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1.   List of abbreviations 

 

ATCC: American Type Culture Collection 

AU: absorbance unit 

CDC: Centre of Disease Control and Prevention 

CFU: Colony Forming Unit 

CRA: Congo Red Agar 

CV: Crystal Violet 

CVC: central venous catheter 

eDNA: Extracellular Deoxyribonucleic Acid 

EPSM: Extracellular polymeric substances matrix 

FADH2: Flavin Adenine Dinucleotide reduced form 

FDA: Fluorescein Diacetate 

FeLV: Feline leukaemia virus 

FMNH2: Flavin mononucleotide reduced form  

MH agar: Mueller-Hinton agar 

MH broth: Mueller-Hinton broth 

MDR: multi-drug resistance 

MtP: Microtiter Plate Test 

MTS: 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-

tetrazolium 

MTT: 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

NADH: Nicotinamide Adenine Dinucleotide 

NADPH: Nicotinamide Adenine Dinucleotide Phosphate 

OD: Optical Density 

OE: Otitis Externa 

PPK: Polyphosphate Kinase 

QS: Quorum Sensing 

SEM: Scanning Electron Microscope 

Tris-EDTA: Tromethamine Edetate Disodium Dihydrate 

T4P: Type 4 Pili 

UTI: Urinary Tract Infection 

XTT: 2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide
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2.   Introduction, aim of this thesis 

Biofilms are aggregates of microorganisms embedded in a matrix of extracellular polymeric 

substances (EPSM). Since biofilm formation can be considered the underlying cause why 

treatment with an antimicrobial substance fails, it can be the origin of persistent, often 

difficult to eradicate, bacterial and fungal infections in humans and animals alike.  

Biofilms serve as shields for bacteria and fungi against the harmful conditions of the 

environment like the lack of nutrients, the immune system, antimicrobial agents or 

disinfectants. This way microbes found in this type of protective structure can be as much as 

hundred times more resistant to antibiotics than their planktonic forms. 

The most often studied bacteria known to produce biofilms are P. aeruginosa, E. coli, S. 

aureus, S. epidermidis, amongst fungi Malassezia species are the most important.  

These microorganisms are able to colonise not only human and animal tissues or organs in 

the body, but other biotic and abiotic surfaces as well, highlighting the major relevance of 

their possible presence in the food industry too. 

The antibiotic resistance caused by biofilm formation is a significant issue in the human 

medicine in case of catheter or implant related urinary tract infections (UTI) and in patients 

suffering from cystic fibrosis. In the veterinary practice, biofilm production can be present 

in the background of chronic otitis externa and pyoderma cases. In food-producing animals 

chronic mastitis has a huge significance in relation with biofilm formation, since the duration 

of treatment in this case is prolonged and the eradication is more challenging, resulting in 

higher amount of drug residues remaining in the food chain. The early detection of biofilm 

formation is essential for the efficient therapy against them. 

In this thesis the components of biofilms, the mechanisms of their formation and their 

importance as resistance factor will be discussed. 

Experiments on P. aeruginosa biofilms and its matrix production were conducted in our 

study aiming to evaluate the amount of biofilm formed with the use of crystal violet (CV) 

staining, and to measure the amount of viable cells found in the matrix itself with the methyl-

tetrazolium salt (MTS) assay method. These two methods were compared to find a 

connection between the number of viable cells and the amount of biofilm produced by those 

bacteria after different incubation periods.  

The goal of this comparison is to obtain more information about the biofilm production and 

to find a quicker and cheaper solution for their detection that can be put to use when testing 

different antibiotics and anti-biofilms agents to establish whether they are effective against 
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different bacterial biofilms in certain concentrations. Our study could be put to use as a base 

for further investigations in this field. 

The overuse or misuse of antibiotics and the global spread of antibiotic resistance urges the 

need for development of new antibiotic substances and effective anti-biofilm agents. With 

the latter we would be able to use less antibiotics in general or even anti-biofilm substances 

could be sufficient on their own. 
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3. Literature review 

3.1 Biofilms as resistance factors in the human and veterinary medicine 

By definition, biofilms are microbial communities embedded in extracellular polymeric 

substance matrix (EPSM), where bacteria or fungi are attached to each other or to a surface.  

The polysaccharide matrix produced by the bacteria themselves contains mainly 

carbohydrates (psl, pel and alginate polysaccharides), proteins and extracellular DNA 

(eDNA) which surround these microorganisms (1). Bacteria wrapped inside these biofilms 

are notorious for their enhanced resistance towards for instance the immune system and 

antibiotic or disinfectant treatment compared to the free floating planktonic counterparts (2). 

A large number of bacteria have the ability to produce biofilms, however some biofilm 

forming bacteria have a greater health hazard on humans and animals alike and have thus 

been studied thoroughly. Example of these bacteria are: Escherichia coli, that can be 

responsible for UTI cases and prostatitis, Pseudomonas aeruginosa plays a significant role 

in chronic inflammation of the external ear canal (otitis externa, OE), the skin (pyoderma), 

the udder (mastitis) and the lungs in patients suffering from cystic fibrosis. Staphylococcus 

aureus can cause nosocomial infections due to its biofilm forming ability most importantly 

on the surface of wounds, catheters, and implants, being a major source of a possible 

bacteraemia. Streptococcus epidermidis is responsible for device related infections, 

Enterobacter cloacae can cause UTI, as well as biliary tract infections, Klebsiella 

pneumoniae is responsible for pneumonia, septicaemia and soft tissue infections (3). 

 The resistance of bacteria found in biofilms to antibiotics and disinfectants is multifactorial 

and impacts greatly the human and the veterinary medicine (2). 

3.1.1 Biofilms in the human medicine  

It has been obvious to researcher over the recent decades, that biofilm production of certain 

bacteria can be the underlying cause of a vast number of tissue- and implant associated 

infections (4). The Centre of Disease Control and Prevention (CDC) has estimated the 

percentage of biofilm-related healthcare-associated infections to be over 65% (5) and can be 

classified into two main categories:  

Medical implants and utensils are the surfaces responsible for biofilm implant related 

infections. Where biofilms have the ability to grow include prosthetic joints, mechanical 

heart valves, arteriovenous shunts, central venous catheters (CVC) and urinary catheters. 

Bacteria most frequently found in biofilms of this origin are P. aeruginosa, S. aureus, S. 
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epidermidis, and E. coli (6). Bacterial biofilms are able to colonise the implanted medical 

devices due to improper sanitation protocols or negligence in hospital environment, leading 

to different persistent infections and life-threatening conditions. The use of artificial heart 

valve colonized with bacteria will in most cases lead to biofilm related endocarditis or the 

use of a biofilm colonised prosthetic joint will result in biofilm induced osteomyelitis (7). 

On the surface of urinary catheters the incidence of bacterial biofilms is high and leaving a 

contaminated urinary catheter in a patient can be the source of urinary tract infection. 

Bacteria cells shed from these biofilms, providing a continuous source of infection. The 

urinary tract infection can even proceed further and reach the prostate leading to the bacterial 

prostatitis in males (10). The sanitation and disinfection of contaminated surfaces and 

utensils are fundamental for the limitation of healthcare-associated infections and the 

reduction of biofilm implant related infections and other nosocomial infections (8). 

