diverse bacteria growing as biofilms have been associated with AMR (Singh et 

al., 2017).  AMR in pathogens is a growing problem and represents a serious public 

health concern. AMR arises from the development or acquisition of resistance genes 

by microorganisms promoted by the careless use of antibiotics in animals and people. 

AMR has been reported against all recent and ‘old’ discovered antibiotics thus 

encouraging the urgent need for new/alternative therapeutic strategies (El-Gohary et 

al., 2020; Chen et al., 2013; Liu et al., 2017; Khan and Khan 2016).  

The use of nanomaterials as an alternative for antibiotics is intensively researched 

currently (Liu et al., 2017; Karaman et al., 2017). Nanotechnology is one of several 

potential strategies designed to control bacteria, fungi, viruses and other 

microorganisms (Qayyum and Khan 2016; Bakkiyaraj and Pandian 2014; Huh and 

Kwon 2011). Nanoparticles utilize the unique properties of metals when in nanoforms 

- the high surface to volume ratio of nanomaterials, high reactivity, small sizes in the 

nanometer range and shape of nanoparticles have been linked with various novel 

properties when compared with their bulk materials (Karaman et al., 2017; Franci et 

al., 2015). NPs act by either direct contact with the bacteria cell or through the release 

of silver ions. Although the precise nature of AgNPs antimicrobial action is unknown, 

they attach to the cell wall of target bacteria and penetrates it causing leakage through 

membrane damage. In the cell, AgNPs interact with cellular biomolecules like protein 

causing dysfunction leading to cell death. Also release of silver ions can react with 
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enzymes, lipids and DNA and release ROS and free radical species such as 

superoxide ions, hydrogen peroxide, singlet oxygen and hydroxyl radical which have 

antimicrobial action (Yeh, et al., 2020; Qayyum and Khan, 2016). 

The size of NPs influences their ability to penetrate inside the bacteria. Lu et al., (2013) 

reported that 5nm of AgNPs showed higher antibacterial activity compared to 12nm 

and 55nm AgNPs on E. coli and S. mutans. Moreover, the shapes of NPs have been 

reported to influence antibacterial activity. Copper nanocubes have been reported to 

show enhanced antibacterial activity on E. coli and E. faecium when compared to 

copper nanospheres (Alshareef et al., 2016). Pal et al. (2007) showed that only 1 μg 

of truncated triangular AgNPs was required to inhibit E. coli compared to 12.5 μg of 

spherical shaped NPs. Alshareef et al., (2017) demonstrated the antimicrobial activity 

of different concentrations (50, 100 and 1000µg/ml) of spherical and truncated 

octahedral shaped AgNPs against E. coli and E. faecium using crystal violet assay 

and viable counts. The truncated octahedral shaped AgNPs showed more 

antimicrobial activity when compared to spherical shaped AgNPs. The authors 

attributed the difference in efficacy to the higher surface area and more reactive facets 

of truncated shaped AgNPs compared to the spherical shaped AgNPs.  

Research recently has demonstrated the broad spectrum antibacterial and antibiofilm 

activities shown with both silver nanoparticles (AgNPs) as well as gold nanoparticles 

(AuNPs) although they are chemically very different.  El-Gohary et al., (2020) reported 

the bactericidal activity of the combination of AgNPs and hydrogen peroxide on five 

multiple drug-resistant Gram-negative bacteria to range between 6.25µg/ml and 

50µg/ml. Panacek et al., (2016) investigated the effect of AgNPs alone and the 

combination of AgNPs with different antibiotics against pathogenic bacteria. Their 

results showed the AgNPs reduced the antibiotic MICs and made the bacteria 
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susceptible to the tested antibiotics. Furthermore, their study revealed that the 

antibacterial effect of the combined therapy was dependent on the antibiotic class. 

They reported reduction in viability of cells from 85% to 71%, 73%, 72% and 73% 

when AgNPs was combined with ampicillin/sulbactam, meropenem, cefozolin and 

chloraphenical respectively. They were able to show an enhancing effect for AgNPs 

and antibiotics against either Gram-negative or Gram-positive bacteria by using 

different mechanisms. This suggests that combining NPs with antibiotics could be a 

possible alternative therapeutic strategy against biofilms. Singh et al., (2019) showed 

that alginate nanoparticles effectively penetrated P. aeruginosa biofilm. They also 

reported nanoparticles as a potential antibiofilm agent that will be useful in combination 

treatment against biofilm prevention and reduction. Reports by Cotton et al., (2012); 

Dixon et al., (2012); Guzman et al., (2012); Ramasamy et al., (2016); Gurunathan et 

al., (2014); Ansari et al., (2014); Martinez-Gutierrez et al., (2013) have shown biofilm 

reduction and inhibition when biofilms produced by Gram-positive and Gram-negative 

bacteria were treated with either silver or gold nanoparticles. These reports have 

shown the antibacterial activity of AgNPs and AuNPs on different bacteria but to my 

knowledge their activity on the Gram-positive anaerobe C. perfringens has not been 

reported. 

4.2 Aim and objectives 

 

The aim of this chapter was to determine the in vitro activity of silver and gold 

nanoparticles against bacterial biofilms formed by C perfringens. The specific 

objectives were. 

(1)To determine the effect of AgNPs on C. perfringens pre-formed biofilm  

(2)To determine the effect of AuNPs on C. perfringens pre-formed biofilm 
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(3)To determine the effect of biofilm growth stage on the anti-biofilm activity of AgNPs 

or AuNPs 

(4)To assess the antibiofilm activity of antibiotics when combined with AgNPs or 

AuNPs 

 

4.3. Reduction of preformed biofilm by metal nanoparticles 
 

Biofilms of seventeen isolates representing different biofilm class and isolate origin of 

C. perfringens (see section 2.4 for strain identification) including the laboratory 

reference ATCC 13124 strain were grown for 6h. 12, 24h or 48h in 96 well microtitre 

plates and using the total viable counts assay to quantify bacteria as described in 

sections 2.10 and 2.12. Preformed biofilm in each well was then treated by adding 

100µl of silver nanoparticles or gold nanoparticles (see section 2.6. for concentration 

and analysis). Plates were incubated at 37°C anaerobically for the desired period. The 

viable cells remaining after treatment was counted as well as viable cells in untreated 

samples. The effect of silver or gold nanoparticles on ‘mature’ established biofilm was 

determined according to the formula:  

Percentage reduction/kill = (A-B) X 100/A 

Percentage survival = B/A X 100 

A = Adherent cells in untreated wells  

B = Adherent cells in treated wells 

4.4. Evaluation of enhanced antibiofilm effect when combining 

metal Nanoparticles and antibiotics on C. perfringens biofilm. 
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To evaluate the effect of combining metal nanoparticles with traditional antibiotics on 

C. perfringens biofilm, 48h established biofilm in wells of microtiter plate were treated 

with both antibiotics and metal nanoparticles. Biofilms were treated with 100µl of 

10mg/ml solutions of either silver nanoparticles or gold nanoparticles alone and one 

of the following antibiotics at the MIC breakpoint. Penicillin (2μg/ml), gentamicin 

(8μg/ml), bacitracin (16μg/ml) or tetracycline (2μg/ml)) and a combination of antibiotic 

with nanoparticles. 100μl of the antimicrobial agent was added to each well and plates 

were incubated for 6h at 37°C anaerobically. Following this, surviving bacteria in each 

well was determined as described in section 2.12. Percentages showing biofilm 

reduction were calculated as described in section 4.2.  

Results 

4.5. Antibiofilm activity of metal nanoparticles  

 

The ability of silver nanoparticles and gold nanoparticles to reduce biofilms formed by 

the pathogen C. perfringens was determined under in vitro conditions. All 17 test 

isolates (for details of sources see section 2.4) were grown for 48h (to establish mature 

biofilm) in wells of microtiter plates and then treated with 10mg/ml concentration of 

nanoparticles for 24h. Though there are no reports in the literature on any antimicrobial 

effect of NPs on C. perfringens, researchers have reported the antibiofilm activity of 

varied concentrations of AgNPs and AuNPs on Gram-positive and Gram-negative 

bacteria. In this present study 10mg/ml of NPs was used to test for any antibiofilm 

activity on C. perfringens and the antibiofilm effect observed will determine if a higher 

or lower concentration will be tested in further study.  The results in Figures 4.1A and 

4.1B show the percentage of biofilm reduction for each of the tested isolates. 

Treatment of C. perfringens with silver nanoparticles resulted in 19% - 58% biofilm 

reduction (Figure 4.1A) whilst treatment with gold nanoparticles showed a lower 
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percentage reduction of biofilm ranging from 12% to 39% (Figure 4.1B). Although all 

test isolates were subjected to the same concentration of nanoparticles, different level 

of biofilm reduction for each strain were produced. The antibiofilm activity of 

nanoparticles appears strain dependent.  

 

 

 

Figure 4.1A and 4.1B: Activity of silver nanoparticles and gold nanoparticles on the reduction 

of C. perfringens preformed biofilms. Results are expressed as mean ± SD of 
triplicate assay. 
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4.6. Activity of silver or gold nanoparticles on reduction of pre-formed 

biofilm at different growth stages 

 

A test was taken to determine whether the reduction C. perfringens biofilms by silver 

or gold nanoparticles was dependent on the maturity (period of growth) of the 

established biofilm. C. perfringens biofilm were grown in 96-well plates to establish 

biofilms for either 6h, 12h or 24h before treating for 24h with nanoparticles. Effective 

reduction of biofilm by nanoparticles decreased with increases in the period of growth 

of established biofilm. Thus, biofilm reduction by tested nanoparticles on the 6h 

established biofilm was more than the 12h and 24h established biofilm growth. 
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A 

 

B 

Figure 4.2: Effect of AgNPs (A) and AuNPs (B) on reduction of pre-formed biofilm at different 
growth stage expressed as mean ±SD. P value < 0.05 for 6H and 24H biofilm growth stage  

 

4.7. Enhanced antibiofilm effect of antibiotics in the presence of silver 

or gold nanoparticles 

 

To investigate whether the combination of either silver or gold nanoparticles with 

antibiotics has synergistic effects, C. perfringens were grown to form biofilms and then 
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treated with antibiotic alone or nanoparticles in combination with antibiotics.  The 

question asked was whether antibiotics tested together with either metal nanoparticles 

enhanced the reduction of established C. perfringens biofilms. As shown in figures 

4.3A and 4.3B, the combination of nanoparticles and antibiotics showed an enhanced 

anti-biofilm effect than the antibiotics alone in 48h established biofilm treated for 6h. 

Specifically, the results demonstrated that gentamicin alone reduced biofilm activity by 

approximately 13% whereas combinations of gentamicin with either silver 

nanoparticles or gold nanoparticles reduced biofilm by 30% and 31% respectively. 

Similarly, penicillin alone reduced biofilm activity by 10% whilst combinations of 

penicillin with silver nanoparticles or gold nanoparticles reduced biofilm activity by 22% 

and 13% respectively. Biofilm reduction by bacitracin or tetracycline alone was 12% 

and 10% respectively whilst the combined effect of bacitracin with silver nanoparticles 

or gold nanoparticles was 26% and 23% respectively and the combined effect of 

tetracycline with silver nanoparticles or gold nanoparticles was 24% and 15% 

respectively.   

