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Abstract 

Biofouling is a costly challenge for many industries as it causes major losses in energy, 

equipment damage, compromises the product quality and can even lead to unscheduled 

downtime. Biofilms are also potential harbours for pathogenic microorganisms and can 

represent a threat to public health due to the dissemination of infectious agents. The biofilm’s 

complex physical structure and resistance to antimicrobials reduces the efficacy of the 

contemporary cleaning processes and justifies the need for novel control strategies, more 

efficient and sustainable.  

The global objective for this work was to study the behaviour of Bacillus cereus and 

Pseudomonas fluorescens biofilms when exposed to chemical and mechanical control strategies. 

Initial screening tests were performed with selected phytochemicals, ferulic (FA) and 

salicylic acids (SA), alone and in combination (FSA), as their antimicrobial properties and 

sustainable sources could present a promising alternative to conventional chemicals used for 

cleaning and disinfection. Prevention tests showed that the B. cereus and P. fluorescens single 

and dual-species biofilms were able to grow in the presence of the phytochemicals. 

Nevertheless, dual-species biofilms formed in the presence of the phytochemicals were highly 

susceptible to a second exposure. Their minimum inhibitory concentration (MIC) was 500 µg/mL 

for both bacterial species. The biocide benzyldimethyldodecyl ammonium chloride (BDMDAC) 

was also used in this stage as a positive control. BDMDAC’s MIC for B. cereus was 5 µg/mL and 

15 µg/mL for P. fluorescens. Due to its high efficiency compared to the phytochemicals, BDMDAC 

was selected for further studies.  

B. cereus and P. fluorescens mature biofilms (single and dual-species) were formed on a 

rotating cylinder reactor (RCR), which provided mild shear stress conditions similar to those 

found on industrial settings. The effects of the substratum type on biofilm formation and control 

with BDMDAC and hydrodynamic stress were assessed. The biofilms were formed on AISI316 

stainless steel (SS) and polymethyl methacrylate (PMMA), and presented distinct phenotypical 

characteristics (mass, cell density and content of matrix proteins and polysaccharides), both 

dependent on the microorganism and the adhesion surface. After exposure to BDMDAC and to 

hydrodynamic stress, alone and combined, P. fluorescens biofilms were the most resistant to 

removal. The biofilms were more easily cleaned from SS surfaces, however, biofilm-free surfaces 

were not obtained even after the combined chemical and hydrodynamic treatments. 

 



 
 

In the case of B. cereus biofilms formed on SS surfaces, the influence of the 

hydrodynamic conditions on its susceptibility to removal when exposed to chemical and 

mechanical stresses was also investigated. The biofilm volumetric density increased significantly 

with the shear stress while the thickness decreased. Biofilms formed under low shear stress 

were more resistant to treatment with BDMDAC whereas those formed under higher shear 

stress were more resistant to the combination of the biocide with high shear stress (up to 22.84 

Pa).  

B. cereus and P. fluorescens biofilms were also formed on high-density-polyethylene 

(HDPE) to ascertain their resistance to removal due to BDMDAC combined with increasing shear 

stress pulses. Dual-species biofilms, which were the thickest, were the most affected by the 

BDMDAC exposure. P. fluorescens biofilms were the most resistant to shear stress (up to 17.7 

Pa) even after treatment with BDMDAC. The results suggested a stratification of the biofilm 

based on its mechanical stability, with detachment observed when low shear stress (1.46 Pa) 

was applied followed by apparent compression caused by higher shear stress (> 1.46 Pa). 

Due to the lack of available equipment for in situ and in real time biofilm monitoring 

without compromising its physical structure, a cylindrical zero-discharge Fluid Dynamic Gauging 

(czFDG) was created. This device was designed to measure the thickness and the shear stress 

needed to remove the biofilms formed on cylindrical surfaces in aseptic conditions. The device 

was designed and commissioned at the University of Cambridge, and computational fluid 

dynamics simulations were performed, which agree well with the calibrations tests. 

P. fluorescens biofilms formed on HDPE and SS cylinders using the RCR were analysed with this 

device that allows local measurements (12 different points) and therefore an approximation of 

the topography of the biofilm. The biofilms formed on HDPE were thicker than those formed on 

SS, however, the biofilm thickness for both materials was not uniform, ranging from effectively 

zero to 300 μm.  

 

 

 

 

 



 

 
 

Resumo 

O biofouling é um problema dispendioso para muitas indústrias, uma vez que provoca 

grandes perdas de energia, causa danos nos equipamentos, deterioração da qualidade do 

produto final e pode até levar a paragens não programadas. Os biofilmes são também potenciais 

focos de microrganismos patogénicos e podem representar uma ameaça para a saúde pública 

devido à disseminação de agentes infeciosos. A estrutura física complexa do biofilme e a 

resistência a agentes antimicrobianos reduz a eficácia dos processos de limpeza atuais e justifica 

a necessidade de novas estratégias de controlo, mais eficientes e sustentáveis. 

O objetivo global para este trabalho foi estudar o comportamento de biofilmes de 

Bacillus cereus e Pseudomonas fluorescens quando expostos a métodos de limpeza e desinfeção, 

particularmente com exposição a agentes químicos e a condições de stress hidrodinâmico. 

Dois novos biocidas, ácidos ferrúlico (FA) e salicílico (AS), conhecidos como produtos 

secundários do metabolismo de plantas (fitoquímicos) foram testados no controlo do 

crescimento bacteriano planctónico e em biofilme. Esses biocidas foram testados 

individualmente e em combinação (FSA) pois têm a vantagem de serem obtidos de forma 

sustentável e poderiam apresentar uma alternativa promissora aos produtos químicos 

convencionais utilizados para o controlo dos biofilmes. Os testes de prevenção mostraram que 

os biofilmes simples e mistos de B. cereus e P. fluorescens foram capazes de crescer na presença 

dos produtos fitoquímicos. No entanto, os biofilmes mistos formados na presença desses 

produtos demonstraram suscetibilidade significativa a uma segunda exposição. A concentração 

mínima inibitória (MIC) de FA e SA foi de 500 µg/mL para ambas as espécies. O biocida cloreto 

de benzil-dimetil-dodecil-amónio (BDMDAC) foi usado como controlo positivo, tendo uma MIC 

de 5 µg/mL para B. cereus e de 15 µg/mL para P. fluorescens. Dado que o biocida BDMDAC 

demonstrou uma ação antimicrobiana substancialmente superior aos produtos fitoquímicos, 

este foi selecionado para ensaios posteriores de controlo de biofilmes.  