Biofilms originating from organ related infections can be found in chronic wounds either on 

the surface or in the deep layers leading to delayed wound healing. The bacteria found in 

these biofilms can even reach the bloodstream and spread haematogenously causing 

septicaemia or the infection of a specific organ like the heart, the liver, the spleen, or the 

eyes (5). 

Cystic fibrosis is a genetic disease predisposing the person suffering from it to an acute 

bacterial infection because of the increase in mucus production in the respiratory tract, 

especially the bronchi. Once these mucosal surfaces of the patient’s lungs are colonised by 

the biofilm producing mucoid strains of P. aeruginosa amongst others (S. aureus, 

Burkholderia cepacia, Streptococcus pneumonia), it will be impossible to eradicate these 

bacteria causing the development of chronic pneumonia dominated by P. aeruginosa. This 

latter is able to evade the immune system and antibiotic therapy due to its biofilm producing 

capacity (4). 

Dental plaques have been described as a structurally and functionally organized biofilms that 

in healthy individuals do not cause any problems. However, any disturbance to the 

homeostasis of such ecosystem in case of a change of diet or the presence of an underlying 

disease, it can lead to the development of tooth caries (9). 

3.1.2 Biofilms in the veterinary medicine 

Biofilm associated diseases lead to serious health challenges in the animal kingdom hence 

to high economic losses in the livestock industry. It is estimated that they are the origin of 

about 80% of infectious diseases affecting animals. Therefore, the huge impact of biofilms 
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on the level of the veterinary medicine cannot be disregarded. Biofilm related infections in 

the veterinary medicine can be caused by environmental microorganisms such as S. aureus 

and P. aeruginosa. The pathophysiology of the biofilm infections is similar to that of humans 

and according to previous studies, it was found that 61% of human biofilm related bacterial 

infections are of zoonotic origin hence highlighting the crucial role of biofilms in the 

veterinary medicine. Another example of the zoonotic nature of bacterial biofilm infections 

is the canine uropathogenic E. coli which affects the human urinary tract as well (11). 

Actinobacter baumannii was reportedly responsible for wound infections in humans, canine 

and equine patients. Other bacteria such as Actinobacillus lignieresii, Actinobacillus equili 

and Actinobacillus suis are found in the oral cavity of farm animals and can cause bite wound 

infections in humans (12). In the following section some of the most common issues 

associated with biofilm infection in the veterinary patients will be addressed. 

Wound infections are major problem in the treatment of hospitalized patients. The normal 

bacterial flora of the skin is an important and regular source of contamination. In horses, 

injuries to distal part of the limbs is quite common and bacterial contamination of the wounds 

is very likely from the faeces, the bedding, and from the soil (2). The yeast Malassezia 

pachydermatis, that is commonly found on the skin of healthy dogs and cats, is able to 

produce biofilms and under certain circumstances such as immunosuppression, trauma, 

atopic dermatitis, endocrinopathies or ectoparasitic infestations. In these cases, this species 

of yeast can cause secondary dermatitis and OE (12, 13). It is important to notice that once 

a biofilm has been colonized at these sites, the repair procedure is interrupted and is marked 

by a prolonged inflammatory response resulting in chronic non-healing wounds (14). 

It is well documented that bacteria readily form biofilms on medical implants and devices in 

human medicine mentioned earlier such as catheters. It is reasonable to assume that biofilms 

can also form on intravenous catheters in animals (2) and thus constitute an important factor 

in post-surgical infections. Similar to human medicine, the most common species of bacteria 

isolated from catheters are S. epidermidis and S. aureus. These bacteria are part of the normal 

skin flora and can colonise catheters. When catheters are left in the body for too long, 

bacteria can reach the bloodstream from the biofilm attached to the surface of these devices 

and can lead to septicaemia. Another bacterium isolated from catheters is E. coli and it is 

usually linked to faecal contamination and bad hygiene practice by the animal handler (14). 

S. aureus is one of the most important causes of subclinical, clinical, recurrent and chronic 

mastitis, this way being the main reason for the use of antibiotics in dairy farms. Biofilms 
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produced by S. aureus are important factors in the persistence of the bacteria during a 

mastitis outbreak despite the use of antibiotics (15). Staphylococcus species are known as 

environmental pathogens. Initially, after an incubation period of 24 hours, S. aureus starts 

producing biofilm and bacteria clusters appear in the mammary alveoli, lactiferous ducts and 

interstitial tissue and it has been confirmed that bacterial strains producing biofilms are to 

some degree less susceptible to antimicrobial therapy used to eradicate mastitis (16) causing 

a major incidence of high drug residues in the food chain. Another important pathogen for 

biofilm induced mastitis is Streptococcus pyogenes. However, it is not a bovine pathogen, it 

can be transmitted to cows by human contact through bad handling and bad hygiene practice 

(14). Even though the incidence of bovine clinical mastitis has been reduced worldwide, 

subclinical mastitis is still present due to the biofilm formation within the mammary 

epithelium and causing huge economic loss due to the presence of the inflammatory cells 

known as somatic cells in the milk. Their presence in the milk is not acceptable, therefore 

antibiotics are given to the animals as prophylaxis increasing the amount of drug residues in 

the milk and meat. Consuming meat and milk with high drug and antibiotic residues can 

further fuel the antibiotics resistance facing the human and veterinary medicine alike (13). 

3.2. Steps and regulatory mechanisms of the biofilm formation  

The biofilm formation of P. aeruginosa strains can serve as model for the research of 

biofilms produced by Gram negative bacteria. Specific environmental conditions are needed 

for the biofilm formation depending on the bacteria strain. These conditions are the 

availability of nutrients and oxygen, the pH, the temperature etc. These circumstances can 

trigger the switch of bacteria from planktonic mode to start forming biofilms around them 

and become sessile bacteria. 

Biofilm formation occurs in a four stage cycle: adhesion (reversible then irreversible 

attachment) to a biotic or abiotic surface, micro-colony formation, maturation with EPSM 

synthesis, then finally the detachment and dispersal of the planktonic bacteria to the 

neighbouring environment to be able to form and build larger biofilms (11, Figure 1). 

  

In the beginning, cells form a monolayer where they are reversibly attached to a surface by 

their cell pole, Van der Waals forces and electrostatic charges play role in this initial 

attachment. Once reversibly attached, bacteria use their type IV pili (T4P), flagella and 

fimbrias to move within the monolayer, only then the attachment to the surface becomes 

irreversible. During the irreversible attachment, cells start producing EPSM that serves as 
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protection from the immune system, the antibiotic treatment and other harmful 

environmental conditions (18). After the initial attachment, the following phase of biofilm 

formation is the micro-colony formation. Micro-colony means 3 to 5 layers of cells that are 

embedded in that extracellular polymeric matrix (11). Therefore, cells depend on exchange 

of substrate between neighbouring cells within the forming biofilm. As the biofilm becomes 

thicker, to around 10-25 µm, indicating that the biofilm has reached maturation, the layers 

closer to the surface have decreased amount of nutrients and oxygen around them and the 

environment is slightly different than that in the bottom region of the formed biofilm. As a 

result of that, the bacteria embedded in the biofilm have to be able to separate to sustain their 

needs. This is called detachment when the bacteria closer to the surface break free and start 

to attach closer to the first biofilm in order to build larger biofilms. The detachment is the 

process of releasing the bacteria from the biofilm to the environment and thus the reason 

behind the persistence of the infection (12). 