The antibiofilm activity of the metal nanoparticles can be attributed to the release of 

reactive oxygen species (ROS) and other free radicals such as hydrogen peroxides, 

singlet oxygen, hydroxyl ions and superoxide ions. These released free radicals can 

cause oxidative stress in the cells, damage DNA, inhibit protein synthesis and block 

translation and transcription process. NPs can also cause leakage on plasma 

membrane by infiltrating the membrane. The enhanced antibiofilm effect recorded 

when nanoparticles were combined with antibiotics could be related to drug synergy 

were the different drugs acts on different pathways. Penicillin and bacitracin acts on 

bacteria cell wall (inhibiting peptidoglycan synthesis) while gentamicin and tetracycline 

hinder protein synthesis by inhibiting the 30S ribosomes subunit. Other possible 
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reason for enhanced antimicrobial effect is the improved solubility/penetration of 

antibiotics through the biofilm matrix by the NPs (pharmacokinetic) because of the 

small size, shape, high reactivity, and large surface area to volume ratio of NPs. 

Furthermore, the result showed that though NPs enhanced the antibiofilm activity of 

the tested antibiotics, NPs were more efficient when applied alone except when   

AuNPs and gentamicin were combined. 
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A 

 

B 

Figures 4.3 The enhanced antibiofilm activity of antibiotics in the presence of AgNPs (4.3A) and 
AuNPs (4.3B) on C. perfringens biofilms expressed as means ±SD. P value was < 0.05 for AgNPs 

and antibiotic combination whilst P value was < 0.05 for AuNPs/GEN and AuNPs/BAC combination.   

Key: AgNPS: silver nanoparticles; AuNPS: gold nanoparticles; GEN: gentamicin; PEN: penicillin; BAC: 
bacitracin; TET: tetracycline 
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4.8. Antibiofilm activity of antibiotic combined with nanoparticles on 

different biofilm growth stage. 

 

To test whether the anti-biofilm effect of antibiotics and nanoparticles combination 

shown in section 4.3.3 was dependent on the growth stage of biofilm, C. perfringens 

biofilm were grown in 96-well plates to establish biofilms for either 12h, 24h or 48h 

before treating for 6h with either nanoparticles or antibiotics or their combination. The 

antibiotics and nanoparticles combination displayed more effective anti-biofilm activity 

than antibiotic applied alone to pre-formed biofilms formed at all time-points tested 

(Figures 4.4A and 4.4B).  Also, it was observed that nanoparticles applied alone were 

more effective at reducing preformed biofilm than the combination of antibiotic and 

nanoparticles except for the combination of gentamicin and gold nanoparticles. This 

result may suggest that antibiotics inhibit the effect of nanoparticles. 
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A                                                            B 

 

                                                               

 

 

 

 

 

C                                                                  D 

Figure 4.4A:  Effects of antibiotics and AgNPs on different growth stages of C. perfringens biofilms 
expressed as means ±SD. 12h, 24h and 48h preformed biofilm treated with AgNPs and antibiotics 
showed that biofilm removal varied with the maturity of the biofilm.  

Key: AgNPs: silver nanoparticles; GEN: gentamicin; PEN: penicillin; BAC: bacitracin; TET: tetracycline 

 

 

 

 

0.0
1.0
2.0
3.0
4.0
5.0
6.0
7.0
8.0
9.0

12H 24H 48H

LO
G

 1
0

 C
FU

/m
l O

F 
B

IO
FI

LM
 C

EL
L

GEN GEN/Ag

Ag CON

0.0

1.0

2.0

3.0

4.0

5.0

6.0

7.0

8.0

9.0

12H 24H 48H

C
FU

/m
l O

F 
B

IO
FI

LM
 C

EL
L

TET TET/Ag

Ag CON

0.0
1.0
2.0
3.0
4.0
5.0
6.0
7.0
8.0
9.0

12H 24H 48H

LO
G

 1
0

 
C

FU
/m

l O
F 

B
IO

FI
LM

 C
EL

L BAC BAC/Ag

Ag CON

0.0
1.0
2.0
3.0
4.0
5.0
6.0
7.0
8.0
9.0

12H 24H 48H

LO
G

 1
0

 C
FU

/m
l O

F 
B

A
C

TE
R

IA
L 

C
EL

L

PEN PEN/Ag

Ag CON



123 
 

A B

  

  

C                                                                 D 

Figure 4.4B:  Effects of antibiotics and AuNPs on different growth stage of C. perfringens biofilms 
expressed as means ±SD. 12h, 24h and 48h preformed biofilm treated with AuNPs and antibiotics 
showed that biofilm removal varied with the maturity of the biofilm.  

Key:  AuNPs: gold nanoparticles; GEN: gentamicin; PEN: penicillin; BAC: bacitracin; TET: tetracycline 
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Data in this chapter showed that silver or gold nanoparticles has antibiofilm effect on 

C. perfringens pre-formed biofilm at all time points tested. Though the percentage of 

pre-formed biofilm cells at different growth stages that survived after 6h or 24h 

treatment with nanoparticles alone or nanoparticles + antibiotics combination 

increased with the level of maturity of the biofilm, this difference was statistically not 

significant (P value > 0.05). Also, pre-formed biofilm at all time-points tested, showed 

that the antibiotics and nanoparticles combination displayed a stronger anti-biofilm 

activity than antibiotics alone. Furthermore, it was observed that nanoparticles showed 

better antibiofilm activity when applied alone compared to combinations with 

antibiotics except for the combination of AuNPs and gentamicin.  

 

4.9. Discussion 

Nanoparticles are recognised as broad-spectrum antimicrobial agents that have 

shown successful application as antibacterial and antibiofilm agents (Karaman et al., 

2017; Ghotaslou et al., 2017; Han et al., 2017; Slomberg et al., 2013; Ahmadi et al., 

2013; Guzman et al., 2012; Martínez-Gutierrez et al., 2010). In addition, nanoparticles 

have been used to inhibit bacteria from colonizing prostheses and other medical 

devices as well as a vehicle for the delivery of therapeutic agents (Qayyum and Khan, 

2016; Huh and Kwon, 2011; Zhang et al., 2008). 

Data in this chapter correlates with other studies that have shown that both silver and 

gold nanoparticles appear capable of reducing and ‘dispersing’ biofilms. Gurunathan 

et al., (2014) reported the anti-biofilm activity of biologically synthesized silver 

nanoparticles against two Gram- positive bacteria (S. aureus and S. pneumoniae) and 

recorded 90% biofilm reduction after 24h of treatment. They also found that silver 
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nanoparticles reduced biofilm formed by Pseudomonas aeruginosa and Shigella 

flexneri by more than 90%. Martinez- Gutierrez et al., (2013) observed 4 log reductions 

in bacterial cell counts when P. aeruginosa was exposed to 100mg/ml of silver 

nanoparticles. Ansari et al., (2014) demonstrated that 50µl/ml of silver nanoparticles 

inhibited biofilm formation of E. coli and Klbesiella spp on the surface of agar plates. 

Honora et al., (2017) reported that silver nanoparticles removed pre-formed biofilm in 

frequently touched surfaces of surgical operating rooms in Suez Canal University 

Hospital Egypt. 

Gold nanoparticles in this present study displayed less antibiofilm activity compared 

to silver nanoparticles. Though Castillo-Martínez et al., (2015) showed that 150µg/ml 

of gold nanoparticles completely inhibited oral biofilm in vitro whereas Gopinath et al., 

2016 reported that gold nanoparticles did not inhibit biofilm formation by some Gram- 

positive and Gram- negative bacteria. To my knowledge, the present study is the first 

that has shown an antibiofilm effect of gold nanoparticles on biofilm reduction in C. 

perfringens. The antibiofilm effect of nanoparticles could be related to the ability of 

nanoparticles to adhere to the biofilm matrix and penetrate through the EPS and 

accumulate inside the bacterial cells thereby continuously causing destruction of 

cellular organelles.  Mechanisms of bacterial killing by NPs include reactive oxygen 

species (ROS) production, membrane disruption, DNA synthesis inhibition and ATP 

depletion (see figure 1.12 in chapter 1) (Qayyum and Khan 2016; Yeh, et al., 2020).  

The percentage of 6h, 12h and 24h preformed biofilm cells that survived treatment of 

nanoparticles after 24h of exposure increased though this difference was not 

statistically significant (P value > 0.05) (Figure 4.2A and 4.2B). This finding might imply 

that nanoparticles become less efficient in removing biofilm as the biofilm grows to 

maturity.  
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The investigation on whether metal nanoparticles in combination with antibiotics could 

improve the anti-biofilm activity of antibiotics normally tested alone showed that 

nanoparticles can enhance the activity of the tested antibiotics. This enhanced result 

is extended for pre-formed biofilm at different growth stages. Pre-formed biofilm 

formed at all time-points tested, showed that the antibiotics and nanoparticles 

combination displayed a stronger anti-biofilm activity than antibiotics alone. It is also 

observed that the combination of antibiotics and nanoparticles could enhance the 

antibiotic reduction of biofilms at different stages of growth. Therefore, antibiofilm 

activity of nanoparticles appears clearly not dependent on the growth stage of the 

biofilm. Furthermore, except for the combination of AuNPs and gentamicin, it was 

observed that nanoparticles showed better antibiofilm activity when applied alone 

compared to when combined with antibiotics. These findings agree with the report by 

Gurunathan et al., (2014) where they reported the enhanced anti-biofilm effect (40% 

to 60% reduction in biofilm) when sublethal concentration of ampicillin and vancomycin 

combined with AgNPs on P. aeruginosa, S. flexneri, S. aureus and S. pueumoniae 

using the crystal violet staining assay in tissue culture plates.  

Results from this present study showed that combined treatments of silver 

nanoparticles or gold nanoparticles and antibiotics enhanced the number of cell deaths 

in biofilms although the precise mode of actions remains unknown. Notwithstanding 

this, combining nanoparticles with different antibiotics has the potential to become an 

effective anti-biofilm treatment and a method to increase antibiotic effectiveness.  

4.10. Conclusion 

Bacterial biofilms that are resistant to antibiotics are a public health challenge and has 

prompted a worldwide search for new therapeutic agents. Metal nanoparticles have 

been proposed as a new therapy for controlling bacterial infections. The present study 
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supports the claim that nanoparticles have antibiofilm therapeutic potential and 

suggests a potential use against C. perfringens biofilm as a possible disinfectant. 