Biofilmes simples e mistos de B. cereus e P. fluorescens foram formados num reator de 

cilindros rotativos, que proporcionou condições com tensões de corte baixas, semelhantes às 

encontradas em determinados ambientes industriais. Inicialmente foi avaliado o efeito do tipo 

de superfície de adesão na formação de biofilmes e na sua suscetibilidade ao BDMDAC e à 

exposição a tensões de corte superiores à usada para formar o biofilme. Os biofilmes foram 

formados em aço inoxidável AISI316 (SS) e polimetil-metacrilato (PMMA), e apresentaram 

caraterísticas fenotípicas distintas (massa, densidade celular e quantidade de proteínas e 

polissacarídeos na matriz), dependentes do microrganismo e da superfície de adesão. Os 



 
 

biofilmes de P. fluorescens foram mais resistentes à remoção por exposição ao BDMDAC e ao 

stresse hidrodinâmico (tratamentos individuais e combinados). Os biofilmes foram mais 

facilmente removidos de superfícies de SS, porém não se obtiveram superfícies livres de 

biofilme, nem mesmo após a combinação do BDMDAC e da ação mecânica. 

Também foi investigada a influência das condições hidrodinâmicas (0.20, 1.46 e 2.14 Pa) 

na formação de biofilmes de B. cereus em SS e na sua suscetibilidade a tratamentos químicos e 

mecânicos. A formação de biofilmes em condições de tensão de corte mais elevadas originou 

biofilmes com maior densidade volumétrica e menor espessura. Os biofilmes formados a baixas 

tensões de corte foram os mais resistentes ao tratamento com BDMDAC, enquanto que aqueles 

formados a tensões de corte mais altas foram os mais resistentes à combinação do biocida com 

a exposição a tensões de corte significativamente mais altas do que as usadas na sua formação 

(até 22,84 Pa).  

Biofilmes simples e mistos de B. cereus e P. fluorescens formados em polietileno de 

elevada densidade (HDPE) foram utilizados para estudar a sua estabilidade mecânica numa 

estratégia de remoção baseada no tratamento com BDMDAC combinado com pulsos de tensão 

de corte crescente. Os biofilmes mistos, que foram os mais espessos, foram os mais afetados 

pela ação do BDMDAC. Os biofilmes de P. fluorescens foram os mais resistentes à exposição ao 

tratamento hidrodinâmico (até 17.7 Pa), mesmo após a prévia exposição ao BDMDAC. Os 

resultados sugeriram uma estratificação do biofilme, de acordo com a sua estabilidade 

mecânica, com remoção de camadas superficiais a ocorrer a baixa tensão de corte (1.46 Pa), 

ocorrendo compressão das camadas basais quando expostas a tensão de corte > 1.46 Pa. 

Dada a inexistência de equipamentos que permitam a monitorização de biofilmes in situ 

e em tempo real, sem comprometer a sua estrutura física, foi desenvolvido o cylindrical zero-

discharge Fluid Dynamic Gauging (czFDG). O czFDG foi concebido com a finalidade de medir a 

espessura e tensão de corte necessária para a remoção dos biofilmes formados em superfícies 

curvas e em condições de assepsia. O dispositivo foi projetado e testado na Universidade de 

Cambridge. Foram realizadas simulações de dinâmica de fluidos computacional que 

demonstraram concordância com os testes de calibração. Biofilmes de P. fluorescens formados 

no RCR em cilindros de HDPE e SS foram analisados com o czFDG, que permitiu fazer medições 

em 12 pontos diferentes, obtendo-se assim uma aproximação da topografia do biofilme. Os 

resultados demonstraram que os biofilmes formados em HDPE eram mais espessos do que os 

formadas em SS, no entanto, a espessura do biofilme para ambos os materiais não era uniforme, 

variando entre zero e 300 μm.
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Nomenclature  

Roman 

𝑎 arc length (m) 

Cd discharge coefficient (-) 

𝐷 dilution rate (1/s) 

Da diameter of the cylinder  

𝑑 inner diameter of dynamic gauging tube (m) 

𝑑t nozzle throat diameter (m) 

∆G1w1 free energy of interaction between two entities of that material (1), when immersed in 

water (w) (mJ/m2) 

∆G1w2
Tot  Free energy of adhesion between surface 1 (bacterium) and 2 (substratum) that are 

immersed or dissolved in water (mJ/m2) 

𝑓 Fanning friction factor (-) 

ℎ clearance between nozzle and gauging surface (m) 

ℎ0 clearance between nozzle  and gauging surface (m) 

�̇� tube discharge mass flow rate (kg/s) 

𝐧 normal vector of the relevant plane (-) 

N rotation speed (Hz)  

𝑁e number of mesh elements (-) 

𝑝i pressure (Pa) 

∆𝑃 pressure drop (Pa) 

𝑄 volumetric flow rate (m3/s) 

r radial co-ordinate (m) 

𝑅𝑒A Reynolds number of agitation (-) 

𝑅𝑒t Reynolds number at the throat of the nozzle (-) 

𝑠 lip width (m) 

𝑢m mean bulk velocity (m/s) 

𝑉 volume of the reactor (m3) 

𝐯 velocity vector  (m/s) 

𝑣 velocity (m/s) 

vmax centreline velocity (m/s) 

vy velocity in y direction  (m/s) 

vz velocity in z direction  (m/s) 