 

 
Figure 1: Steps of biofilm formation: Attachment, growth (micro-colonies formation and maturation) and 

detachment. (44) 

The major components of biofilms are: polysaccharides including Psl and Pel, two types of 

branched heteropolysaccharides. Pel is made of glucose and usually more abundant during 

the maturation stage, whereas Psl is formed of mannose and found in higher amounts during 

the attachment phase. Another important matrix polysaccharide is alginate, which has a role 

in the protection of the bacteria from the environment as well as in the enhancement of the 

attachment to the surface. Proteins such as cells appendices like fimbriae, T4P and flagella 

are crucial requirements during the initial attachment to a surface and bacterial movement 

within a biofilm. Other proteins include surface proteins such as lectins. There are two types 

of lectins: lecA and lecB. Both are confirmed to have a role in P. aeruginosa biofilm 
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development. Extracellular DNA (eDNA) is another important component of the mature P. 

aeruginosa biofilm matrix, it is believed to be the key to the production of some of the other 

biofilm matrix components such as T4P, furthermore it can serve as a nutrient for bacteria 

during the early development of the biofilm (17).  All these components exist in different 

ratios during the different stages of biofilm formation according to gene expression 

influenced by the environmental conditions (16). During the maturation phase of biofilms, 

some components have been linked to the different stages of formation of EPSM. For 

instance, in P. aeruginosa pel (pellicule and glucose formation) is found in higher amount 

during maturation phase and psl polysaccharides (mannose rich matrix material) have been 

identified as matrix components necessary for its biofilm formation during the attachment 

phase (18). Biofilm thickness has also been connected to the enzyme polyphosphate kinase 

(PPK), important in the synthesis of polyphosphate, elastase and other metabolites such as 

rhamnolipids that further increase the thickness of the biofilm matrix (2). 

Cell to cell signalling according to the population density is suspected to play a crucial role 

in the development of biofilms, this regulatory system is called the quorum sensing (QS). 

Quorum sensing means a mechanism used by bacterial cells when communicating with each 

other by releasing small signal molecules. These so called autoinducers, the concentration 

of which depend on the cell density, will influence the gene expression and the phenotype 

of the bacteria and the matrix they produce as well (19). In Gram-negative bacteria the signal 

molecules are N-acyl-homoserine-lactones (AHL). In case of P. aeruginosa there are two 

QS systems, the las and rhl systems, directing the expression of the virulence genes. The 

lasR-lasI system is activated during the irreversible attachment, while the rhlR-rhlI system 

is activated during maturation phase (2). 

In addition to the environmental changes such as temperature, some genetic pathways were 

found to be involved in the different steps of biofilm formation too.  Caiazza and O’Toole 

have found that the sadB is a gene mandatory for the transition from reversible to irreversible 

attachment in the formation of P. aeruginosa biofilms (12). Finally, during dispersion face, 

RpoS gene is activated resulting in a down regulation of the gene expression and enabling 

cells to adapt to the new conditions (12). 

3.3. Pseudomonas aeruginosa infections in the veterinary practice  

Bacteria within the Gram negative Pseudomonas genus are found in the environment, for 

example in the soil, the natural waters, on the surfaces of plants, in the gastrointestinal flora 

of animals and humans alike and are part of the normal skin flora (19). The most important 



 

12 

 

species, P.  aeruginosa is an opportunistic pathogen, which can cause diseases in 

immunocompromised patients (20) therefore, it can be responsible for nosocomial infections 

in humans mostly due to its biofilm forming property while colonizing catheters and wounds 

of for example burn patients’, the airways of cystic fibrosis patients’ (20). In the veterinary 

medicine, P. aeruginosa has been most importantly associated with OE, pyoderma, UTI and 

conjunctivitis in companion animals (21) and mastitis, metritis in ruminants (18). 

The treatment of P.  aeruginosa infections is challenging since they can easily adapt to the 

changing environment and the acquired resistance is quite often seen especially in case of 

multi-resistance (multi-drug resistant, MDR) strains (29). These strains are found to be 

resistant to a wide range of antibiotics including ampicillin, first and second-generation of 

cephalosporins, erythromycin and to a certain extend resistant to chloramphenicol and 

tetracycline (22).  

3.3.1 Otitis externa  

The healthy external ear canal is not sterile and contains traces of yeast and bacteria such as 

Malassezia pachydermatis, Streptococcus and Staphylococcus species in symbiosis (26). 

The ear is composed of an external ear pinna and both a vertical and horizontal canal forming 

auricular cartilage (27, Figure 2).  

 
Figure 2: Structure of the external ear canal of a dog (31). 

OE occurs in response to inflammatory triggers including increased humidity inside the ear. 

Predisposing factors that can lead to OE include the anatomy of the ear canal and the pinna: 

breeds with furry, narrow ear canals and pendulous pinnae are generally more affected (26), 

immunosuppressive diseases like atopic dermatitis, ear mite infestation, food intolerance 
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(30) feline leucaemia virus (FeLV) or endocrine diseases such as hypothyrodism and 

hyperadrenocorticism. Blood vessels dilate in the ear leading to an increase in their 

permeability, oedema formation as well as debris accumulation which then cause stenosis of 

the ear canal along with the hyperplasia of the dermis due to the chronic inflammation (25). 

In case of OE, the ear canal can become erythematous, filled and congested with cerumen 

or pus, providing a moist and warm milieu for microorganisms such as P. aeruginosa to 

proliferate (24). In veterinary medicine, the incidence of OE has been estimated to be 

affecting 10% to 20% of dogs and 2% to 6% of cats. P. aeruginosa, S. aureus and S. 

pseudointermidius are often associated with cases of OE (25). Animals usually show 

symptoms like head shaking or ear scratching and the production of ceruminous or purulent 

discharge from the ear can sometimes be seen. Upon physical examination by a veterinarian 

erythema can be observed along with alopecia around the ears. A yellow-green, malodorous 

discharge can be present, and in some extreme cases ulceration of the external ear canal can 

be noted as well (24).  

Diagnosis of OE is based on the anamnesis, clinical signs, skin and ear examination, 

cytology and cultures of samples taken as well (25). 

Treatment of P.  aeruginosa induced OE begins with deep cleaning under anaesthesia using 

warm saline, aiming to reduce the bacterial load and its substrates as well as removing the 

inflammatory toxins and other organic matter that can decrease the efficacy of topical 

antibiotics. Systemic glucocorticoids like prednisolone, betamethasone or dexamethasone 

can be used in case of severe stenosis and fibrosis of the ear canal, or can be prescribed in 

order to reduce pain and inflammation and hyperplasia. Tris-EDTA is always advised to be 

used as it binds calcium ions and thus increases permeability to antibiotics that have to be 

used 15 to 20 minutes after the tris-EDTA application. Antibiotics used are usually 

polymixin B, fluoroquinolone substances such as enrofloxacin, marbofloxacin and 

ciprofloxacin, aminoglycosides active agents such as gentamicin, tobramycin and amykacin. 