However, since there has not been any previous study on nanoparticles activity with 

C. perfringens, it would be necessary to carry out larger studies to determine the 

antibiofilm reduction and enhanced activity of antibiotics when combined with 

nanoparticles on more strains. In addition, studies are required to determine the 

cytotoxicity of nanoparticles before considering their application.  
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CHAPTER FIVE:  

ANTIBIOFILM ACTIVITY OF PLANT EXTRACTS AGAINST 

Clostridium perfringens BIOFILM  

5.1 Introduction 

Certain plants recognised as spices and for their medicinal effects, have not been 

investigated for their antibiofilm activity until recently. Despite some doubts, several 

effective natural compounds are attributed to different plant extracts (Sadekuzzaman 

et al., 2015).  Plant extracts and their active compounds have shown antibiofilm activity 

and Coenye et al., (2012) reported that the extracts of 5 plants (Epimedium 

brevicornum, Malus pumila, Polygonum cuspidatum, Rhodiola crenulata, and Dolichos 

lablab) out of 119 plant extracts investigated for antibiofilm activity on 

Propionibacterium acnes (reclassified as Cutibacterium acnes) effectively eradicated 

their biofilm. They also identified specifically that resveratrol, salidroside and icariin 

were the active compounds in those 5 plant extracts. Lee et al., (2013) demonstrated 

that 16 out of the 498 plant extracts tested on enterohemorrhagic Escherichia coli 

(0157:H7) biofilm showed greater than 85% inhibition of biofilm formation. Extracts 

from green tea (Camellia sinensis) and dandasa (Juglans regia) successfully inhibited 

biofilm formation by E. coli isolated from a urinary catheter and Streptococcus mutans 

isolated from the oral cavity. They were active at a concentration of 12.5mg/ml and 

6.5mg/ml respectively against S. mutans and 3.1mg/ml and 12.5mg/ml respectively 

against E. coli (Feraz et al., 2012). It was also reported that the aqueous extract of 

Caatinga plants (medicinal shrub from Brazil) prevented the growth of Staphylococcus 

epidemidis biofilm (Trentin, et al., 2011). 
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Medicinal plants with potential antimicrobial/ antibiofilm activity 

tested in this present study.  

5.2. Vernonia amygdalina (Bitter leaf) 

Vernonia amygdalina (V. amygdalina) belongs to the family Asteraceae. It is a 

perennial small shrub of about 2 to 5m in height found in tropical Africa. It is a soft 

wooded bitter plant with leaves of about 20cm long and it is commonly called bitter 

leaf in Nigeria because of the bitter taste of the plant. It is known by different local 

names in the different Nigerian languages, such as oriwo (Edo), onugbo (Igbo), Ewuro 

(Yoruba), etidot (Ibibio), Ityuna (Tiv), Chusar-doki (Hausa). In Uganda it is called 

Omubirizi, Ndoleh, in Cameroon and Ebichaa, in Ethiopia (Oyeyemi et al., 2018). In 

Nigeria, the leaves are consumed as green leafy vegetables in soup, and it is used in 

the preparation of various delicacies following drying, boiling or several washing to 

reduce bitter taste. Studies that have analyzed the nutritional composition of V. 

amygdalina have shown that it is a rich source of protein, carbohydrate, fat, moisture, 

fibre, ash, and various minerals (Oboh and Masodje, 2009; Kadiri and Olawoye, 2016).  

V. amygdalina can thrive on all soil types but grows much better on humus-rich soils 

and humid environment though it can tolerate drought. It is easily propagated through 

stem cutting and is compatible with other plants as it is not a competitor for nutrient 

and moisture and yields high biomass and adapts easily to the environment. It favors 

the growth of other plants as it improves the soil fertility (Oyeyemi et al., 2018). 

V. amygdalina is a medicinal plant that serves a multi-purpose. It has been widely used 

for the treatment of numerous ailments in Africa. Different studies have reported the 

antimicrobial activities of ethanol, methanol, and aqueous extract of V. amygdalina on 

both Gram-positive and Gram-negative bacteria (Okigbo and Mmeke, 2008; Alo et al., 

2012; Ghamba et al., 2014; Udochukwu et al., 2015).  V. amygdalina is used to treat 

malaria, dysentery and gastrointestinal disorder, constipation, cough, fever, worm 
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infestation and protozoal infection (amoebic dysentery). It is also reputedly used to 

treat hiccups, convulsions, diabetes, wounds, measles, jaundice, eczema, anaemia 

and to induce fertility in women (Farombi and Owoeye, 2011; Clement et al., 2014; 

Oyeyemi et al., 2018). Several phytochemicals responsible for V. amygdalina 

ethnobotanical use have been identified. Phytochemicals are natural bioactive 

compound that are beneficial to heath. Some established bioactive compounds in V. 

amygdalina includes terpenes, phenolic acids, flavonoids, steriods, liganans, 

saponins, xanthones, edotides, phytate, oxalate, cyanogenic glycoside and 

Anthraquinone.  These compounds are responsible for the antimicrobial and 

antioxidant activity of V. amygdalina. Studies by Farombi and Owoeye et al., (2011); 

Foo et al., (2014) revealed that the leaf extract of V. amygdalina is a significant source 

of dietary antioxidant. Evbuomwan et al., (2018) assessed the antibacterial activity of 

V. amygdalina leaf extract on selected pathogens. Their results showed that V. 

amygdalina has potential bioactive compounds that are responsible for its antibacterial 

activity. Though several of the synthetic bioactive compounds have shown one or 

more of the activities exhibited by the plant extract, the activities are lower compared 

to when the extract is derived directly from the plant. This may imply that the medicinal 

effect of the plant results from a synergistic interaction of the different phytochemicals 

present in the plant (Oyeyemi et al., 2018).  
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Figure 5.1: Vernonia amygdalina leaf  

  

5.3. Ocimum gratissimum (Scent leaf) 

 

Ocimum gratissimum (O. gratissimum) is a tropical herbaceous plant indigenous to 

Africa (West Africa) and Asia (India). The plant belongs to the family Labiatae. O. 

gratissimum is a home-grown shrub that measures up to 1.9m in height with branching 

stems. The leaves measure up to 10 x 5 cm and has a characteristic aromatic taste. 

The plant is known by different names in various parts of the world (Junaid et al., 

2006). In India it is called Ram tulsi (by the Hindi) and Nimma tulasi (by the Kannada) 

(Prabhu et al., 2009). In the Eastern part of Nigeria (Igbos), the plant is called 

Nchanwu, Efinrin in the west and Daidoya in Hausa. O. gratissimum commonly called 

scent leaf in Nigeria serve both nutritional and medicinal purposes (Njoku et al., 2011). 

The plant has since been known for its ethnomedicinal value in many countries. The 

leaf of O. gratissimum is used as spices for cooking various delicacies like soup, stew, 

and pasta. The leaves and flowers are rich in essential oils. The essential oil contains 

geraniol, linalol, citral, eugenol and thymol (Dubbey et al., 2000; Prabhu et al., 2009). 
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The oil has wide spectrum of antifungi activity, and it is used as an insect repellent and 

in preparation of teas. In Nigeria, O. gratissimum is used to treat cough, catarrh, 

gastroenteritis, severe diarrhoea and other stomach disorder, malaria, vomiting, high 

fever, convulsion, skin diseases such as ring worm, urinary infections, epilepsy, mental 

illness, and cleaning of the baby cord to keep the surface sterile.  People of India use 

the plant as a diaphoretic and antipyretic treatment of headache and influenza (Ijeh et 

al., 2005; Adebolu and Salau, 2005; Akinmoladun et al., 2007; Prabhu et al., 2009).  

Researchers have shown that O. gratissimum medicinal values depends on its 

bioactive compound that exhibit antibacterial (S. aureus, S. faecalis, P. aeruginosa 

and E. coli and antifungal (Aspergillus niger, A. flavus, Fusarium oxsporium, Rhizopus 

stolonifer, Botryodiplodia theobromae and Penicillium chrysogenum) activities that is 

of health benefit. Phytochemicals that have been identified include tannins, steroids, 

oligosaccharides, saponins, carbohydrates, flavonoids, and alkaloids (Junaid et al., 

2006; Akinmoladun et al., 2007; Prabhu et al., 2009). The antibacterial activity of cold 

water, hot water, and steam distillation oil extract from the leave of O. gratissimum 

was tested against pathogenic bacteria that causes diarrhoea (Staphylococcus 

aureus, Escherichia coli, Salmonella typhi and Salmonella typhimurium). Results 

showed that only the plant oil extracted via steam distillation had inhibitory effect on 

the tested bacteria with MICs ranging from 0.1% for S. aureus, 0.01% for E. coli and 

S. typhimurium and 0.001% for S. typhi (Adebolu and salau, 2005). The authors 

suggested that the likely course of this could be because the steam distillation 

technique extracted the oil better than the other methods used in the study. Junaid et 

al., (2006) supported the ethnomedicinal application of O. gratissiumum as they 

demonstrated that leaf extract of the plant has potential for the control of 

gastroenteritis. 



133 
 

Investigation by Offiale and Chikwendu, (1999) on the antidiarrhoeal effect of aqueous 

leaf extract of O. gratissimum on castor oil induced diarrhoea in rats revealed that the 

extract could hinder the production of watery faeces and propulsive movement of the 

gastrointestinal tract. Nweze and Eze, (2009) also confirmed the folkloric application 

of O. gratissimum use in treating wound infection. In their study, they tested the effect 

of ethanolic leaf extract of O. gratissimum on some bacterial commonly associated 

with wound infection. They revealed that the plant extract could inhibit the growth of 

the bacteria and reported positive synergistic interaction between plant extract and 

antibiotics. 

 

 

 

Figure 5.2: Ocimum gratissimum plant 

5.4 Azadirachta indica (Neem) 

 

Azadirachta indica (A. indica) is commonly called the neem plant and it belongs to the 

family Meliaceae. It is used traditionally as a therapeutic agent. The leaf, seed, oil and 
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bark of A. indica are known to contain antibacterial and antifungal substances effective 

against pathogenic microorganisms. There has also been report on their antiviral 

activity against measles and vaccinia viruses (Raja et al., 2013; Biswas et al., 2002). 

Different parts of neem (leaf, bark seed pulp and oil) have shown various medicinal 

use which includes antiulcer, antibacterial, antifungal, antiviral, antimalarial, 

antioxidant, anticarcinogenic, antifertility, anti-inflammatory, antipyretic and analgesic, 

antioxidant, antimutagenic and anti-diabetic activities (Biswas et al., 2002). Neem is 

also used to treat leprosy, intestinal helminthiasis, heumatism, constipation, ringworm, 

eczema, scabies and as a general health promoter. Bioactive compounds in neem 

such as nimbidin, azadarachtin, nimbin, gedunin, polysaccharides and nimbolide are 

responsible for the biological activities in different plant parts. Raj et al., (2013) 

investigated the antimicrobial activity of the leaf, seed, and bark extract of A. indica 

and they revealed that the leaf and bark extract had high antimicrobial properties on 

S. aureus, P. aeruginosa, P. mirabilis, E. faecalis, A. fumigatus and C. albicans. 

Natarajan et al., (2003) studied the effect of the leaves and seeds extract of neem 

plant on dermatophyte growth. They reported that the seed extract of neem had 

antidermatophytic properties as it could hinder the growth of dermatophytes. Their 

study supports the claim that A. indica seed oil can be used to treat ringworm and 

other dermatological diseases. Also, Coventry and Allan, (2001) showed that the neem 

seed extract had antimicrobial properties. 
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Figure 5.3: Azadirachta indica plant 

 

Although several studies have reported good but varying antimicrobial activity of 

ethnomedicinal herbs, only limited research has been published on their antibiofilm 

potentials.  

5.5 Aims and Objectives 

The aim of this chapter was to test the antibiofilm potential of the ethanolic leaf extracts 

of three medicinal plants (V. amygdalina, O. gratissimum and A. indica) against C. 

perfringens bacteria. The specific objectives were. 