𝑥 horizontal coordinate (m) 

𝑋biofilm wet mass of the biofilm (kg) 

𝑦 vertical coordinate 
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Greek  

α Internal divergent angle (˚) 

𝛾LW Lifshitz-van der Waals component of the surface free energy (mJ/m2) 

𝛾AB  Lewis acid-base component of the surface free energy (mJ/m2) 

𝛾+  electron acceptor parameter of 𝛾AB (mJ/m2) 

𝛾−  electron donor parameter of 𝛾AB (mJ/m2) 

𝛿 thickness of measured layer (m) 

ζ zeta potential (mV) 

Θ nozzle angle (–) 

𝜆 nozzle entry length (m) 

𝜇 fluid viscosity (Pa s) 

𝜌 fluid density (kg/m3) 

𝜏𝑤 wall shear stress (Pa) 

𝜏rz wall shear stress on x-plane in the y-direction (Pa) 

𝜏rθ wall shear stress on x-plane in the a-direction (Pa) 

ψ
 contact angles of the liquid with the surface (˚) 

 

Acronyms 

16S rRNA 16S ribosomal ribonucleic acid 

AISI American Iron and Steel Institute 

APHA American Public Health Association  

ATCC American Type Culture Collection 

ATR attenuated total reflectance 

AWWA American Water Works Association 

BAC benzalkonium chloride 

BCDDMH bromo-chloro-dimethyl-hydantoin 

BDMDAC benzyldimethyldodecyl ammonium chloride 

CCR concentric cylinder reactor 

CCTR conical Couette-Taylor reactor 

CDC Centre for Disease Control and Prevention 

CFD computational fluid dynamics 

CFSTR continuous flow stirred tank reactor 

CFU colony forming units 

CIP cleaning-in-place 

CLSM confocal laser scanning microscopy 

CNM concentrated nutrient medium 
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CPC cetylpyridinium chloride 

CTAB cetrimonium bromide (CTAB)  

CTC 5-cyano-2,3-di-4-tolyl-tetrazolium chloride 

czFDG cylindrical zero-discharge fluid dynamic gauging 

DAPI 4`, 6–diamidino–2–phenylindole 

DMSO dimethyl sulfoxide 

DNM diluted nutrient medium 

EPS extracellular polymeric substance 

FA ferulic acid 

FDG fluid dynamic gauging 

FEM finite element method 

FSA combination (1:1) of FA and SA 

FTIR Fourier transform infrared spectroscopy 

GTA glutaraldehyde 

HAI healthcare-associated infection 

HDPE high density polyethylene 

LB lysogeny broth 

MBEC minimal biofilm eradication concentration 

MDD modified Robbins device 

MIC minimum inhibitory concentration 

NMR nuclear magnetic resonance 

OD610 optical density measured at 610 nm 

OPA o-phthalaldehyde 

OPP o-phenylphenol 

PAA peracetic acid 

PB phosphate buffer 

PCMC 4-chloro-3-methylphenol 

PCMX 4-chloro-3,5-dimethylphenol 

PE polyethylene 

PEX cross-linked polyethylene 

PFR plug flow reactor 

PMMA poly(methyl methacrylate)  

PP polypropylene 

PS polystyrene 

PSU polyesterurethane 

PTAP 4-(2-methylbutyl)phenol 

PTFE polytetrafluoroethylene (teflon) 

QAC quaternary ammonium compounds 
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QSI quorum sensing inhibition 

RAR rotating annular reactor 

RCR rotating cylinder reactor 

RDR rotating disc biofilm reactor 

SA salicylic acid 

SDS sodium dodecyl sulphate 

SEM scanning electron microscopy 

SGR specific growth rate (1/s) 

TSV total volatile solids 

WPCF Water Pollution Control Federation 
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1. Objectives and work outline 

Biofouling in industrial systems is an undesirable consequence of processing aqueous 

chemical and biological liquids. In the food industry, biofilms can be a critical source of 

recalcitrant contamination, causing food spoilage and public health problems due to the spread 

of foodborne pathogens. Moreover, it is known that biofilm formation in drinking water 

distribution systems is common even with the implementation of preventive measures, such as 

the continuous presence of a disinfectant residual. These complex structures present resistance 

mechanisms to antimicrobials that render the current disinfection practices ineffective. This 

inherent resistance of biofilms is related to their phenotypes. Hence, one goal of this work was 

to understand some of the phenomena responsible for biofilm resistance to biocides, through 

the study of alterations in some of their phenotypic aspects under diverse conditions. As it will 

be discussed in detail, effective strategies for biofilm control must be holistic in the sense that 

there are many factors that can affect the development of those structures. Chemical and 

mechanical treatments were selected for this work as it is not possible to study all available 

strategies in detail. It was also a goal of this study to present results regarding the mechanical 

stability of mature biofilms after those chemical and mechanical treatments.  

This work constitutes one output of the research project Bioresist - The influence of 

biofilm phenotype on its resilience and resistance (PTDC/EBB-EBI/105085/2008). It was also 

supported by a PhD grant awarded to the author (SFRH/BD/79396/2011). Both were funded by 

the Operational Programme for Competitiveness Factors – COMPETE and by the Fundação para 

a Ciência e a Tecnologia (FCT). 

This chapter presents the main objectives and context for this work, as well as a brief 

description of the tasks and milestones. 

The projected research path had the following objectives:  

a) Assessment of the most suitable antimicrobials to control bacteria in different 

states  

b) Characterization of single and dual-species biofilms, formed in a rotating 

cylinder reactor (RCR) under diverse conditions similar to those found in real 

systems  

c) Biofilms treatment with a selected antimicrobial in order to assess their 

mechanical stability after chemical exposure.  
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d) Real-time measurement of biofilm response to the selected antimicrobial in a 

rotating bioreactor and simulation of results to link to (c). 