These antibiotics can be given topically in the ear, however in the case of aminoglycosides 

we should make sure the tympanic membrane is intact before administering this group as 

they can be ototoxic. If the OE is accompanied with otitis media, then these antibiotics can 

be given systemically as topical antibiotics cannot reach so far deep inside the ear canal (26). 

3.3.2. Pyoderma 

Pyoderma is a pyogenic bacterial infection of the skin, being one of the most common causes 

of dermal diseases in the small animal veterinary practice. The overgrowth of the normal 
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skin flora due to several predisposing factors similar to the ones discussed in the section for 

OE, are the most important reasons for the development of pyoderma as well. In case of 

dogs, the primary pathogen causing the disease is Staphylococcus pseudointermedius, the 

secondary pathogens are the following: Proteus mirabilis, E. coli or P. aeruginosa (28). 

It is important to note that isolation of P. aeruginosa alone from pyoderma lesions is rare.  

However, in a recently published study P. aeruginosa was isolated from 42 (7.5%) of 561 

skin samples submitted to a diagnostic laboratory in a 6-year period and among these 42 

samples 14 (33.3%) of them proved to be contaminated with P. aeruginosa only (32). A 

study about artificially induced pyoderma at the Ohio State University reported that the 

lesions caused by P.  aeruginosa on the skin were similar to the lesions typical in the case 

of superficial and deep staphylococcal pyoderma. Clinical signs usually include itching, 

seborrhea, odorous discharge, erythema, lichenification, hyperpigmentation and alopecia 

(33). For the diagnosis of pyoderma, a cytological exam is first performed even when the 

physical appearance of the lesions is enough to make a diagnosis.  

Samples can be cultured in order to identify the bacteria involved in the pyoderma. For the 

treatment of pyoderma the first choice of group of antibiotics is the cephalosporins, like 

cephalexin, cefpodoxime and cefovecin. It is important to avoid the usage of fluroquinolones 

as they increase the antimicrobial resistance of the bacteria involved in the infection. 

Moreover, topically used antibiotics can be advised too as they decrease the amount of oral 

antibiotics required and the length of the treatment (33).  

3.3.3. Mastitis  

Mastitis is the inflammation of the mammary gland. This is a disease of major importance 

in dairy and beef cattle as well as sheep and goats. It usually occurs as an immune response 

to bacterial invasion of the mammary tissue by a variety of bacteria present on the farm and 

can also occur as a result of chemical, mechanical injury to the cow's udder. Many bacteria 

are involved in mastitis like: S. aureus, S. epidermidis, Streptococcus agalactiae, 

Streptococcus uberis and P. aeruginosa. 

P. aeruginosa is most often associated with sporadic clinical mastitis. Outbreaks among 

Israeli dairy and sheep farms and goat herds have been reported with morbidity reaching 15-

20%.  Sela et al. (2007) reported that P. aeruginosa was isolated from clinical and subclinical 

mastitis in 47 sheep, 17 goats and 31 cows from 34 different farms in Israel (34).  

It is suspected that P. aeruginosa being an opportunistic pathogen, attacks the weak and 

injured tissues of the teat or mammary gland. Malfunctioning milking equipment would 
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increase the risk as it increases the incidence of a trauma to the teat. Moreover, workers 

following poor or incorrect hygiene practice can also increase the chance of Pseudomonas 

related mastitis. Untreated, infected water can also play a role in the pathogenesis of the 

disease (35). P. aeruginosa infection rate in dairy herds is usually between 1 to 3 %. Clinical 

infection involves higher producing cows in early lactation but outbreaks can happen at any 

lactation stage. Clinical signs can be mild such as swelling and redness of the udder which 

is warm and painful to the touch. Severe acute form can be seen as well, that is generally 

characterized by septicaemia and death in extreme cases. Secretions vary but may be a brown 

serum, and the milk is watery and contains flakes, clots of blood. These signs are not specific 

to P. aeruginosa mastitis only and can be seen in the other bacterial induced mastitis (36). 

In the case of P. aeruginosa mastitis, low numbers of bacteria are shed, with intermittent 

shedding in chronic cases. Antibiotic treatment of severe and acute clinical cases or chronic 

non-clinical cases is often not successful even when an antibiotic susceptibility test is 

performed. This is due to the biofilm forming ability of P. aeruginosa.   

Usually animals diagnosed with mastitis caused by P. aeruginosa are culled or isolated in 

order to reduce the risk of spreading the infection to other cows in the herd.  

In the case of P. aeruginosa related mastitis, prevention is the best therapeutically available 

option as it is shown that mastitis increases somatic cell count in the milk and treatment of 

mastitis increases the drug residues in the products of these animals (37). 

3.4. Methods for detecting biofilms  

The early detection of biofilms plays a crucial role while finding proper therapy against 

bacteria embedded in biofilms. Several techniques have been established to detect biofilms 

in vitro. In most of the model systems, biofilm biomass quantification is done by microtiter 

plate (MtP) test based crystal violet (CV) assay. This assay is used for detection of biofilm 

by staining biofilms with crystal violet dye. CV dye stains both living and dead cells by 

linking to negatively charged surface molecules and polysaccharides in the extra-cellular 

matrix. Since CV stains dead, living cells and the matrix itself as well, this technique cannot 

be used to differentiate between dead and alive bacterial cells. The depth of the colour taken 

up by each strain can be measured with spectrophotometer and correlates with the volume 

of biofilm biomass produced (38).  

Another method for detecting biofilms is to visualise them with scanning electron 

microscope (SEM). This is a well-used method to observe the morphology of bacteria 
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adhering to a surface, the morphology of the matrix itself and the relationship between them. 

(39).  

Scanning confocal laser microscopy is a different microscope technique to detect biofilms, 

it allows a semi continuous non-destructive documentation of the temporary changes in 

biofilm structure. This type of microscope permits the investigation of living biofilms as 

they grow on the surface of glass wall perfusion chambers without any further fixation. 

However, it is possible also to fixate the biofilm into sections by mean of cryo-embedding 

or resin (38).  

A third microscope technique is the atomic force microscopy. This allows the imaging of 

both bacteria and bacterial biofilm on solid surface in both dried and hydrated states. This 

type of microscope does not require any stains or coating and the biofilms can be observed 

in situ with no previous preparation of the sample (40).  

Syto 9 assay can also be used to detect biofilms. In this assay, a fluorescent dye is used which 

stains the nucleic acid component. It is able to bind to DNA of both viable and dead cells as 

well as the DNA present in the extracellular matrix of biofilms, hence this technique can be 

used to estimate the total biofilm biomass produced by the bacterial cells. However, just like 

CV dye, it is not a suitable technique to assess the amount of viable bacteria in the biofilm 

(38).  