(1)To test the effect of different concentrations of ethanolic leaf extract on C. 

perfringens bacteria 

(2)To evaluate the biofilm inhibitory effect of ethanolic leaf extract on C. perfringens 

biofilm 

(3)To evaluate the biofilm removal/reduction effect of ethanolic leaf extract on C. 

perfringens biofilm 
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5.6. Preparation of crude extract 
 

Fresh leaf samples of three plants; V. amygdalina, O. gratissimum and A. indica were 

collected from a garden at Irrua, Esan Central LGA Edo state, Nigeria. Leaf extract 

was prepared following the methods described by (Okigbo and Mmeke 2008; Alo et 

al., 2012). Leaves were collected from the same plant and at a particular time. Leaves 

were washed thoroughly with distilled water and then air dried at room temperature 

before grinding into a fine powder in a sterile blender. The extract was prepared by 

weighing twelve grams (12g) of each ground leaf sample and soaking in 100ml of 

60%w/w ethanol at room temperature for 72h with regular stirring. The plant extract 

was filtered using a Whatman number1 filter paper. The filtrate was then evaporated 

using a rotary evaporator to obtain the crude extract. This was stored at 40C until 

required.  

 

 

Figure 5.4: Ground dried leaves of plant extract. From left to right; Vernonia amygdalina, 
Ocimum gratissimum, Azadirachta indica. 
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Figure 5.5: Blended leaf of plant extract dissolved in 60%w/w of ethanol. 

 

5.7 Preparation of concentration of plant extract: 

This present study tested the antibiofilm activity of 20mg/ml of the plant extract. Varied 

MICs of tested plant leaf extract on different bacteria have been reported in the 

literature and since there is no previous report on C. perfringens, 20mg/ml 

concentration of tested plant extract was used to establish if there is any antibiofilm 

activity on C. perfringens. Due to the oily nature of the ethanol extract, it failed to 

dissolve directly in deionized water. To overcome this, 0.2g of the extract was first 

dissolved in 1ml of 99.9% ethanol before 10ml of distilled water was added to produce 

a concentration of 20mg/ml. 1ml of ethanol dissolve in 10ml of deionized water was 

used as a negative control to ensure ethanol was not contributing to the antimicrobial 

effect. Other concentrations of 10, 5, 2.5 and 1.25mg/ml were prepared by the serial 

double dilution method. 

5.8.  Prevention of biofilm formation 
 

To assess the potential of plant extract to prevent the attachment of C. perfringens 

biofilm cells from the different biofilm class in 96 well plates, 100µl of each plant extract 
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was pipetted into wells in 96 well plates containing 100µl of BHI broth culture 

(107CFU/ml) of C. perfringens making a total volume of 200µl in each well. 200µl of 

sterile BHI broth was added into empty wells as sterility control while 200µl of broth 

culture was pipetted in wells as negative control (untreated biofilm). Plates were 

wrapped with parafilm and then incubated anaerobically at 37°C for 24h without 

shaking to allow for cell attachment. Percentages showing biofilm inhibition were 

calculated as described in section 4.2.  

5.9. Reduction/removal of preformed biofilm 
 

Firstly, biofilm was preformed for 48h before treatment with the plant extract. 200µl of 

C. perfringens bacterial broth culture was added to each well in 96 well microtiter plate 

and incubated at 37°C for 48h to allow for cell attachment. Following incubation and 

cell attachment, wells with pre-formed biofilm were washed three times with 200µl of 

sterile quarter strength Ringer’s solution to remove unattached cells and then treated 

with 100µl of each plant extract. For the negative control, preformed biofilm in wells 

were treated with 100µl of sterile quarter strength Ringer’s solution. Plates were again 

incubated at 37°C anaerobically for 24h. After the period of incubation, the level of 

biofilm growth reduction was compared against untreated biofilm cells and biofilm 

growth was quantified by total viable count method (TVC) as described in section 2.12. 

Percentages showing biofilm reduction were calculated as described in section 4.2.  

 

RESULTS  

5.10.  Antibiofilm activity of V. amygdalina extract  

 

Antibiofilm activity revealed that the ethanolic extract of V. amygdalina leaf (20mg/ml, 

10mg/ml, 5mg/ml, 2.5mg/ml and 1.25mg/ml) tested on two strains of C. perfringens 

reduced pre-formed biofilm as shown in Figures 1a and 1b. It was observed that the 
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antibiofilm activity of different concentrations of V. amygdalina leaf extract was 

concentration dependent as there was a reduction in bacterial cell count as the 

concentration decreased. Also, the antibiofilm activity was strain dependent as the 

percentage of biofilm reduced varied between the two strains tested. The ATCC strain 

was more susceptible to reduction and there was no significant difference (P> 0.05). 

In the environmental isolate (E15), significant difference was seen only between 

20mg/ml and 1.25mg/ml and 10mg/mg and 1.25mg/ml.  
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a 

 

b 
Figure 5.6: Antibiofilm activity of different concentrations of V. amygdalina leaf extract on C. 
perfringens biofilm expressed as means ±SD of triplicate assays. The higher the 
concentration tested the increase in the removal of bacterial cell. 

  
 

5.11. Activity of V. amygdalina, O. gratissimium, and A. indica leaf 

extracts in prevention of C. perfringens biofilm formation and reduction 

of established biofilm  

The ability of the tested plant extract to prevent the attachment of biofilm cells as well 

as reduce already formed biofilm was investigated. Figures 5.7 and 5.8 shows the 
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percentage inhibition of biofilm formation and the reduction of pre-formed biofilm 

compared against untreated C. perfringens biofilm (negative control) by a 

concentration of 20mg/ml of leaf extracts on six isolates of C. perfringens that 

represented the different source of our isolates. This study revealed that the three-

plant extracts did inhibit or reduced biofilm for each tested isolate although the 

dynamics were different. From our results, the ethanolic leaf extract of these plants 

showed varied level of reduction of biofilm formation or prevention of biofilm formation. 

The highest percentage of biofilm reduced by V. amygdalina was 28% and the least 

was 15%. For O. gratissimium, the highest percentage reduced was 27% and the least 

was 12%. While for A. indica, the highest percentage of reduction was 28% and least 

was 10% (figure 5.7). For prevention of biofilm formation, the highest percentage of 

inhibition recorded by V. amygdalina was 11% and the least was 2%. O. gratissimium 

had 15% as the highest percentage of inhibition and 5% as the least. While A. indica 

showed 20% as the greatest percentage of inhibition and 4% as the least (figure 5.8).  
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Figure 5.7: Percentage reduction/kill of 48h established biofilm by plant leaf extract expressed as 
means ± SD of triplicate assays. After treatment of preformed biofilm for 24h, leaf extract reduced 
biofilm in all tested isolates.  

 

 

Figure 5.8: Percentage inhibition of biofilm growth by plant leaf extract after treatment for 24h 
expressed as means ±SD of triplicate assays. Plant leaf extract inhibited biofilm formation in all tested 
isolates. 
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inhibition was different for each plant extract tested and varied for the different C. 

perfringens isolates. 
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5.12. DISCUSSION 

The antibiofilm activity of the plant extracts tested in this study are probably as a result 

from the presence of a variety of phytochemicals which have previously been identified 

from the leaf extracts. Such compounds include tannins, flavonoid, steroids, alkaloids, 

terpenoids, saponins and glycosides (Biu et al., 2009; Adeniyi et al., 2010; 

Akinmoladun et al., 2007; Ayoola et al., 2008). Since our samples were crude ethanolic 

extracts, these compounds could have acted individually or in synergy to produce the 

effects observed at the concentrations tested. 

Although there has not been any published work on the antimicrobial activities of any 

of these plant extracts (V. amygdalina, O. gratissimium and A. indica) specifically on 

C. perfringens, several studies have been carried out on the antimicrobial activities of 

leaf extracts of the plants on other bacteria and particularly ethanolic leaf extract of V. 

amygdalina, O. gratissimium and A. indica on other microorganisms. Romero et al., 

(2016) evaluated the antibiofilm activity of native plant extract from northwestern 

Argentina. They reported that extract concentration significantly affected biofilm 

inhibition and reduction activity and that the biofilm inhibition effect of all tested plant 

extract (Lycium chilense, Schinus fasciculatus, T. minuta, T. absinthioides, and L. 

divaricate) were higher than biofilm reduction effect on Bacillus sp Mcn4 and S. aureus 

Mcr1 with 30% and 39% difference respectively. Sanchez et al., (2016) studied the 

biofilm inhibitory effect of different concentrations (75, 50, and 25%) of methanolic 

plant extracts from Prosopis laevigata, Opuntia ficus-indica, and Gutierrezia 

microcephala on E. coli and reported a dose dependent activity. The highest specific 

biofilm formation (SBF) recorded was 0.4, 1.5 and 3 after treatment with 75%, 50% 

and 25% of the plant extract. Famuyide et al., (2019) studied the antibiofilm activity of 

acetone plant extracts from the Myrcateae family and reported that the tested plant 

extract showed varied degree of biofilm inhibition and reduction activity. Plant extracts 
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showed good biofilm inhibition activity with all tested isolates showing greater than 

50% biofilm inhibition. Their work showed that removal of preformed biofilm was more 

difficult for the tested plant extract compared to inhibition of biofilm formation or 

establishment. This shows clearly that pathogens are more resistant to antimicrobials 

when in the biofilm mode of growth. Laird et al., (2011) reported citrus EO vapour 

reduced vancomycin resistant Enterococcus spp. (VRE) and MRSA biofilm formed on 

stainless steel surfaces by 1.5 – 3 log10 and 72% reduction in metabolic activity after 

exposure for 24h. The EO vapour showed both biofilm inhibition and biofilm reduction 

effect on S. aureus biofilm but showed only significant biofilm reduction effect on 

enterococcal biofilm. 

 Zeuko’o et al., (2016) reported that the MIC of ethanolic leaf extract of V. amygdalina 

on the fungi - Candida albicans and Candida glabrata was greater than 40mg/ml. 

Okigbo and Mmeka (2008) reported that the 20mg/ml of the ethanolic leaf extract of 

V. amygdalina inhibited the growth of E. coli, S. aureus and C. albicans planktonic 

cells. A study by Evbuomwan et al., (2012) observed that the MIC of V. amygdalina 

on some Gram positive and Gram-negative bacteria varied between 25mg/ml to 

50mg/ml. Alo et al., (2012) observed that the MIC of the ethanolic leaf extract of V. 

amygdalina and O. gratissimium on E. coli was 500mg/ml and 200mg/ml, respectively. 

Another study by Nwinyi et al., (2009) recorded MIC of 10mg/ml and 2.3mg/ml for O. 

gratissimium extract on E. coli and S. aureus, respectively. Udochukwu et al., (2015) 

showed that the MIC of V. amygdalina was 50µl/ml for E. coli and S. aureus while the 

MIC for P. aeruginosa was 25µl/ml. They also observed that O. gratissimium had MIC 

of 50µl/ml for the three tested bacteria (E. coli, P. aeruginosa and S. aureus) 

respectively. Rajasekaran et al., (2008) demonstrated that the ethanolic leaf extract of 

A. indica in a concentration of 5mg/ml inhibited the growth of some Gram positive and 
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Gram-negative bacteria. Aslam et al., (2012) also reported the activity of 50mg/ml and 

75mg/ml of A. indica extract on S. aureus, Corynebacterium bovis and E. coli.  To our 

knowledge this present study is the first to assess their antibiofilm activity. No study 

has so far been carried out using these extracts on C. perfringens or any other 

bacterial biofilm.  