 

The experimental work started in the facilities of the LEPABE - Laboratory for Process 

Engineering, Environment, Biotechnology and Energy, at the Department of Chemical 

Engineering of the Faculty of Engineering of the University of Porto. Tests were performed 

regarding objective a), through screening of selected phytochemicals (ferulic and salicylic acids) 

for their antimicrobial activity against B. cereus and P. fluorescens, two contaminant 

microorganisms of concern in the food industry. The effectiveness of ferulic and salicylic acids 

on the control of B. cereus and P. fluorescens biofilms was tested. The results showed that 

application of these phytochemicals to B. cereus and P. fluorescens biofilms caused low to 

moderate inactivation and removal. Objective a) was then considered closed; for further studies 

preference was given to another biocide – benzyldimethyldodecyl ammonium chloride 

(BDMDAC) due to its high antimicrobial activity. The work of objectives b) and c), was developed 

at LEPABE, and included much work regarding the improvement and commissioning of the RCR. 

The RCR allowed single and dual-species biofilms of B. cereus and P. fluorescens to be formed 

under different environmental conditions; these were then subjected to the chemical and 

mechanical treatments.  

The work concerning objective d) was performed at the laboratory of the Paste, Particle 

and Polymer Processing group (P4G) at the Department of Chemical Engineering and 

Biotechnology of the University of Cambridge. This stage evolved commissioning a new fluid 

dynamic gauging (FDG) probe specially built for this purpose: the cylindrical zero-discharge FDG 

(czFDG), as well as additional refurbishing of the RCR, as the two tools were meant to be used 

together. After a time-consuming process, it was possible to acquire the first results using the 

biofilms formed in the RCR and measure biofilm properties with the czFDG.  

 

This thesis is organized in nine main chapters: 

Chapter 2 is a literature review, mainly focused on the problematic of industrial 

biofouling and its control. After some generic concepts about this topic (definition, context and 

location), biofouling is presented as a phenomenon to control in industries. Its undesirable 

consequences are listed, as well as the main factors that affect its development. Current anti-

biofouling measures are listed. Laboratory-scale reactors as well as methods to study biofilms 

are described.  
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Chapter 3 describes all the materials and methods used during the experimental work 

reported in this thesis. For each of the five following chapters, reference to subsections of this 

chapter will be made regarding the experimental methodologies employed. 

Chapter 4 reports the work obtained during the stage of screening of the best 

antimicrobials to control microbial growth, and it is adapted from the manuscript: Lemos, M., 

Borges, A., Teodósio, J., Araújo, P., Mergulhão, F., Melo, L. and Simões, M. (2013). The effects of 

ferulic and salicylic acids on Bacillus cereus and Pseudomonas fluorescens single- and dual-

species biofilms. International Biodeterioration & Biodegradation 86(Part A), 42-51. 

Chapter 5 relates to the study of different surface materials on the behaviour of biofilms 

formed on the RCR after chemical and mechanical treatments, and it is adapted from the 

manuscript: Lemos, M., Gomes, I., Mergulhão, F., Melo, L. and Simões, M. (2015) The effects of 

surface type on the removal of Bacillus cereus and Pseudomonas fluorescens single and dual 

species biofilms. Food and Bioproducts Processing 93(0), 234-241. 

Chapter 6 relates to the study about the effect of different hydrodynamic conditions 

used in the RCR on the behaviour of biofilms exposed to chemical and mechanical treatment. 

The chapter is adapted from the manuscript: Lemos, M., Mergulhão, F., Melo, L. and Simões, M. 

(2015). The effect of shear stress on the formation and removal of Bacillus cereus biofilms. Food 

and Bioproducts Processing 93(0), 242-248. 

Chapter 7 is based on the analysis of different phenotypical characteristics of Bacillus 

cereus and Pseudomonas fluorescens single- and dual-species biofilms formed on high density 

polyethylene using the RCR and the effects of benzyldimethyldodecyl ammonium chloride on 

their removal. The results are in the process of submission to an international peer-reviewed 

journal. 

Chapter 8 describes the proof of concept of the cylindrical zero-discharge Fluid Dynamic 

Gauging device developed in the University of Cambridge to measure biofilm thickness on 

cylindrical surfaces, and it is adapted from the manuscript: Lemos, M., S. Wang, A. Ali, M. Simões, 

and D.I. Wilson, A fluid dynamic gauging device for measuring biofilm thickness on cylindrical 

surfaces. Biochem. Eng. J., 2016. 106: 48-60. 

The conclusions gathered from those studies are outlined in Chapter 9 as well as 

suggestions of future work.  
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Besides the manuscripts referred to above, results obtained during the work presented 

in this thesis were also presented to the scientific community in the following conferences: 

Lemos, M., Wang, S., Ali, A., Simões, M. and Wilson, D. I. 2015. A fluid dynamic gauging 

device for measuring biofilm thickness on cylindrical surfaces. Heat Exchanger Fouling and 

Cleaning XI – 2015. Enfield (Dublin), Ireland (oral presentation) 

Lemos, M., Mergulhão, F., Melo, L. and Simões, M. 2014. The effect of shear stress on 

the formation and removal of Bacillus cereus biofilms. Fouling and Cleaning in Food Processing 

2014: 'Green Cleaning' Cambridge, United Kingdom (oral presentation) 

Lemos, M., Gomes, I., Mergulhão, F., Melo, L. and Simões, M. 2014. The effects of 

surface type on the removal of Bacillus cereus and Pseudomonas fluorescens single and dual 

species biofilms. Fouling and Cleaning in Food Processing 2014: 'Green Cleaning' Cambridge, 

United Kingdom (poster) 

Lemos, M., Mergulhão, F., Melo, L. and Simões, M. 2013. A rotatory cylinder reactor to 

assess the mechanical stability of Bacillus cereus and Pseudomonas fluorescens single and dual 

biofilms on stainless steel and high density polyethylene. IWA 9th International Conference on 

Biofilm Reactors, 28 - 31 May, Paris, France (poster) 

Lemos, M., Mergulhão, F., Melo, L. and Simões, M.  2012. Resistance of single and dual 

biofilms of Bacillus cereus and Pseudomonas fluorescens to chemical and mechanical stresses. 