Congo Red Agar (CRA) method, developed by Freedman et al in 1989, is another easy and 

cheap method to detect biofilms. Bacteria strains are cultured on a Brain Heart Infusion Agar, 

where sucrose and Congo Red dye are added. The quantitative evaluation is subjective, by 

analysing the colour of the colonies growing on the agar after the incubation period of 24 

hours at the temperature of 37 °C. Biofilm producer strains are thought to be black and 

biofilm non-producers red in colour. Even though it is a quick and cheap method, it is not 

very accurate and a modified technique is being used instead (41). 

Microtitre-plate test (MtP), is a phenotypic quantitative technique to detect biofilms. It 

consists of staining bacterial biofilms in a 96-well-plate then measuring their optical density 

(OD) by the use of a spectrophotometer. (42) 

Comparing MtP test to CRA method, MtP test is the primary choice of method the detect 

biofilm formation, since the latter has higher sensitivity and CRA method can show fals 

negative results (42) 
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3.5 Methods for detecting viable bacteria in biofilms  

Different techniques have been developed that are able to detect the viable bacterial cells 

within the formed biofilm matrix. Such techniques include: Epifluorescence microscopy that 

enables the differentiation between live and dead bacteria by the use fluorochromes. It is an 

easy and fast method for the characterization of a large sample of biofilm. However, this 

microscope gives only two-dimensional images and the samples have to be treated with 

fluorochromes prior to their viewing (39).  

Another method is the MTT, MTS, XTT staining assays. These yellow dyes belong to the 

tetrazolium salt family and are reduced by active cells through the action of dehydrogenase 

enzymes during an incubation period, to generate reducing equivalents such as NADH and 

NADPH. The resulting intracellular formazan products have a purple-brown colour. The 

absorbance of the reached colour correlates with the viable cell count, can be quantified by 

spectrophotometer (38). These compounds can be divided into 2 categories, MTT that is 

positively charged and can penetrate viable eukaryotic cells on one side and MTS and XTT 

that are negatively charged and do not easily penetrate cells on the other side. Therefore, 

with the latter category, an intermediate electron acceptor can be used to produce the 

coloured formazan product (49). 

Resazurin assay is a metabolic method that is able to assess bacteria viability and biofilm 

quantity. Resazurin, the active substance of Alamar blue reagent, is a blue fluorescent dye 

that is able to be reduced by viable bacterial substances such as FMNH2, FADH2, NADH, 

NADPH and some other cytochromes to a pink fluorescent resorufin. Therefore, a 

continuous growth maintains the pink colour of the environment. The extent of change in 

colour from blue to pink gives an idea of cell viability. Data may be collected with the naked 

eye, or for increased sensitivity, fluorescence-based instruments or spectrophotometry (48). 

Fluorescein diacetate (FDA) assay can be used to detect cell vitality as well.  Viable 

microbial cells are able to convert non-fluorescent FDA into a yellow, highly fluorescent 

compound by the use of intracellular and extracellular esterase. This technique can be used 

for both quantification of biofilm biomass and bacterial cell viability (38). 
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4. Materials and methods 

4.1 Bacterial strains and storing conditions 

P. aeruginosa strains used in this study were isolated from several clinically inflamed canine 

external ear canals in 2014. Strains were identified by microscopic examination using Gram 

staining, cultured in selective cetrimide agar and classified according to their colony 

morphology, pigment production and oxidase positivity at the Duo-Bakt Veterinary 

Microbiology Laboratory, Budapest, Hungary. In this study five of the above mentioned 

strains of P. aeruginosa were used, numbered 1, 2, 3, 5, and 6. For the non-biofilm forming 

negative control Staphylococcus epidermidis ATCC® 12228™ (ATCC, Wesel, Germany) 

strain and for biofilm forming positive control Pseudomonas aeruginosa ATCC® 27853™ 

(ATCC, Wesel, Germany) strain were used respectively. Isolated and control strains were 

stored in eppendorf tubes (Biolab Ldt. Budapest, Hungary) containing glycerol-Mueller-

Hinton broth (Biolab Ldt., Budapest, Hungary) solution and stored in a freezer at the 

temperature of -80 °C until the experiment took place.  

Two days prior to start the experiment, a loopful of  P. aeruginosa strains No 1, 2, 3, 5, 6 

and the two control strains were spread from the partially melted supernatant onto petri 

dishes containing Mueller-Hinton agar (Biolab Ldt., Budapest, Hungary) after taken out 

from the freezer. Dishes were incubated at the temperature of 37°C for 24 hours. Following 

the incubation period dishes were removed from the thermostat and one loopful of each strain 

was inoculated to tubes containing 3 millilitres of Mueller-Hinton broth (Biolab Ldt., 

Budapest, Hungary), vortexed for 3 seconds and incubated for 24 hours at 37°C to produce 

the bacteria suspension used in the following MtP test. 

 

4.2. Production of P. aeruginosa biofilms 

Strains in the tubes were removed from the thermostat in order to prepare a stock solution 

with the use of Puregrade® flat-bottomed 96 well microtiter plate (VWR International Ldt., 

Debrecen, Hungary) for setting the standard bacteria concentration to be used for growing 

biofilms to stain with  CV and MTS assay. The stock solution was made by adding 10 µl of 

bacteria suspension from each of the tubes to 240 µl of MH broth on a plate. Each strain of 

bacteria was put in a column according to Figure 3. 
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Figure 3: Illustration of the 96 well microtiter plate used for stock solution. Column green in colour 
representing strain No 1, red in colour representing strain No 2, blue in colour representing strain No 3, purple 
in colour representing strain No 5, purple in brown  representing strain No 6, pink in colour representing 
strain ATCC 12228, black in colour representing strain ATCC 27853. The remaining columns contain MH 
broth. 
 
The final bacteria concentration on the work plates as 105 colony forming unit (CFU)/ml 

was performed by adding 10 µl of bacteria suspension from each column of the stock 

solution to the work plates containing 190 µl of MH broth in the wells. Columns containing 

bacteria were separated to avoid contamination by having columns containing 200 µl MH 

broth on its own in between them. The layout of the work plates was the same as showed in 

case of plating for stock solution. 

Biofilm production was investigated for 120 hours in total and measured after every 24 hours 

of incubation period. For the two methods, the CV and the MTS assay, one microtiter plate 

was used for each assay and incubation time: 24 hours, 48 hours, 72 hours, 96 hours and 120 

hours and for the MTS assay 5 more microtiter plates were used for the dilution of the content 

of each plates to be able to measure the optical density (OD). Finally 5 more microtiter plates 

were used for changing broth aseptically on the plates with longer than 24 hours of 

incubation. This way 20 microtiter plates were used in total. The work plate for both staining 

methods was set as the following: columns No 1, 3, 5, 7, 9 contain 200 µl MH broth, columns 

No 2, 4, 6, 8, 10  contain: 190µl MH broth and 10 µl stock solution  of the strains from the 

corresponding column, column No 11: negative control containing 190 µl MH broth and 10 

µl  stock solution of the strain ATCC 12228TM  and column No 12: positive control containing 

190 µl MH broth and 10 µl stock solution of the strain ATCC 27853TM  as represented in 

 1 2 3 4 5 6 7 8 9 10 11 12 

A    I    II    III    V    VI  -  + 

B                         

C                         

D                         

E                         

F                         

G                         

H                         
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Figure 3. During the incubation period the bacteria got attached to the walls of the wells and 

started to produce biofilms. The two methods were carried out at the same time and were 

measured after a given incubation period. Broth was changed aseptically every 24 hours on 

the work plates from the 48th hour of incubation to maintain the continuous nutrient source. 