 

 

5.13. CONCLUSION 

Results of this study showed that the studied plant extracts demonstrated modest 

ability to reduce biofilm formation at the concentrations tested when added before 

biofilm was formed or removed biofilms once formed. This suggest that the bioactive 

compounds of these plant leaf extracts are responsible for these activities. We 

recommend further investigation on the antibiofilm activity at higher concentrations in 

C. perfringens and other bacteria biofilms. It will also be necessary to apply both 

quantitative and qualitative phytochemical screening following the methods of Gul et 

al., (2017); Ezeonu and Ejikeme (2016) to analyse and determine the different classes 

of natural compounds as well as the percentage of phytochemical constituents in the 

extract responsible for the antibiofilm activity observed by separating and identifying 

the components. These compounds would be tested individually and when effective, 

could be used to develop antibiofilm agents and then tested against biofilm produced 

by other pathogenic microorganisms.  
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CHAPTER SIX: 

 ANTI-BACTERIAL AND ANTI-BIOFILM ACTIVITY OF A 

NEW ANTIMICROBIAL COMPOUND (ACQUORSOL) ON 

Clostridium perfringens PLANKTONIC CELLS AND 

BIOFILM. 

 

 6.1 Introduction 

Biocides are disinfectants that are used in homes, hospitals, food industries and farms 

to prevent and control the spread of pathogens. There are various studies in the 

literature that have reported the antibiofilm activity of biocides on pathogenic bacteria. 

Zineb et al., (2014) demonstrated that sodium hypochlorite, hydrogen peroxide and 

ethanol showed good to excellent biofilm inhibition effect on Staphylococcus werneri 

and Staphylococcus sciuri biofilm. Skowon et al., (2019) tested the susceptibility of 

Listeria monocytogenes biofilm to four disinfectants (Jodat, Peroxat, Chlorox S and 

Quotosept) on Listeria monocytogenes biofilm. They reported that though the 

disinfectant tested reduced biofilm, biofilm susceptibility to disinfectant was strain 

dependent and was influenced by environmental factors such as temperature, pH, and 

nutrient availability. Also, Trevisan et al., (2018) recorded 5 log and 5.12 log reduction 

in bacterial count respectively when Salmonella Typhimurium preformed biofilm on 

stainless steel and polypropylene was treated with 4 x MIC of carvacrol.  Charleboise 

et al., (2017) tested the susceptibility of C. perfringens in biofilm to five different 

disinfectants: hydrogen peroxide (10%), potassium monopersulfate (1%), 

glutaraldehyde (2%), quaternary ammonium chloride (1%) and sodium hypochlorite 

solution (0.27%). Their investigation showed that not surprisingly, sodium hypochlorite 

solution (0.27%) was very efficient at reducing C. perfringens in biofilm.  
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When considering the healthcare significance of biofilm and its role in increasing drug 

resistance, there is an urgent need for appropriate and alternative approaches to 

inhibit biofilm growth and treat biofilm related infections. This chapter aims at testing 

the antibiofilm activity of a recently developed QAC compound (acquorsol) on C. 

perfringens biofilms. Acquorsol is a very similar compound to Bacoban a common 

bactericide composed of the active component Benzalkonium chloride. Benzalkonium 

chlorides (BACs) has broad-spectrum antimicrobial properties against bacteria, fungi, 

and viruses and therefore has widespread application. They are categorized as 

biocidal agents with long durations of action (Pereira and Tagkopoulos, 2019). 

Benzalkonium chloride are bacteriostatic or bactericidal in action based on their 

concentration. Generally, their activity is not affected by pH, but such activity increases 

with prolonged exposure time and at higher temperatures.  

The mode of action of benzalkonium chloride is due to the disruption of intermolecular 

interactions in the microbial cell. This disruption can cause the separation of 

membrane lipid bilayers of bacteria, resulting in uncontrolled cellular permeability, 

leakage of important cellular contents and deactivation of enzymes involve in different 

metabolic activities (Pereira and Tagkopoulos, 2019). 

 

Structure of benzalkonium chloride    Source: (Blazheyevskiy and Kovalska, 2017). 
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When considering the healthcare significance of biofilm and its role in increasing drug 

resistance, there is an urgent need for appropriate and alternative approaches to 

inhibit biofilm growth and treat biofilm related infections.  

6.2 Aims and objectives 

This chapter aims at testing the antimicrobial activity of a recently developed research 

compound (acquorsol) on C. perfringens biofilms. The specific objectives are. 

(1)To determine the antimicrobial activity of acquorsol on C. perfringens planktonic 

cells 

(2)To determine the biofilm inhibitory activity of acquorsol on C. perfringens biofilm 

cells 

(3)To evaluate the effect of acquorsol on C. perfringens pre-formed biofilm 

(4)To determine the effect of time of exposure on the antibacterial activity of acquorsol 

on C. perfringens planktonic and biofilms 

 

Antimicrobial assay 

6.3. Activity of Acquorsol on planktonic cell  

 

The bactericidal effect of different concentrations of Acquorsol on C. perfringens 

planktonic culture was determined on isolates from human, chicken and poultry 

environment representing different biofilm class. In a sterile 96-well microtiter plate, 

200μl of stock Acquorsol solution was transferred to wells in column 1 of the plate. 

100μl of deionized water was transferred to other wells. Two-fold serial dilutions of 

Acquorsol solution were prepared by transferring 100μl of Acquorsol solution from 

column 1 into column 2 and then mix thoroughly by gently pipetting up and down. Then 
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100μl of the mixture in column 2 was transferred with a pipette and added to the next 

set of wells in column 3. This twofold serial dilution continued up to the 12th dilution. 

100μl of the C. perfringens broth culture was transferred into each well containing the 

antimicrobials and producing a final cell density of 5x105 CFU/ml. The negative control 

wells were inoculated with C. perfringens test isolates with no Acquorsol solution, while 

the positive control wells contained sterile BHI broth and Acquorsol solution with no 

bacterial suspension.  The microtiter plates were incubated anaerobically overnight at 

37°C. The minimum bactericidal concentration (MBC) of Acquorsol solutions were 

reported as the lowest concentration that inhibited bacterial growth completely which 

was determined by spread plating. Briefly, TSC agar plates were prepared and 100µl 

from each well after incubation was inoculated onto plates and incubated anaerobically 

at 37°C for 24h.  

6.4. Prevention of biofilm formation by Acquorsol solution  

Different concentrations of Acquorsol solution; (1) 50%, (2) 25%, (3) 12.5%, (4) 6.25%, 

(5) 3.13%, (6) 1.56%, (7) 0.78%, (8) 0.39%, (9) 0.195%, (10) 0.097%, (11) 0.05%, (12) 

0.02%, (13) 0.01% were prepared and tested on C. perfringens biofilm isolates 

representing different biofilm class using 96 well microtiter plates. For each isolate, 

100μl of antimicrobial solution was transferred to three wells in microtiter plate and 

100μl of C. perfringens midlog phase broth culture was inoculated into each of the 

wells. Microtiter plates were then incubated anaerobically at 37°C for 24h. The effect 

of the treatment was determined by TVC assay as described in section 2.12. The 

percentage of biofilm reduction or kill was determined as shown in section 4.2. 
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6.5.  Biofilm removal/reduction effect of Aquorsol 
The effect of Acquorsol solution on the removal of established biofilm was evaluated 

by counting the number of viable bacterial cells in treated and untreated wells after 

exposure of pre-formed biofilm to acquorsol. Preformed biofilm in wells of microtiter 

plates were treated with 100μl of acquorsol and incubated for 6h to 24h. The number 

of adherent cells left after treatment was quantified following the procedure described 

in section 2.12. 

Results 

6.6.  Antibacterial activity of Acquorsol on planktonic cells 

 

The antibacterial activity of 13 concentrations (1) 50%, (2) 25%, (3) 12.5%, (4) 6.25%, 

(5) 3.13%, (6) 1.56%, (7) 0.78%, (8) 0.39%, (9) 0.20%, (10) 0.097%, (11) 0.05%, (12) 

0.02%, (13) 0.01% of Acquorsol solution was determined on four C. perfringens 

isolates. Acquorsol solution affected the bacterial cell survival of tested C. perfringens 

isolates compared to the negative control (bacterial culture with no antimicrobial 

solution). Bacterial cell viability in planktonic culture was increased as the 

concentration of the antimicrobial solution decreased. It was observed that 50%, 25%, 

12.5%, 6.25%, 3.13%, 1.56%, 0.78%, 0.39%, 0.02% and 0.097% concentrations 

inhibited 100% of planktonic cell growth in all isolates tested whilst 0.05% 

concentration inhibited 100% of planktonic cell in only one of the test isolates. Figure 

6.1 shows the effect of 0.097% to 0.01% of Acquorsol on planktonic cells of four C. 

perfringens isolates. Table 6.1 shows the viability of thirty-three isolates of C. 

perfringens planktonic cells following exposure to 50%, 25%, 12.5%, 6.25%, 3.13% 

and 1.56%, concentrations of Acquorsol solution. Exposure to 50%, 25%, 12.5%, 

6.25% caused a complete inhibition of planktonic bacterial growth in the thirty-three 
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isolates tested whilst 12.5% and 6.25% concentrations inhibited 85% and 64% 

respectively of C. perfringens planktonic cell density. 

 

 

Figure 6.1:  Effect of different concentrations of Acquorsol on C. perfringens 
planktonic cell expressed as means±SD of triplicate assays 
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Figure 6.2: Antibacterial activity of Acquorsol solution on C. perfringens planktonic cells 
expressed as mean of triplicate assay.   

 

 

6.7. Antibiofilm activity of Acquorsol solution  

 

The antibiofilm activity of different concentrations (1) 50%, (2) 25%, (3) 12.5%, (4) 

6.25%, (5) 3.13%, (6) 1.56%, (7) 0.78%, (8) 0.39%, (9) 0.20%, (10) 0.097%, (11) 

0.05%, (12) 0.02% (13) 0.01 of Acquorsol solution was determined on four C. 

perfringens isolates.  50%, 25%, 12.5%, 6.25%, 3.13%, 1.56%, 0.78% concentrations 

of Acquorsol solution inhibited 100% of biofilm growth in all test isolates. Whilst 0.39%, 

0.20% and 0.097%, of Acquorsol solution inhibited 100% of biofilm growth in three of 

the four tested isolates. Figure 6.2. shows the effect of 0.78% to 0.01% of Acquorsol 

on biofilm cells of four C. perfringens isolates. Table 6.2 shows the antibiofilm effect 

of 50%, 25%, 12.5% concentrations of Acquorsol solution on thirty-three C. 

perfringens isolates. A dose dependent antibiofilm activity was observed as the biofilm 

cell inhibited from attachment decreased as the concentration of the solution 

decreased. 50% concentration of Acquorsol solution inhibited the formation of biofilms 

in 30 out of 33 isolates tested whilst 25% and 12.5% concentrations of the solution 
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inhibited the formation of biofilms in 26 and 9 respectively out of the 33 C. perfringens 

bacteria tested.  

 

Figure 6.3: Effect of Acquorsol solution on biofilm inhibition expressed as mean ± SD of 
triplicate assay. 