Biofilms 5, 10 - 12 December, Paris, France (poster)
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2. Literature review  

2.1. History, definition and formation steps of biofilms 

Antoni van Leeuwenhoek, who lived in Delft, Dutch Republic (1632–1723), performed 

the first observations of bacteria using his own handmade microscopes. In 1684, he provided 

the first scientific report on biofilms to the Royal Society of London, where he said “The number 

of these animalcules in the scurf of a man's teeth are so many that I believe they exceed the 

number of men in a kingdom”.  

Later, during the XIX century great advances were made in clinical microbiology. Louis 

Pasteur was the first to recognize variability in virulence, discovered that microorganisms cause 

fermentation and disease and created the process of pasteurization. Robert Koch, discovered 

the anthrax disease cycle and the bacteria responsible for tuberculosis and cholera. It was only 

in 1933 that Henrici reported for the first time observations of non-free floating bacteria [1] and 

later in 1940 Heukelekian and Heller described bacterial development in diluted substrates 

”either as bacterial slime or colonial growth attached to surfaces”  [1, 2]. Research on biofilms 

continued with key scientists like William Characklis and J. W. (Bill) Costerton. In fact, Costerton 

[3] defined biofilms as “matrix-enclosed bacterial populations adherent to each other and/or to 

surfaces or interfaces” including “microbial aggregates and floccules and also adherent 

populations within the pore spaces of porous media”. Microbial adhesion to surfaces and 

consequent biofilm formation is a survival strategy that has been studied and documented in 

recent decades [4]. It is widely accepted now that biofilms are complex structures composed of 

microbial cells adhered to a surface and enclosed in a matrix of hydrated extracellular polymeric 

substances (EPS) [5].  

The initial adhesion of bacterial cells frequently involves preconditioning of the surfaces 

with macromolecules (proteins, DNA and humic acids) suspended in fluids. Passive transport, 

i.e., convection and diffusion approximates planktonic (free-floating) cells to the surface [6]. The 

cells produce signalling molecules and detect their presence in the bulk fluid when its 

concentration increases, so that they can sense the proximity of a surface as the diffusion of the 

signalling molecules is limited in that area [7]. This communication mechanism triggers active 

forms of bacterial motility like swarming and twitching, facilitates the contact of the cells with 

the surface and also allows reversible adhesion [8]. The EPS secretion is initiated and the 

adhesion becomes irreversible. Specific alterations in the genetic traits occur in biofilms. [9]. As 
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the bacteria multiply, microcolonies are formed and more EPS are produced. The EPS 

components – polysaccharides, proteins and DNA, are distributed among the cells in a 

heterogeneous configuration, with weak physicochemical interactions and entanglement 

between the biopolymers. This generates diverse regions in the matrix in terms of structural 

features with a porous architecture [10]. Dissemination of sessile cells occurs naturally, by 

detachment of clumps of biofilms due to hydrodynamic shearing [11, 12]. Sudden alterations in 

nutrient availability, including starvation, may also cause dispersion of cells. Those alterations 

trigger quorum sensing and motility mechanisms, promoting enzymatic action and the 

modification of the matrix, and therefore the liberation of cells into the surrounding fluid [10]. 

 

2.2. Factors influencing biofilm development 

Biofilms tend to grow in the presence of water and nutrients under certain conditions. 

However, there are several factors affecting the events at the surface.  

2.2.1. Biological aspects  

The microorganisms’ nature, the dynamics and the diversity of the microbial community 

can be considered the first factors influencing the biofilms composition and structure [13]. 

Natural biofilms (as opposed to those formed in the laboratory) are multispecies microbial 

communities, complex and highly differentiated [14, 15]. Studies have demonstrated that in 

these multispecies biofilms, synergistic interactions exist that affect their entire behaviour and 

enhance their resistance to stress conditions [16].  

For bacteria in the planktonic state, swimming motility is the individual movement of 

cells in liquid environments, caused by rotation of flagella. Swarming motility is also powered by 

rotating flagella. However this is a collective rapid movement, used by coordinated groups of 

bacteria to approach surfaces, and is involved in the early stages of biofilm formation. Another 

important motility mechanism in bacterial attachment is twitching, a slow surface motility 

powered by the extension and retraction of type IV pili [17-19].  

Bacteria possess cell-cell communication that happens by secreting signalling molecules 

into the environment as messages to be sensed by other cells of the community. By this quorum 

sensing mechanism the bacterial community is able to control its cell density accordingly to the 
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surrounding conditions. Recently ‘sociomicrobiology’ studies have been showing that quorum 

sensing mechanisms are highly related to biofilm formation [8, 20].  

New genetic traits are generated as a consequence of adhesion [21] as well as 

alterations in the bacterial phenotype [3, 22]. One of the main phenotypic alterations is the 

secretion of EPS. These biopolymers are mainly polysaccharides, proteins and nucleic acids 

although phospholipids and humic acids have also been reported in EPS composition studies 

[23]. The EPS are fundamental for the biofilm mechanical stability; promote the adhesion to 

surfaces; facilitate the aggregation of bacterial cells and cohesion of cell clusters within the 

biofilm and act as a barrier that protects those cells against aggressions (specific or nonspecific) 

[24]. Furthermore, the EPS matrix maintains the biofilms in a highly hydrated state and permits 

the sorption of exogenous organic compounds and inorganic ions, accumulation of important 

nutrients for metabolism and facilitates enzymatic activities. EPS components also act as 

electron donors or acceptors and their DNA molecules also facilitate horizontal gene transfer 

between biofilm cells [23]. 

2.2.2. Suspended solids and nutrient availability 

Particle deposition, controlled essentially by mass transfer, shear stress and thermal 

effects, conditions the surface and facilitates the attachment of bacteria. The flow velocity 

affects the mass transfer of nutrients to the biofilm and consequently its diffusion to the cells, 

therefore influencing their metabolic growth, the production of EPS and ultimately the structure 

of the biofilm [25, 26].  