Additional plates and changed tips were used to pipet the MH broth in a sterile manner. The 

photo below shows a native microtiter plate after 24 hours of incubation before handling. 

Pseudomonas strains show difference in pigment production (Figure 4). 

  

  
 Figure 4: Picture of the work plates after24 hours of incubation before staining (43). 

4.3 Crystal violet method used in this thesis  
Crystal violet is a dye used in Gram staining for bacteria and is able not only to stain the 

bacterial cells, but matrix components adhering to the surfaces of the well as well (38).  

The CV staining procedure used in our experiment for the different incubation times is the 

following. The work plates prepared earlier were incubated at 37 °C in a thermostat. After 

incubation period was over (24 hours, 48 hours, 72 hours, 96 hours or 120 hours) the 

supernatant from each well was aspirated by the use of a micropipette (Finnpipette, Lab-Ex 

Hungary Kft., Budapest) with the volume of 200 µl. Wells were gently washed with 200µl 

of 0, 9% NaCl solution, and half the amount of this volume was used to flush the wells 3 

times. Finally, the whole 200µl of saline was aspirated and discarded. After the plate was air 

dried for 10 minutes, 200 µl of a 0.1% crystal violet solution (Sigma-Aldrich Kft., Budapest, 

Hungary) was added to each well and incubated for 20 minutes at room temperature. After 

the 20 minutes was over, the stain was removed from each well by the use of a 200 µl 

micropipette and the microplate then was immersed into a water bath at a 45°angle, then 
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shacked gently parallel to the bottom of the basin.  Finally the excess water was tapped out 

onto paper. Air drying of the microtiter plate for 10 minutes followed. Since the bottom 

contains debris that can affect the accuracy of the measurements, extraction of stained 

material on the bottom of the wells took place and it was done by adding 30 µl solution of 

ethanol and acetone (ratio 3:1) for 10 minutes under agitation. It is important not to touch 

the wall of the wells with the tip of the micropipette or with the solution itself as the bacteria 

embedded in biofilms are attached to the wall of the wells. After 10 minutes, the ethanol-

acetone solution was removed. To dissolve the stained material on the walls 200 µl of 

ethanol-acetone solution was used under agitation for 20 minutes. The OD of the stained 

material was measured by Biochrom EzRead spectrophotometer (Aqua-Terra Lab Ldt., 

Veszprém, Hungary) at a wavelength of 595 nm and results were recorded. 

4.4 MTS assay used in this thesis 

As mentioned before, MTS assay is a technique to help in detection of viable bacteria 

embedded in a biofilm produced in wells of microtiter plates.  

After each incubation time was over (24 hours, 48 hours, 72 hours, 96 hours and 120 hours), 

the supernatant was removed from each well, then wells were washed with 160 µl sterile 

saline, followed by the addition of 200 µl MH broth and 20 µl MTS dye (Celltiter 96 

Aqueous One Solution Cell proliferation assay, Promega, Wiaconsin, USA) into each of the 

wells of the 96-well assay plate. The microplate was incubated for 60 minutes at 37 °C. After 

incubation, the OD of the solution was measured at a wavelength of 490 nm. The 

measurement of the optical density on a 5-fold dilution was performed and a new microplate 

was used for this purpose. On the new microplate, 80 µl MH broth and 20 µl of the stained 

material were added to the wells and mixed by pipetting. The optical density was measured 

again at 490 nm wavelength. 
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5. Results  

5.1. P. aeruginosa biofilm production detected by CV assay  

To evaluate the biofilm mass produced by the strains (P. aeruginosa No 1, 2, 3, 5, 6) isolated 

from infected canine ear canals, the CV assay was used. The crystal violet dye stains the 

biofilm biomass and the bacteria in them as well. The measured optical density (OD) value 

in absorbance unit (AU) is in linear response to the amount of biofilm produced and attached 

to the walls of the wells. The results revealed the ability of all the isolated strains to form 

biofilms from the infected ear canals, however not all the strains did produce the same 

amount of biofilm. The OD values of the different strains can be seen in Table 1.  Average 

results were counted from the OD values of the 6 parallel wells in the middle of a column 

due to the loss of broth caused by evaporation and the possible inconsistency in the pipetting 

technique next to the margins of the plate.  

 
Table 1: Summarised average OD values (AU) of strains measured after CV assay according to the 

incubation period in hour 

 
As the table shows, the absorbance values declined in each strain until the end of the 48 hour 

incubation period, then a quick increase in OD values happened during the following 24 

hours.  It can be assumed that the decline in the amount of biomass can be due to the lack of 

nutrient and space available at that time for the bacteria.  

As mentioned before freshly made MH broth was added to each well every 24 hours after 

the 48 hour incubation period was over. Until the end of the 96th hour of incubation the 

second decline in the amount of biofilm biomass can be detected. This was followed by a 

second elevation in OD values, therefore in the amount of biofilm produced. The positive 

control strain P. aeruginosa ATCC 27853TM reached the highest, the negative control strain 

S. epidermidis ATCC 12228TM the lowest OD values. The investigated 5 strains of P. 

aeruginosa were found out to be mild to intermediate biofilm producers according to our 

method. 

CV
No	  1 No	  2 No	  3 No	  5 No	  6 ATCC+ ATCC-‐

24 0,71625 0,5685 0,77475 1,0075 0,27425 3,394 0,14375
48 0,24375 0,23125 0,39925 0,285 0,11725 1,1265 0,05725
72 1,4235 0,6985 0,61425 2,52725 0,252 1,98125 0,1075
96 0,200625 0,5455 0,4595 0,626375 0,178375 1,277125 0,0745
120 1,737 0,888 0,74575 1,7105 0,5075 2,247875 0,093375

Strains

Average	  OD	  at	  595	  nm

In
cu

ba
tio

n 
pe

ri
od

 
(h

ou
rs

)
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5.2. P. aeruginosa biofilm production detected by MTS assay 

The MTS-formazan assay (CellTiter 96® AQueous One Solution Cell Proliferation Assay) 

is a colorimetric method for the determination of the number of viable cells in proliferation. 

The MTS-tetrazolium compound is bioreduced by metabolic active cells into a coloured 

formazan product that is soluble in tissue culture medium like Mueller-Hinton broth. To 

measure the viable cell count, after incubating bacteria with the tetrazolium compound for 

one hour, the absorbance of the solution changed in colour was read at 490 nm with a 96-

well plate reader. The measured OD value in absorbance unit is in linear response to the cell 

number and absorbance at 490nm as Figure 5 shows it.   