 

 

 

6.4: Antibiofilm activity of Acquorsol solution on C. perfringens biofilm inhibition/prevention 
expressed as mean of triplicate assay. 
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6.8. Effect of time on antibacterial activity of Acquorsol in planktonic 

growth 

 

 Following results on the dose dependent antibacterial effect of Acquorsol solution on 

planktonic cell survival, the influence of exposure time of Acquorsol solution on 

bacterial cells in planktonic growth was investigated. This test was performed on three 

of our isolates to determine if the antimicrobial activity was related to exposure time. 

100μl of planktonic culture of C. perfringens was exposed to 100μl of 0.02% 

concentration of Acquorsol solution for 6h and 24h respectively. The viable planktonic 

cells of C. perfringens after treatment remained the same after 6h and 24h for one 

isolate whilst a 1% reduction in bacterial cell count was observed with increase in 

incubation time from 6h to 24h in two of the tested isolates although this difference 

was not significant as the p value was > 0.05 (Figure 6.3). 

 

 

Figure 6.3: Viability of planktonic cells following exposure to Acquorsol antimicrobial solution 
at different time points expressed as means ±SD of triplicate assays
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6.9. Effect of time on biofilm inhibition activity of Acquorsol solution 

 

The time dependent antibiofilm activity of Acquorsol solution was investigated on three 

isolates to determine if the antibiofilm activity observed was influenced by the 

exposure time to the agent. Planktonic culture of C. perfringens was exposed to 0.05% 

concentration of Acquorsol solution for 6h and 24h respectively. After the desired 

period of biofilm growth, planktonic culture was discarded, and the adherent cells in 

each well were enumerated by careful scrapping and plating on agar plate. Our result 

as represented in figure 6.4 showed similar viability of biofilm cells after treatment with 

0.05% of Acquorsol for 6h and 24h for one isolate, 4% reduction in C. perfringens 

biofilm cell count for a second isolate and 1% reduction in biofilm cell survival in the 

third isolate with increase in incubation time from 6h to 24h. The difference in biofilm 

cell viability was not significant as p value was > 0.05 for (Figure 6.4). 

 

 

 

Figure 6.4: Effect of Acquorsol solution on biofilm inhibition on C. perfringens at different 
time points expressed as means ±SD of triplicate assays 
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6.10. Effects of Acquorsol on biofilm inhibition at 37°C or 44°C 

C. perfringens broth culture in wells of microtiter plates were treated with 100µl of 

antimicrobial solution for 24h and incubated anaerobically at 37°C or 44°C to 

investigate the extent of biofilm formation. Results of viable cell count after the period 

of biofilm formation showed that although there were differences in bacterial count 

between the two temperatures this difference was not significant.  

  

 

Figure 6.5: Effects of temperature on Acquorsol biofilm inhibition expressed as means ±SD 
of triplicate assays 
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by quantifying total biofilm biomass using total viable count assay. The antibiofilm 

0

1

2

3

4

5

6

7

E14 N143.2 N20.2

Lo
g1

0
 c

fu
/m

l o
f 

b
ac

te
ri

al
 c

o
u

n
t

 37C 44C



 

158 
 

and antibacterial activity of Acquorsol was not dependent on temperature and time.  

The results shown in our study agree generally with the studies of Charleboise et 

al., (2017).  Their work showed that C. perfringens in planktonic growth mode were 

significantly more susceptible to disinfectants (hydrogen peroxide, quaternary 

ammonium chloride, potassium monopersulphate and glutaraldehyde solution) 

compared to when grown in biofilm. However, our present study revealed that 

Acquorsol solution was efficient against C. perfringens biofilm either in preventing 

biofilm formation or removing pre-formed/established biofilm. Acquorsol solution at 

0.02% prevented biofilm growth in the range of 2 to 13% after 6h and 24h whilst 

0.05% of acquorsol solution completely removed preformed biofilm. The difference 

in the biofilm inhibition and removal activity of acquorsol is because of the 

difference in the concentration used. The concentration tested in the biofilm 

removal assay was twice the concentration used in the biofilm inhibition test. Figure 

6.4 shows the biofilm prevention activity of acquorsol at different times. 50% 

concentration of Acquorsol inhibited the formation of C. perfringens biofilm in 91% 

of tested bacteria.  The work by Charleboise et al., (2017) agrees with the findings 

of this study when they investigated the antibiofilm activity of sodium hypochlorite 

(0.27%) on C. perfringens in established biofilms and reported high reduced biofilm 

cell viability to less than 20% after biofilm exposure to treatment.  

Though there are only a few reports on disinfectant-like activity on C. perfringens, 

different articles have reported the antibiofilm activity of disinfectant on other 

bacteria.  Skowron et al., (2019) reported that 100% and 50% of the disinfectant -

Quatosept was efficient in removing Listeria monocytogenes biofilm. Lineback et 

al., (2018) reported significantly higher antibiofilm activity for Sodium hypochlorite 

and hydrogen peroxide compared to QAC on S. aureus and P. aeruginosa biofilm. 
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Their work showed that Sodium hypochlorite produced a log reduction of 8.73 and 

8.75 while hydrogen peroxide produced a log reduction of 8.73 and 8.51 for S. 

aureus and P. aeruginosa respectively. The antibiofilm effect for QAC produced a 

log reduction of 4.37 and 0.82 for S. aureus and P. aeruginosa  

 Silva et al., (2018) reported that peracetic acid and sodium hypochlorite 

disinfectant were not effective in removing B. cereus biofilm formed on stainless 

steel surfaces in contact with milk. They reported no significant difference in the 

cell count of B. cereus in coupons cleaned with water, peracetic acid, and sodium 

hypochlorite. The cell counts ranged from 1.5 × 105 to 8.7 × 106, 2.5 × 105 to 8.5 × 

106 and 3.0 × 104 to 4.6 × 106 for water, peracetic acid and sodium hypochlorite 

respectively. Murray et al. (2017) evaluated the antibiofilm properties of a novel 

organosilane biocide (Goldshield). They reported that Goldshield had long term 

residual antibiofilm effect and recorded bactericidal effect of up to 6days when 

applied on S. aureus biofilm formed on stainless steel surfaces. They also showed 

that Goldshield had no significant effect on P. aeruginosa biofilm inhibition. 

Although this present study was limited in terms of the number of isolates tested, 

this result showed that Acquorsol solution exhibits both antibacterial and 

particularly antibiofilm activity on C. perfringens observed by the reduction in 

planktonic and biofilm cell count.  

6.12. Conclusion 
 

Acquorsol solution at reasonably low concentrations effectively prevents the formation 

of C. perfringens biofilms and was remarkably effective against C. perfringens bacteria 

in established biofilms and planktonic cells. Results also showed that biofilm inhibition 

or reduction did not depend on the period of incubation, or the temperature used to 
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grow the biofilm. Although this present study was limited in terms of number of isolates 

tested, the proof of principle is confirmed and Acquorsol can be considered as a 

potentially useful cleaning agent in livestock management as well as a possible topical 

treatment for the control of C. perfringens and other commonly encountered wound 

pathogens. Future study would determine the possible mode of action of acquorsol 

and to assess the influence of environmental factors such as growth temperature. Also, 

the residual antimicrobial properties of acquorsol would be investigated.  
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CHAPTER SEVEN: 

GENERAL DISCUSSION, CONCLUSION AND FUTURE 

WORK 
 

7.1    Biofilm as unique structures 

Biofilms are structures composed of bacteria that are protected from antimicrobial 

agents, environmental stresses, and the host immune response because of the 

production of extracellular polymeric substance (EPS matrix) associated with them 

(Jamal et al., 2015; Vasudavan, 2014). Biofilms have been defined as a virulence 

factor since biofilm embedded bacteria are more tolerant to antimicrobial treatment 

than their planktonic counterparts and are therefore responsible for chronic infections 

such as wound infections, (diabetic foot), surgical implants and probably infections 

affecting the intestinal lining (Jamal et al., 2018; Kirketerp-Moller et al., 2008; 

Darouiche, 2004).  Although it is well established that pathogenic bacteria form 

biofilms extensively in nature to survive and resist adverse conditions by attaching to 

each other and to a substrate via the extracellular polymeric substance (EPS), little 

data exists on the biofilm formation and antimicrobial resistance from a large sector of 

the natural world – the anaerobic bacteria (Charleboise et al., 2017; Vargal et al., 

2008). Information regarding biofilm formation by Clostridia particularly C. perfringens 

is extremely limited and there are (as far as we know) currently no documented reports 

on the biofilm forming ability and antimicrobial susceptibility of C. perfringens isolated 

from humans. 
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This is the first study to show that C. perfringens isolates from humans (neonates), 

can form biofilms in the laboratory in vitro. This study shows that although some 

variability in the abundance of biofilm production from either chicken, the environment 

or humans was noted in vitro, this was clearly not dependent on the original source of 

the isolates. The ability of C. perfringens to form biofilm is probably an important 

virulence factor since this would enhance the establishment of infections following 

colonization of a site and help the bacteria to evade the host immune system and 

antimicrobials (Singh et al., 2017). The present work confirms the findings of others 

that both time and temperature affect biofilm formation in most organisms studied. 

With C. perfringens, it was confirmed that growth time and temperature affected the 

extent of the biofilm and could be an important but neglected factor when considering 

the prevention and control of C. perfringens biofilm related infections. Previous studies 

with C. perfringens biofilms have reported higher antimicrobial values (minimum 

inhibitory concentrations - MICs) for biofilm-embedded bacteria compared with testing 

against planktonic bacteria alone (Charleboise et al., 2014). This effect is in common 

with many other studies using a diverse range of bacteria and agree with results 

recorded in the present study. Studies by Hoffman et al., (2005) have shown that there 

is the possibility that antimicrobial treatment could enhance biofilm formation and 

although this paradoxical effect was not investigated in the present study, it could be 

playing a role in the higher MICs recorded with biofilms.  

In human medicine, the ability of C. perfringens to form biofilm may play an important 

role in the pathogenesis of diseases and particularly in our ability to treat recurrent and 

refractory infections. Results from this present study also indicates the limitations in 

the application of routine laboratory culture and sensitivity results to a guide for 

infection control and treatment. Routine laboratory testing with planktonic bacteria is 
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likely not a true representation of the response to antibiotic treatment when biofilms 

are involved. 

  

7.2 Genomic analysis of C. perfringens 

 Although this present study did not consider the genetic factors that play a role in 

biofilm formation, Kiu et al., (2019) analyzed the genome of 88 C. perfringens isolates 

from broiler chicken and poultry environment and these include 9 of the isolates used 

in this present study. Their work showed that the 88 tested isolates expressed different 

virulence genes (toxin genes, collagen adhesin genes and antimicrobial resistance 

genes). They also observed the presence of more toxin genes and adhesin genes in 

C. perfringens associated with necrotic enteritis compared to healthy chickens. 

Isolates from this present study subjected to genome analysis includes 4 

environmental isolates, 4 isolates from broiler chicken linked with necrotic enteritis and 

1 isolate from healthy chicken. All 9 isolates harbored the toxin genes plc, ccp and 

colA and at least 4 other toxin genes out of the 12 toxin genes evaluated. Collagen 

adhesin genes (cna, cnaA, cnaC and cnaD) were absent in only two of the 9 isolates 

but was seen in 7 of the isolates. 4 of the 7 isolates that harboured the adhesin genes 

were moderate biofilm formers and they all harboured more than one adhesin gene. 