In industrial settings, nutrient limitation is the main variable affecting biofilm formation 

[27]. Sessile cells exist in a variety of metabolic states within biofilms and as the EPS matrix offers 

resistance to diffusion, these structures present gradients in the concentration of oxygen, 

nutrients, metabolites and signalling molecules. Meanwhile, bacteria adapt to the local 

depletion of nutrients and oxygen, and consequently biofilms’ physiology grow very 

heterogeneous [28]. 

2.2.3. Surface 

The type of surface has a strong influence on bacterial adhesion, due to physicochemical 

interactions and roughness, notwithstanding the biological aspects described above. There is a 

large variety of materials applied in industrial settings, therefore many studies have been 
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performed to investigate bacterial adhesion and biofilm formation on the most commonly used 

surfaces. Table 2.1 describes materials used in industrial equipments and water distribution 

systems which were investigated for biofilm formation, including the type of test preformed, 

the main focus of the study and the microorganisms found or used in those studies.   

Surface charge is one of the aspects that influences adhesion, due to the electrostatic 

interactions with bacteria. Under normal physiological conditions the surface of bacterial cells 

is negatively charged, so they are attracted to positively charged surfaces, whereas electrostatic 

repulsion disfavours contact with negatively charged surfaces [29]. Hydrophobic interactions 

stabilize the interfacial phenomena that lead to bacterial attachment [30]. For a cell immersed 

in water to attach to a surface, it is necessary to remove the water film existent between them, 

hence the importance of the affinity of both entities to water. These hydrophobic forces are the 

strongest of long-range non-covalent interactions present in biological systems and are 

governed by the hydrogen bonding energy of cohesion between the surrounding water 

molecules [31, 32]. Even though thermodynamic predictions of surface energies can give some 

information about forces involved in the adhesion process, their influence on bacterial adhesion 

still lacks detailed understanding and therefore they may not always correspond to what 

happens in real systems [29]. The topography of the surface also plays an important role in the 

attachment of bacteria, which is highly dependent on the bacteria dimensions and the 

roughness height and width. Materials with roughness that provides gaps bigger than the cells 

naturally offer better conditions than smooth materials, because they offer physical protection 

against shear forces of flowing liquids. Hence, adhesion is also the result of the favourable 

combinations of size, position and orientation of the cells with their surface properties [33]. 
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2.2.4. Hydrodynamics 

Biofilms adopt complex structures, with viscoelastic properties, that are resilient to 

physical stress and chemical agents [54, 55]. The hydrodynamic conditions in the bulk fluid 

influence the biofilm formation process.  

The shear stress at the surface is dependent on the flow velocity of the surrounding fluid 

and therefore it affects the boundary layers where the adhesion is occurring. High shear stress 

conditions lead to thin fluid boundary layers that facilitate mass transfer [56]. This increases 

particle deposition at the surface and defines the transport of the cells, oxygen and nutrients 

from the bulk fluid to the microbial film [57-59]. On the other hand, high flow velocities tend to 

enhance turbulent burst phenomena close to the surface, thereby creating forces that dislodge 

the cells from the surface. Therefore, since bacteria are known to attach to surfaces even at high 

shear stresses, it appears that they develop adaptive mechanisms (such as EPS production) to 

overcome (at least, partially) the detachment effects promoted by shear stress [60, 61].  

Throughout the maturation of the biofilms, this effect of the hydrodynamic environment 

in mass transfer promotes nutrient and density gradients and affect the biofilm thickness. The 

signalling molecules, when diffusing to the bulk fluid, may be washed away and therefore 

quorum sensing mechanisms may also be affected [62]. The species in the biofilm may have 

different physiological adaptation mechanisms to this change [63] and their aggregation 

properties may be altered under high shear stress conditions leading to more cohesive biofilms 

[64, 65]. On the other hand, an increase in flow velocity leads to increased shear stress that also 

affects the biofilm structure [66-68]. Studies have shown that biofilms grown under low shear 

stress conditions present uneven clumps, whereas high shear stress conditions leads to dense 

planar biofilms with filamentous consistency [57]. The detachment of the biofilm will thus be 

determined by the ratio between the hydrodynamic forces that contribute to the mass transport 

of nutrients and the limit breaking strength that is inherent in the internal cohesion of the 

biofilm.  

2.2.5. Temperature and pH 

The environment where biofouling occurs is generally an aqueous solution. 

Temperature variations affect the physicochemical properties of the fluid, including the density 

and viscosity, thus influencing the flow conditions [69]. Moreover, all microorganisms have 

optimal conditions for growth and so temperature and pH changes also affect biofilm formation. 
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As biofilms offer additional protection and survival chances to cells compared to those in 

planktonic state, sessile cells can survive and even multiply in conditions that otherwise would 

be unfavourable. This has been seen particularly in food industries, where biofilms grow at the 

otherwise unfavourable temperatures used in the processing areas. Dourou et al. [70] noted 

that E. coli O 157:H7 attachment to beef-contact surfaces occurred not only at temperatures 

representative of non-production periods (15 °C), but also at cold storage (4 °C) temperatures. 

Meira et al. [71] performed a study using Staphylococcus aureus strains isolated from food 

services cultivated in a vegetable-based broth at 7 and 28 °C. This author studied the adhesion 

of those cells on stainless steel and polypropylene surfaces and found that the isolates adhered 

over 4 Log CFU/cm2 regardless of the surface type and incubation temperature. Biofilms have 

been reported in dairy industries in several areas (gaskets, conveyor belts, dead legs of pipelines) 

including plate-heat exchangers and the pasteurized milk holding section where during the 

pasteurization the temperature is held at 76 ± 3 °C for 15-20 s [72]. 

Large variations in pH have importance on biofilm formation and composition [73]. 