 
Figure 5: Effect of cell number on absorbance at 490 nm measured using the CellTiter® 96 AQueous One Cell 

Proliferation Assay 

The table below (Table 2.) shows the average OD values for each P. aeruginosa and control 

strains after the different periods of incubation. Average results were counted from the OD 

values of the 6 parallel wells in the middle of a column due to the loss of broth caused by 

evaporation and the possible inconsistency in the pipetting technique next to the margins of 

the plate.  
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Table 2: Summarized average OD values (AU) of strains measured after MTS assay 

according to the incubation period in hour. 

 
 

MTS assay revealed viable bacteria cells during biofilm formation in all strains after each 

incubation period studied. The tendency in the change of the cell count is not parallel 

amongst the strains. In case of strain No 1 after a slight increase at 72 hours of incubation a 

decrease can be seen in the viable cell count. Isolated P. aeruginosa strain No 2 and 3 showed 

continuous elevation in the number of viable bacteria, strain No 5 and positive control strain 

ATCC 27853TM produced biofilm with the highest amount of viable cells. 

 

  

MTS
	  No	  1 	  No	  2 	  No	  3 No	  5 No	  6 ATCC+ ATCC-‐

24 1,11125 0,633125 0,71875 1,977 0,733625 1,449125 1,248625
48 1,321625 1,150125 0,706125 1,830125 2,107875 1,14525 0,74
72 1,3475 0,802125 0,50525 1,828875 1,3645 1,69275 0,96525
96 1,04575 1,399375 1,027875 2,42825 2,311875 2,36075 1,399875
12 0,985625 1,929625 1,3505 1,974875 2,113375 2,366125 1,921375

Strains

Average	  OD	  at	  490	  nm

In
cu

ba
tio

n 
pe

ri
od

 (h
ou

rs
)
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5.3.1. Biofilm production of P. aeruginosa strain No 1 

 

According to the CV assay strain No 1 showed a fluctuating wave of biofilm production, 

peaking twice after 72 hours and 120 hours of incubation with an average OD of 1.4 and 1.7, 

respectively. MTS assay revealed a constant level of viable cell count in the biofilm during 

the whole investigation, regardless of fresh MH broth added to them, having a plateau phase 

after 48 hours of incubation. The viable cell count within the matrix and the biofilm biomass 

of P. aeruginosa strain No 1 has not showed correlation under the circumstances set during 

this experiment. In case of strain No 1 the almost constant viable bacteria count was able to 

keep up the production of biofilm that was changing according to the environmental 

conditions. Figure 6 shows the amount of viable bacteria and biofilm biomass produced by 

P. aeruginosa strain No 1.  

 

 

Figure 6: Biofilm formation of P. aeruginosa strain No 1 measured by CV and MTS assay  
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5.3.2. Biofilm production of P. aeruginosa strain No 2 

 

P. aeruginosa strain No 2 showed a rather weak but increasing capacity of biofilm 

production having a peak after 72 hours of incubation and reaching its maximum capacity 

after 120 hours with the OD value of 0.8 according to the CV method, while the viable cell 

count behind the biofilm showed a peak at both 48 and 120 hours with the OD value of 1.1 

and 1.9 respectively. The tendency in the CV staining is similar to the one measured in case 

of strain No 1. The two peaks in the bacteria count can be seen due to the intention of bacteria 

to colonise larger surfaces and amount of biofilm to produce the protective shield under the 

unfavourable circumstance.  

Figure 7 shows the viable bacteria count and biofilm biomass produced by P. aeruginosa 

strain No 2. 

 

 

Figure 7: Biofilm formation of P. aeruginosa strain No 2 measured by CV assay and MTS assay 
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5.3.3. Biofilm production of P. aeruginosa strain No 3 

 

In case of the isolated Pseudomonas strain No 3 CV staining showed a similar tendency to 

the previously fluctuating wave of a moderate biofilm production, reaching its maximum 

after 120 hours with the OD value of 0.7, viable cell count peaked also after 120 hours of 

incubation (OD: 1,3). Due to the lack of space decreased amount of protective biofilm were 

generated after a period of time, than bacteria were proliferated to be able to cover new 

surfaces or build new layers of protective biofilm.  

Figure 8 shows the amount of viable bacteria and biofilm biomass produced by P. 

aeruginosa strain No 3. 

 

 
Figure 8: Biofilm formation of P. aeruginosa strain No 3 measured by CV assay and MTS assay 
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5.3.4. Biofilm production of P. aeruginosa strain No 5 

 

P. aeruginosa strain No 5 showed the strongest biofilm forming capacity peaking after 72 

hours with OD value of 2.5, after a quick decline a second, smaller peak was measured by 

CV straining. MTS staining correlating with the viable bacteria count kept a continuous 

amount with a slight elevation after 96 hours of incubation. OD values detected via MTS 

were the highest amongst the investigated strains. In the case of strain No 5 the high cell 

count comes with high biofilm production. Figure 9 shows the amount of viable bacteria and 

biofilm biomass produced by P. aeruginosa strain No 5. 

 
Figure 9: Biofilm formation of P. aeruginosa strain No 5 measured by CV assay and MTS assay 
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5.3.5. Biofilm production of P. aeruginosa strain No 6 

 

The weakest biofilm forming capacity amongst the isolated strains was shown by P. 

aeruginosa strain No 6 according to the CV straining however, having a rather steady plateau 

at the OD around 0.2 during all the incubation periods. Completely independently the 

bacteria count found in the biofilm of this strain was rather high with fluctuation in the 

amount peaking after 48 and 96 hours of incubation. Regardless of the high cell count 

produced by strain No 5, it has a low degree of biofilm production. 

Figure 10 shows the amount of viable bacteria and biofilm biomass produced by P. 

aeruginosa strain No 6. 

 

Figure 10: Biofilm formation of P. aeruginosa strain No 6 measured by CV and MTS assay 
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5.3.6. Biofilm production of P. aeruginosa ATCC 27853TM 

 

Figure 11 shows the amount of viable bacteria and biofilm biomass produced by the positive 

control strain P. aeruginosa ATCC 27853TM. 

 

Figure 11: Biofilm formation of P. aeruginosa ATCC 27853 measured by CV and MTS assay 

As for the positive control P. aeruginosa ATCC 27853TM showed a high biofilm forming 

capacity reaching its maximum capacity after 24 hours only with OD value of 3.3, that was 

followed by in the previously mentioned strains already seen peaks after the 72 and 120 

hours of incubation. Meanwhile cell count was elevating reaching plateu phase after 96 hours 

of incubation. The viable cell count within the matrix and the biofilm biomass of P. 

aeruginosa ATCC 27853TM has not shown correlation under the circumstances set during 

this experiment.  
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5.3.7. Biofilm production of P. aeruginosa ATCC 12228TM 

 

Finally, the negative control strain P. aeruginosa ATCC 12228TM is known to be biofilm non 

producer, CV assay showed the lack of biofilm forming ability, however the small number 

of viable cell count in the biomass was continuously elevating after 48 hours of incubation. 