The other 3 isolates were weak biofilm formers and they harboured one adhesin gene 

each (Kiu et al., 2019). It is difficult to say if there is a correlation between biofilm class 

and adhesin gene production because of the low number of isolates tested. Though 

the evidence supports the model, future studies would investigate the genetic 

components of C. perfringens from human, broiler chicken and environmental isolates 

that may contribute to biofilm formation.  
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Bacterial adhesive structures enhance the attachment of bacterial to surfaces and aids 

biofilm formation. Although all our isolates formed biofilms, they did not all harbour the 

collagen adhesin genes, suggesting other genes may be involved in biofilm formation. 

Works by different researchers have revealed the involvement of different adhesin 

genes in biofilm formation of other bacteria. A study by Pereyra et al., (2016) detected 

the cna genes in 20% of S. aureus isolated from bovine mastitis. Chen et al., (2019) 

showed that cna genes were significantly higher in biofilm producing strains of S. 

aureus compared to non-biofilm producers while Khoramian et al., (2015) reported a 

higher prevalence of cna genes in S. aureus isolated from humans than in bovine. 

Ghasemian et al., (2018) reported that adhesin genes fimA, mrkA, matB and pilQ were 

associated with biofilm formation in Klebsiella oxytoca. Saba et al., (2018) 

demonstrated the presence of icaA and icaD genes in biofilm formation of clinical 

isolates of S. aureus but also showed that these genes were not associated in all 

cases of biofilm formation in the strains tested. Azmi et al., (2019) reported that the 

presence of icaA and icaD genes in MRSA strains did not correlate with their biofilm 

forming capacity. Qin et al., (2007) reported the absence of ica genes in two biofilms 

producing strains of S. epidermidis.  Charlebois et al., (2017) has shown the 

expression of genes in biofilm formed by C. perfringens isolated from chicken. Their 

work revealed the up regulation of genes responsible for EPS biosynthesis, oxidative 

stress resistance and general stress response genes, haemolysin encoding genes, 

iron acquisition genes and genes involved in sporulation. 
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7.3 Novel treatment (Nanoparticles) 

Another aim of this present study was to investigate whether silver nanoparticles or 

gold nanoparticles have the potential of directly reducing the biofilm formed by C. 

perfringens and/or enhancing the susceptibility of antimicrobials against C. perfringens 

when embedded in biofilm. The ability of tested nanoparticles to reduce bacteria in 

established biofilms suggest that nanoparticles could be a useful adjuvant (Vazquez-

Munoz et al., 2019; Singh et al., 2019). The exact mechanism of action of 

nanoparticles against biofilms remains unclear (Grudniak and Wolska, 2013) but it 

may relate to the unique characteristics of nanoparticles which includes their highly 

reactive surface, small size and large surface to volume ratio that enhances their 

quality as good drug delivery agents (Huh and Kwon, 2011).  Nanoparticles have been 

used as carriers of antibiotics to enhance antibiotic effectiveness thus enhancing 

antibiotic penetration through the biofilm matrix. Alabresm et al., (2020) demonstrated 

that NPs functioned as antibiotic delivery vehicles and enhanced the antimicrobial 

activities of penicillin G against MRSA and other multidrug resistant bacteria (E. coli, 

P. aeruginosa, P. vulgaris). PenG-NPs complex was formed by mixing 2µl/ml 

carboxylic acid functionalized NPs with 1mg of Pen G. Using the broth microdilution 

assays to assess for antimicrobial activity, they reported significantly (P < 0.05) 

enhanced antimicrobial activity of PenG-NPs against Gram-negative and Gram-

positive bacteria. The increased bactericidal abilities of PenG-NPs were attributed to 

increase in concentration of antibiotic delivered by each NPs to the bacterial cell 

compared with when the antibiotic was applied alone, and this overwhelms the 

bacterial resistance mechanisms. The inhibition by NP-Pen G complex suggests that 

NPs delivery of this antibiotic was able to overcome bacteria membrane barriers and 

penicillin-binding protein defences. 
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 In this study, we reported that although the percentage of bacterial biofilm reduction 

recorded when the antibiotic was applied alone and when combined with 

nanoparticles, was not significantly different, it could be related to the size and 

concentration of the nanoparticles used. As far as we know there has been no study 

focusing on C. perfringens previously on the anti-biofilm activity of silver or gold 

nanoparticles in the literature. This present study supports the claim that nanoparticles 

have antibiofilm therapeutic potential and suggest that nanoparticles could be used 

against C. perfringens biofilm probably as a specialist disinfectant. However, since 

there has not been any previous study of nanoparticles activity on C. perfringens, it is 

therefore necessary to carryout larger studies (more strains and higher 

concentrations) to determine the anti-biofilm and enhanced activity of antibiotics in 

combination with nanoparticles on anaerobic pathogenic bacteria.  

 

7.4 Novel treatment (Plant extracts) 

Results of the third section of these studies shows that medicinal plant extracts could be 

identified and developed as a possible antibiofilm agents. Medicinal plants have been applied 

for decades to treat various illness and there are reports of their useful antibacterial activity 

(Quave et al., 2008; Gibbons et al., 2005). However, detailed studies on the antibiofilm 

activities of medicinal plant extracts on C. perfringens are limited. Generally, plant materials 

are extracted in various solvents such as ethanol, acetone, distilled water, and 

methanol. Alan et al., (2020) reported that the antibiofilm activity of extracts varied 

depending on the solvent used for extraction. They studied the biofilm inhibition activity 

of three medicinal plant extract (Berginia ciliata, Clematis grata and Clematis viticella) 

on P aeruginosa PAO1 biofilm using different solvents (methanol, ethanol, ethyl 

acetate, acetone, hexane, chloroform, and distilled water). Biofilm of PAO1 was grown 
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at 30°C and crystal violet assay was used to assess the biofilm inhibiting activity of 

plant extracts. Inhibition of biofilm formation ranged from -100% recorded in the 

chloroform extract to 80% recorded in the methanol and ethanol extract. 

Plant extracts has expressed antibiofilm activity against a range of bacteria. Bazargani 

and Rohloff, (2016) investigated the invitro antibiofilm activities of essential oil (EO) 

and plant extract of coriander (Coriandrum sativum L.), anise (Pimpinella anisum L.) 

and peppermint (Mentha piperita L) on S. aureus and E coli bacteria. They used the 

crystal violet and XTT reduction assays to assess biofilm growth and development. 

Though all tested plant extract exhibited antibiofilm activity against both bacterial 

strains, a more potent activity was demonstrated against S. aureus. Their work 

showed that EO and plant extract inhibited bacteria attachment by at least 50%. Also, 

EO from coriander showed the highest antibiofilm activity against biofilm formed by 

the tested bacteria (S. aureus and E. coli) with 0.8ml/ml and 1.6ml/ml as the least MIC 

values respectively. Similar range of biofilm inhibition by EO has been reported in the 

literature. EO from oregano, carvacrol and thymol showed biofilm inhibitory MIC at 

1.25mg/ml, 0.31mg/ml and 1.25mg/ml respectively (Nostrol et al., 2007). Also, Adukwu 

et al., (2012) and Oral et al., (2010) reported MIC value of 1.25mg/ml and 0.5mg/ml 

when EO from lemon grass and EO from oregano were tested on S. aureus biofilm 

respectively.  

The biofilm inhibition activity of Canadian medicinal plants on S. pyogenes biofilm was 

reported by Wijesundara and Rupasinghe (2019). The MTT assay was performed to 

study biofilm formation of fourteen ethanolic   plant extract and their study showed that 

only five (Licorice root, purple coneflower flower, purple coneflower stem, sage leaves, 

and slippery elm inner bark) of the fourteen plants tested had biofilm inhibition effect 

with the minimum biofilm inhibitory concentration (MBIC) of extracts ranging from 31.5 
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– 250 µg/ml. Also, study by Al Shahwany et al., (2016) showed that phenolic plant 

extract from three medicinal plant (Zingiber officinal Roscoe, Thymus vulgaris L. 

and Cinnamomum zeylanicum) using the crystal violet assay on S. aureus and K. 

pnuemoniae biofilm. Their result showed that the tested bacteria behaved differently 

in their sensitivity to the different extracts. Z. officinale showed the greatest 

antibiofilm activity against K. pneumoniae at 0.106μg/ml and S. aureus at 

0.150μg/ml. This was followed by T. vulgaris, and the least was C. 

zeylanicum extracts. 

Though the plant extract investigated in this present study demonstrated limited biofilm 

inhibition and biofilm removal potential at the concentration tested, the effect was 

sufficient to reduce bacterial counts from treated biofilm compared with the negative 

control. The extract has clear anti-biofilm potential if applied at an appropriate 

concentration but there is need for further investigation of the anti-biofilm activity of 

tested plant extract at a range of concentrations with C. perfringens to determine the 

lowest concentration where activity can be achieved. It will be interesting to further 

determine what bioactive compounds in the plant extract are responsible for the 

antibiofilm activities observed and investigate the antibiofilm activity at various higher 

concentrations in C. perfringens and other bacteria biofilms. The bioactive compounds 

would be identified and analysed using both quantitative and qualitative analysis. 

These methods will determine the different classes of natural compounds in the extract 

responsible for the antibiofilm activity observed.  

7.5  Novel treatment (Acquorsol solution) 

The final part of this study investigated the activity of an entirely new antimicrobial 

biocide called Acquorsol against C. perfringens planktonic and biofilm cells. The study 

reported here reveals that Acquorsol solution at low concentrations has highly effective 
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antibacterial effects and interestingly reduces C. perfringens biofilm. The activity of 

disinfectant could be influenced by microorganism and time of exposure. Iñiguez-

Moreno et al., (2017) determined the effectiveness and antimicrobial activity of 15 

disinfectants commonly used in food industry in Mexico against E. coli ATCC 11229, 

S. Choleraesuis ATCC 10708, P. aeruginosa ATCC 15442, S. aureus ATCC 25923, 

S. aureus ATCC 6538 and L. monocytogenes ATCC 19111. Their work showed that 

the MIC was dependent on the bacteria tested as well as the exposure time. They 

reported 99.999% (5 log 10) reduction in bacterial count after 30 seconds of exposure 

for most bacteria. In addition, for all disinfectants tested, the MIC after 5 min of 

exposure was two to four times greater than the MIC with the same effect after 10min 

of treatment. The MIC was not different after 10min and 15 min of exposure in most 

cases.  

  Although there is little published data on regular disinfectant activity against C. 

perfringens, 0.27% hypochlorite solution was reported by Charlebois et al., (2017) to 

be more effective at reducing C. perfringens in established biofilm compared to 

planktonic cells. Ferreira et al., (2017) reported that though sodium hypochlorite 

showed antibiofilm activity against Candida species mature biofilm, the disinfectant 

chloramine T was significantly more effective than sodium hypochlorite in reducing 

mature biofilm after 1min of exposure with MIC range from 0.69 – 5.54 and 4.19 to 

16.79 for chloramine T and sodium hypochlorite respectively. 