Bacteria have a transmembrane electrochemical gradient due to cytoplasmic and membrane-

bound proton pumps. Hence regulation of the cytoplasmic pH is sensitive to the inflow of 

protons. Even though bacteria can adapt to the environmental conditions, some of their 

metabolic processes, like excretion of exopolymeric substances, are not that flexible to pH 

variations and generally require a neutral pH [74]. The relationship between polysaccharide 

production and biofilm formation by P. fluorescens at different pH conditions was studied by 

Oliveira et al. [50], who found that the maximum EPS amount and biomass production occurred 

in pH 7 phosphate buffer.  

2.3. Context  

Biofilms can develop on almost all natural and synthetic surfaces [75, 76]. In fact, there 

are evidences of biofilm formation in natural environments [76-78], including early biofilm 

findings in the fossil records [79, 80]. Despite the incessant application of disinfection measures, 

biofilms continue to be found in drinking water distribution systems (DWDS), threatening the 

microbial safety and organoleptic quality of the distributed water [65, 81, 82].  Biofilms in DWDS 

can act as potential harbours for pathogenic microorganisms. Drinking water is contaminated 

when there is detachment of those biofilms and dispersal of the cells, ultimately leading to 

public health issues due to infections caused by waterborne pathogens [83]. 
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Water-based industries are likely to be affected by the presence of detrimental biofilms. 

This happens particularly in crevices, corners, dead zones, valves or areas where the mixing rate 

is low. Stagnation promotes biofilm formation and accumulation, which in industrial context is 

called biofouling [84]. The main industries where biofouling causes significant detrimental 

consequences are summarized in Table 2.2 alongside the critical aspects that promote biofilm 

formation and the main colonizer bacteria found.  

Biofilm contamination can also occur in household sites like cutting surfaces, washing 

machines and dishwashers, scourers and bath cloths, water taps and shower heads, drains, 

sanitary bowls, air conditioning devices, swimming pools, saunas and domestic plumbing 

systems, amongst others [85-92]. Biofilms are often present in areas like bathrooms and 

kitchens that present moist conditions with poor ventilation and may have areas of difficult 

access where there is accumulation of organic residues and deposits of cleaning products 

(phosphate based detergents, shampoos, tooth paste, etc.) [93-95]. 

Biofilms have also been identified as root of many persistent and chronic bacterial 

infections like otitis media, pneumonia in cystic fibrosis patients, osteomyelitis, peptic ulcers, 

infections of the biliary and of the urinary tracts, bacterial prostatitis, diabetic foot ulcers, 

endocarditis, caries, gingivitis and periodontitis, etc.  [95, 96]. Contaminated catheters and 

implanted devices often are ideal surfaces for biofilm growth. These infections persist despite 

the immune and inflammatory responses of the host and are resistant to conventional antibiotic 

therapy [97]. A point prevalence survey from the European Centre for Disease Prevention and 

Control [98] reported that between 2011 and 2012, on any given day, 5.7% of patients in 

European hospitals have at least one healthcare-associated infection (HAI).  

About 80% of the HAIs are biofilm-related [99], which translates in Europe to about 64 

000 hospitalized patients who have at least one HAI caused by biofilms on any given day. The 

HAI most frequently reported were respiratory tract infections (pneumonia and lower 

respiratory tract infections), surgical site infections, urinary tract infections, bloodstream 

infections and gastro-intestinal infections. According to this survey the most frequently isolated 

microorganisms in HAIs were: E. coli, S. aureus, Enterococcus species, P. aeruginosa, 

Klebsiella species, coagulase-negative staphylococci, Candida species, Clostridium difficile, 

Enterobacter species, Proteus species and Acinetobacter species.   
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Table 2.2 – Main industries affected by biofouling, critical aspects that facilitate biofilm formation and 
bacterial species regularly found in those biofilms 

Industry/ 

references 

Critical aspects Main bacteria found 

Beverages/ 

 

[96-100] 

Microorganisms used for fermentation processes 

often form biofilms that can harbour spoiling 

organisms. This is critical in some industries where 

there is no filtration or pasteurization, like 

microbreweries. 

Brettanomyces bruxellensis 

Lactobacillus brevis 

Lactobacillus lindneri 

Pediococcus pentosaceus 

Dairy/ 

 

[101-104] 

Cleaning-in-place (CIP) is not effective for 

microbial inactivation due to dead spaces (bends 

in pipes, rubber seals, gaskets) in pasteurization 

lines, plate heat exchangers air handling systems, 

milk transfer lines, conveyors, packaging 

machines, ultra-filtration surfaces, mixers, tanks 

and other equipment. 

B. cereus  

Bacillus subtilis 

E. coli  

Enterobacter aerogenes 

Klebsiella spp.  

Listeria spp. 

S. aureus  

Shigella spp. 

Fish and 

seafood/ 

 

[105-109] 

Cross-contamination with microflora present in 

the environment, which may be directly 

transferred to the raw materials or to the surfaces, 

namely when seawater is used. Water storage 

tanks, water pipes and larval tanks are prone to 

biofilm formation.  

Aeromonas spp. 

Bacillus spp. 

L. monocytogenes 

Neisseriaceae spp. 

Pseudomonas spp. 

Salmonella spp. 

Serratia liquefaciens 

Vibrio spp. 

Meat/ 

 

[110-113] 

Despite the low temperatures, organic residues on 

surfaces lead to resident biofilms that persist after 

ineffective cleaning procedures facilitating the 

growth of pathogenic microorganisms. The lack of 

heat treatments allows the contamination of final 

products.  

A. calcoaceticus 

Bacillus spp. 

Corynebacterium spp. 

E. coli O157:H7 

L. monocytogenes 

Micrococcus spp. 

Pseudomonas spp. 

Staphylococcus spp. 

Poultry/ 

 

[36, 114-117] 

Cross-contamination between dust, surfaces, 

faeces, feed, transportation systems and 

processing units.  