It is important to mention it was noticed that the biofilm biomass amount produced were the 

highest in all the strains after 72 and 120 hours of incubation at these two incubation period, 

even when the strain did not produce so much bacteria (strain 6 for example). 

Figure 12 shows the amount of viable bacteria and biofilm biomass produced by the positive 

control strain P. aeruginosa ATCC 12228TM. 

 

Figure 12: Biofilm formation of P. aeruginosa ATCC 12228TM measured by CV and MTS assay 
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6. Discussion 

In this thesis, we examined the biofilm production of 5 P. aeruginosa strains (No 1, 2, 3, 5, 

6) isolated from canine otitis externa. The isolated strains were compared to negative control 

strain S. pseudointermedius ATCC 12228TM and positive control strain P. aeruginosa ATCC 

27853TM. The amount of biofilm biomass produced was measured by MtP test using Crystal 

Violet assay, for counting the viable bacterium cells MTS assay was used. Strains were tested 

with the two methods after each incubation period (24, 28, 72, 96, 120 hours). The reached 

optical density of the dye in solution was measured by spectrophotometer. 

According to our results showed in the previous section the following conclusions can be 

made. Under the method section mentioned, all of the isolated strains that we investigated 

formed biofilms. Regardless of the strength of biofilm forming capacity, a fluctuation has 

been detected during the total incubation period: As the available space and nutrients were 

lessening in our artificially set in vitro system, bacteria started to save these sources for their 

own maintenance and proliferation instead of forming biofilms. This decrease in the biofilm 

amount and increase in bacteria count can be seen in almost all of the strains after 48 and 96 

hours of incubation. Peeters et al. in 2007 conducted an experiment comparing six different 

assays for the quantification of biofilms produced by amongst others P. aeruginosa, S. 

aureus, Burkholderia cenocepaciain and Candida albicans in 96-well flat bottom microtiter 

plates. Methods were optimised and evaluated. The author stated that CV assay appeared to 

be unsuitable for the evaluation of biofilm formation of P. aeruginosa strains since large 

variations were seen, not only within one strain but between experiments as well. Moreover, 

Peeters et al. mentioned how the slimy matrix of P. aeruginosa decreases the absorbance 

signals obtained compared to the other strains he used due to the high water content that 

resulted in inadequate fixation. Therefore, based on the CV assay, if a strain showed a low 

amount of biofilm such as strain No 6, it can be explained either by the fact that this particular 

strain does not produce a large volume of biofilm, or by the fact that it produces a slimy 

matrix with high water content that prevented the adequate fixation, thus resulting in a false 

negative (45). 

Another limitation for the CV assay is overestimation. In a study by Sabaeifard et al. for the 

optimization of tetrazolium salts for P. aeruginosa biofilm detection, it was stated that CV 

assay was able to detect not only the EPS of the biofilms but the cell-free-EPS which can 

lead to a higher volume of biofilm, such as the concentration detected in the case of strain 

No 6 where it showed a slight increase in the biofilm biomass production at 120 hours (46). 
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According to our results, all of the strains in the experiments showed viable cells while using 

the MTS assay, however the change in cell count is not parallel between all the strains. Some 

strains had fluctuating peaks of cell counts, such as strain No 6 for instance. Other strains 

had a high and stable cell count, like the case of strain No 5. According to Kuhn et al., the 

XTT assay they used on Candida isolates is similar to the MTS we used and showed certain 

limitations: it was stated that tetrazolium assays do not provide a linear relationship between 

the number of cells counted and colorimetric signal. Moreover, the amount of retained dye 

can vary between the different cellular states, if, for instance, the strain did not produce 

biofilm as our negative control proved (47). 

Another limitation of MTS assay is the underestimation of cell viability. According to 

Sabaeifard et al. detection, it was stated that that the new optimized method was able to 

detect less amount of biofilm formed. This also remained undetected by XTT, therefore 

proving that this method is not in fact the most accurate, specifically if a very low number 

of biofilm is produced by the viable bacteria (46).  

In a previous series of experiments at the University of Veterinary Medicine, Budapest the 

biofilm forming ability of five strains of P. aeruginosa were examined under different 

growth and handling conditions with CV and MTS assay. Showing slightly different results, 

the maximal cell viability occurred after 24 hours of incubation and the largest amount of 

biomass were measured by CV assay after 72 hours of incubation (50). 

In this thesis it was found that using CV and MTS method in the above mentioned manner 

to evaluate the biofilm forming capacity of P. aeruginosa strains, the amount of viable 

bacteria cannot be estimated from the amount of biofilm biomass produced, and vice versa. 

It is safe to say that both methods can be used to detect biofilms, however, one method does 

not replace the other. As both of these methods give us different information regarding 

biofilms, it is recommended to use at least two methods for detection to collect the maximum 

information about biofilm formation in the hope of achieving breakthroughs in a world 

dominated by antibiotics resistance and drug residues. 
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7. Summary 

 

Biofilms are the underlying cause of certain persistent infections in both humans and 

animals, being responsible for causing a vast number of diseases such as cystic fibrosis, UTI 

and nosocomial infections by colonizing hospitals surfaces and the high amount of drug 

residues in the food chain. In the case of veterinary medicine the effect is similar resulting 

in diseases such as mastitis, pyoderma and otitis externa. As we have done for this thesis our 

aim was to find an easy, quick and cheap way to detect biofilms that will be of use for testing 

the different types of antibiotics and anti-biofilms agents in the near future.  

During this thesis, the biofilm forming capacity of 5 strains of P. aeruginosa isolated from 

canine external ear canal infections were investigated with MtP test after 24, 48, 72, 96, 120 

hours of incubation in MH both at the temperature of 37°C. The amount of biofilm biomass 

was determined by crystal violet (CV) assay and the amount of viable bacteria count was 

identified by MTS staining and the results of both assays were measured with a photometric 

method at the wavelength of 595 and 490 nm, respectively. 

All the investigated strains of P. aeruginosa were biofilm producers comparing to the control 

strains of P. aeruginosa ATCC 27853TM and P. aeruginosa ATCC 12228TM. In general, 

strains showed an increasing capacity of biofilm production having a peak after 72 hours of 

incubation and reaching its maximum capacity after 120 hours according to the CV method, 

while the viable cell count behind the biofilm showed a peak at both 48 and 120 hours. As 

the bacteria colonised the surface available with producing biofilms in their environment, 

unfavourable circumstances due to lack of space and nutrients could lead to a relapse in 

biofilm production, favouring the bacteria themselves to maintain and proliferate. It was 

found, that the amount of viable bacteria cannot be estimated from the amount of biofilm 

biomass produced, and vice versa. Both methods can serve us information about biofilms, 

since both have a different concept in their way of detecting biofilms. It is all very crucial to 

further develop, optimize and make these experiments thorough, because it will take us a 

step further towards the understanding of the complex nature of biofilms, and limit the 

antimicrobial resistance facing and affecting not only us, but future generations to come as 

well. Biofilm detection and the methods we used in this thesis should be the base for further 

investigations related to biofilms, antibiotic resistance and ways of finding anti-biofilm 

agents that could save many lives. 
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