This present study shows that Acquorsol solution a QAC has considerable potential 

as an antimicrobial biocide especially against biofilms and could be a possible novel 

control measure for C. perfringens. Appropriate concentration of Acquorsol solution 

can be used as a useful effective disinfectant to clean surfaces in homes, hospitals, 

schools, poultry environment and food processing industries. QAC are surface-active 
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agents and are widely used as disinfectants. Gerber, (2015) reported that QACs are 

multitarget in nature and development of resistance by organisms is rare as there are 

alternative mechanisms of action when mutation occurs. Ramzi et al., (2020) assessed 

the antibacterial activity of three synthetic disinfectants classified as QAC (DDN9® 

(0.5%), spray (0.4%), and Phagosurf ND® (0.4%)) on different bacterial strains (E coli, 

K pneumoniae, Enterobacter cloacae, P. aeruginosa, A. baumannii, and S. aureus) 

isolated from the hospital environment. They used both disk diffusion and broth dilution 

methods to determine their activity and reported that QAC (NDD9) only inhibited the 

growth of S. aureus and S. aureus ATCC 29213 with an MIC of 0.25 mg/ml. The 

second disinfectant (spray) had effect on E. coli, S. aureus, E. coli ATCC 25922, and 

P. aeruginosa ATCC 27853 with an MIC of 4 mg/ml and 2mg/ml for S. aureus ATCC 

29213. The third disinfectant, Phagosurf ND® at an MIC of 4mg/ml inhibited only the 

growth of S. aureus ATCC 29213. Furthermore, it is important to use disinfectant with 

caution as excessive domestic and industrial usage of QACs has been reported to 

enhance bacteria resistance to antibiotics and led to accumulation of QACs in the 

environment and abundance of QACs in the environment is toxic to aquatic and 

terrestrial animals. Therefore, it is recommended that QACs are effectively removed 

in wastewater treatment plants before releasing into the environment (Zhang et al., 

2015).  

 

CONCLUSION 

This present study shows that biofilm formation is common among C. perfringens 

isolates and revealed that C. perfringens isolated from different sources (human 

neonates, broiler chicken and free-range poultry environment) can form different 

classes of biofilm (weak, moderate, and strong categories). 
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Biofilm formation by C. perfringens was not dependent on the source of isolation of 

the bacteria but was shown to be dependent on growth temperature and time-period 

of growth. As expected, the minimum inhibitory concentration (MIC) of tested 

antibiotics was higher for biofilm-embedded bacteria than when compared to their 

planktonic counterparts.  

 

This study investigated the anti-biofilm activity of silver and gold nanoparticles and 

found that silver and gold nanoparticles were effective in removing C. perfringens 

established biofilm in microtiter plates and further enhanced the activity of penicillin, 

gentamicin, tetracycline, and bacitracin on C. perfringens biofilm removal.  

 

The antibiofilm potential of the ethanolic leaf extract of three medicinal plants (V. 

amygdalina, O. gratissimum and A. indica) on C. perfringens was examined. This was 

the first study to investigate the activity of medicinal plants on C. perfringens and it 

showed that the tested plant extracts could be potential anti-biofilm agent for C. 

perfringens. Further work is needed to improve on these findings by testing various 

higher concentrations of the extract on C. perfringens biofilm and identify the 

phytochemicals present in the extract using qualitative approach.  

 

C. perfringens harboured various toxin genes as well as collagen adhesin genes. 

Although a correlation between the production of collagen adhesin genes and 

development of biofilm class formed by C. perfringens could not be established 

because of the low number of isolates tested.  
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Finally, this present study demonstrated that a novel antimicrobial research solution 

(Acquorsol - a QAC product) has good antimicrobial and excellent antibiofilm effects 

against C. perfringens and could be considered as a disinfectant or for the control of 

C. perfringens related infection. 

 

Limitations of study 

In this study, the 96 well plate biofilm assay method was explored. Biofilm formation 

using biofilm reactor was not considered.  

 

Only the biofilm reduction activity of NPs was assessed. It would be necessary to 

determine both biofilm inhibition and biofilm reduction effect of tested NPs at similar 

concentrations to compare results. Also, the checkerboard method was not considered 

to determine the impact of the combination of NPs and antibiotics in comparison to 

their individual activities to give the fractional inhibitory concentration (FIC) index. 

  

This study did not analyse the component of the plant leaf extract. It would be 

necessary to conduct GC-MS analysis on the extract to understand the different 

component and consistency within the product. 

 

Future work 

To test for biofilm formation in the anaerobe if possible, using biofilm reactor and to 

investigate the genetic components of C. perfringens to determine if there is any 

correlation between the presence of adhesin genes and biofilm density. 
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Future work will perform larger study on the antibiofilm activity of a range of 

concentrations of metal nanoparticles as well as antibiotics and measure synergy of 

the enhanced antibiofilm effect when nanoparticles are combined with antibiotics on 

anaerobic bacteria using the checkerboard testing.  

 

To extend the study on the antibacterial and anti-biofilm activity of tested plant extract. 

Leaf extract of plants will be tested at a range of concentrations on pathogenic bacteria 

to determine the MIC for planktonic and biofilm grown strains. Also, the 

phytochemicals present in the extract will be characterised using quanlitative assay 

such as Gas chromatography - Mass spectrometry method.  

To determine the possible mode of action of acquorsol and to assess the influence of 

environmental factors such as growth temperature and contaminating organics (fats) 

on the antimicrobial activity. Also, it will be necessary to study acquorsol for residual 

antimicrobial activity when applied on surfaces.  
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APPENDIX A 

 
LIST OF CHEMICALS, MEDIA, COMMERCIAL KITS, 
CONSUMABLES AND EQUIPMENTS/MANUFACTURERS 
 

Chemicals     Manufacturers 

Ethanol absolute (99.9%)    Fischer scientific chemical UK 
Tetracycline hydrochloride  Sigma-Aldrich, UK 
Crystal violet     Pro-lab diagnostic UK 
Iodine     Pro-lab diagnostic UK 
Safranin    Pro-lab diagnostic UK    
Gentamicin sulfate    Sigma-Aldrich, UK 
Bacitracin                                      Sigma- Aldrich, UK 
Industrial methylated spirit  Fischer scientific chemical      
Glycerol ≥99%   Fischer scientific chemical     
Penicillin G sodium salt  Sigma- Aldrich, UK 
Sodium chloride    Fischer scientific chemical, UK 
Ringer solution tablet  Oxoid BR0052G 
Acetic acid glacier   Fischer scientific chemical, UK 
Glutaraldehyde solution  Sigma- Aldrich, UK 
Gold nanoparticles   BBI solution, UK 
Silver nanoparticles   Metnano UK 
Hexamethyldisilazane  Sigma- Aldrich, UK 
Dipotassium phosphate  ACROS Organic, UK 
Monopotassium phosphate Sigma-Aldrich, UK 
 
 
  

Growth media     Manufacturers 

Brain Heart Infusion    OXOID Ltd., UK 
Nutrient agar     OXOID Ltd., UK 
Tryptose Sulphite cycloserine agar  OXOID Ltd., UK 
 

 
 
Commercial Kits      Manufacturers 
Live/Dead BacLight bacterial viability kit Invitro probe   ThermoFischer scientific UK  
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Equipments and Consumables    Manufacturers 
Weighing balance       Sartorius 
Cuvettes       Sarstedt Germany  
Parafilm       Bemis USA    
Stirrer        Bio cote   
Biological safety cabinet class II    Thermo Scientific    
Autoclave       Astell 
Bench Top autoclave     Classic prestige Medical 
Nitrile gloves      VWR International bvba malaysia 
Fume hood       Zurich 
Pipette holder      Integra pipetboy 
25ml universal      Sarstedt 
Cover glass       VWR 
Ultralow temperature freezer (-80°C)       New Brunswick eppendorf 
-20°C freezer       Medline LIEBHERR 
4°C fridge       Medline LIEBHERR 
37°C aerobic incubator     Thermo scientific 
Anaerobic incubator      don Whitley scientific 
Spectrophotometer       Thermo scientific   
Micro plate reader      FLUOstar Optima   
Eppendorf tubes (1.5ml)      SARSTEDT  
Eppendorf tubes (25ml)     SARSTEDT 
Eppendorf tubes (50ml)     SARSTEDT 
2ml/5ml/25ml Sarstedt serological pipette   HERAEUS 
Finnpipette single channel digital pipettes  NICHIRYO/NICHIPET EXII Japan 
Finnpipettes multichannel digital pipette (20-300 μl)  GILSON 
Pippette tips (100-1000µl)      SARSTEDT 
Pippette tips (20-200 µl)     SARSTEDT 
Pippette tips (2-20 µl)     SARSTEDT 
Pippette tips (0.5-10 µl)     SARSTEDT    
Gold sputter coater       EMITECH 
Eppendorf centrifuge (1.5ml, 25ml, 50ml)   Bio-labs 
Microplates,        SARSTEDT Germany  
Microscope slide       Fischer Brand UK 
Confocal Laser Scanning Microscope    Leica 
Petri dishes (90 mm)      SARSTEDT   
Scanning electron microscope    FEI INSPECT    
Vortex                           Bio cote UK 
Light binocular microscope     Primo star 
50ml/25ml Eppendorf centrifuge    Bio-Labs 
pH meter       HANNAH instruments 
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APPENDIX B 
 

PREPARATION OF GROWTH MEDIA AND SOLUTIONS 

Tryptose Sulphite cycloserine agar (TSC agar) 

28g of TSC agar powder was added into 500ml deionised water in a 1000ml bottle. 

The solution was mixed with a magnetic stirrer and then autoclaved for 15 min at  

121°C. The medium was poured into petri dishes and agar was allowed to set at room 

temperature and then stored in a 4°C until use. 

 

Brain Heart infusion broth (BHI) 

37g of BHI powder was added to 1 litre of distilled water in a 1000ml glass bottle. The 

medium was mixed properly with a magnetic stirrer before autoclaving for 15mins at 

121°C. The media was stored at room temperature until used. 

 

Nutrient Agar Plates 

28g of nutrient agar powder was added to 1 litre of deionised water. This was mixed 

properly with a magnetic stirrer and autoclaved for 15 min at 121°C. The medium was 

then poured into Petri dishes and allowed to set in the fume hood or on the work bench. 

Nutrient agar plates were stored at 4°C until use. 

 

Pottassium phosphate buffer (pH 7.2)  

12.36g of K2HPO4 (Dipotassium phosphate) was dissolved in 71.7ml of deionised 

water. 3.85g of KH2PO4 (Monopotassium phosphate) was dissolved in 28.3ml of 

deionised water. The final volume was adjusted to 1000ml with deionised water. Final 
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pH was 7.2. The solution was autoclaved at 121°C for 15min and stored at room 

temperature.  

 

Ringer® solution 

One Ringer solution tablet was dissolved in 500ml of deionised water. The solution 

was then autoclaved at 121°C for 15min and stored at room temperature. 

 

0.85% Sodium Chloride  

8.5g of sodium chloride pellet was weighed and added to 1000ml of deionised water 

in a 1 litre glass bottle. The solution was allowed to mix properly using a magnetic 

stirrer. The reagent was then autoclaved at 121°C for 15min and stored at room 

temperature until use. 
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APPENDIX C  

FIGURES 
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B 

 

 

C 

Figure 1: Growth curve for Clostridium perfringens isolates   

C. perfringens isolates were grown under static condition at 37°C in an anaerobic chamber to 

determine the mid-log phase of growth. 

Key: S1=E32, S2=E14, S3=ATCC 13124, S4=CG43, CON= sterile BHI broth 
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Figure 2: Biofilm grown on cover slips/ piece of microtitre plate and stained with crystal 

violet. 

 

 

 

 

  

 

 

 

 

 

 

 