Campylobacter jejuni 

Salmonella sofia 

Salmonella typhimurium 

Produce/ 

 

[118-121] 

Cross-contamination with microorganisms present 

internally in the plant tissue and the equipments 

and products used for cutting, trimming, washing, 

rinsing, dewatering and packaging. Sanitation 

cannot affect the final product qualities of fresh-

cut produce so often the microbial activity is not 

totally eradicated.  

E. coli O157:H7 

L. monocytogenes 

S. enterica Typhimurium 
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Table 2.2 – (continued) 

Industry/ 

references 

Critical aspects Main bacteria found 

Cooling towers/ 

 

[122-126] 

High aeration, possible contamination from the 

atmosphere, favourable temperatures, high 

residence time and high ratio of surface area to 

the volume. Production of aerosols.  

Desulfococcus spp. 

Desulfomicrobium spp. 

Desulfonema spp. 

Desulfosarcina spp. 

Desulfotomaculum spp. 

Desulfovibrio spp. 

Flavobacterium sp. 

Klebsiella pneumoniae 

Legionella spp. 

Pseudomonas aeruginosa 

Oil/ 

 

[127-132] 

Contamination and biofilm formation on the 

injection systems and reservoirs due to the 

injection of untreated water (often seawater), for 

pressure maintenance and secondary oil recovery.  

Acetobacterium spp. 

Anaerophaga spp. 

Clostridium spp. 

Desulfomicrobium spp. 

Desulfovibrio spp. 

Methanobacterium spp. 

Methanococcus aeolicus 

Methanococcus maripaludis 

Methanoplanus limicola 

Tindallia spp. 

Paper 

manufacture/ 

 

[116-119 

Cross contamination (nutrients and 

microorganisms) from raw materials and 

additives. Closed water cycles. Acid-free processes 

and chlorine-free bleaching that increases ‘pink 

slime’ (which stains the paper).  

B. cepacia 

Bacillus spp. 

Chryseiobacterium spp. 

Brevundimonas spp. 

Deinococcus geothermalis 

Rubellimicrobium thermophilum 

2.4. Biofouling – a common occurrence with detrimental consequences 

Biofouling, caused by the accumulation of biofilms, is dependent on the process where it occurs, 

i.e. the type of microrganisms that form the biofilms and the environmental conditions under 

which they are formed [133]. Despite particular technical aspects that will be described further 

in this section, there are some detrimental consequences caused by biofouling in virtually all the 

industries using non-sterile water (summarized in Fig. 2.1). Biofilm accumulation in pipelines 

causes a reduced flow area, requiring more work to pump liquids, reduced heat transfer rates, 

increased energy consumption, additional maintenance and operational costs [81, 134]. Biofilms 

interact with their surroundings, both the liquid environment and the surfaces around them, 

and the products of sessile cell metabolism can cause microbially induced corrosion [13, 135]. 

When compared to their planktonic forms, biofilm bacteria exhibit increased resistance to 
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antimicrobials [136]. The reasons for this are not completely understood, and the mechanisms 

hypothesized include: direct interaction between EPS and antimicrobials, affecting diffusion and 

availability; an altered microenvironment within the biofilm, leading to areas of reduced or no 

growth; the development of biofilm/attachment-specific phenotypes; and the possibility of 

programmed cell death of damaged bacterial cells and persistent cells [137]. Biofilm elimination 

is difficult because of the evolution of resistant phenotypes, to the extent that control strategies 

that rely mainly on biocide action often fail against biofilms, as total inactivation of the microbial 

cells is rarely achieved.  

Moreover, when the biomass is not completely removed from the surface, there is a greater 

dispersion of persister cells, causing rapid growth of recidivist biofilms [138, 139]. The final 

product may be contaminated by planktonic cells and their metabolites, eventually promoting 

the spread of pathogens and resistant infectious diseases [140-142]. 

For example, heat exchangers are widely used in industries and are subjected to chronic 

fouling, which has been estimated to cost 0.25% of the gross national product of industrialized 

countries [143]. Biofilms have much lower (30 to 300 times less) thermal conductivity than 

metals, and their accumulation in heat exchanger tubes causes high pressure drop, reduces the 

surface area available and decreases the heat transfer rate [144, 145]. Consequently, these units 

are frequently designed with excess capacity to match the decrease of efficacy of heat transfer 

caused by biofouling [133]. This preventive dimensioning of equipments increases the capital 

costs of manufacturing plants, and these implications occur in all industries using heat 

exchangers, including food, paper manufacturing and oil production. 

  

 

Fig. 2.1 – Detrimental consequences of biofouling. 
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Downtime may be necessary for maintenance of fouled equipment and sometimes 

premature replacement of damaged equipment due to microbially induced corrosion. 

Ultimately biofouling can increase safety problems and unscheduled turnarounds [143, 146]. 

In food processing plants there is a biotransfer potential, as foodborne microorganisms 

adhere to typical food contact surfaces [147-149]. Food processing evolves intermittent use of 

water and generates organic residues that are favourable for microbial growth. On the other 

hand, the cleaning cycles employed may be insufficient for removal and eradication of biofilms, 

allowing regrowth and the evolution of mechanisms of antimicrobial resistance. Bacteria can 

directly colonize the equipment in the processing line or cross-contamination may occur when 

they are present in other surfaces like drains, walls, floors, washrooms, etc. [140, 147, 150]. The 

presence of moisture, nutrients and microorganisms in the raw material are inherent to food 

industries and these are also favourable factors to biofilm formation.  

In paper manufacturing, slime sloughing onto the equipment and paper sheets leads to 

defects (holes, spots, and blotches) and discoloration of pigments, decreasing the product 

quality. Microbial contamination also produces dangerous bio-aerosols, malodours and the 

formation of methane and hydrogen, eventually promoting explosive conditions [151, 152].  

Souring is one of the main consequence of biofilm formation in the oil industry, due to 

hydrogen sulphide (H2S) generated by sulphate-reducing bacteria that contaminate oil and 

water. H2S is toxic, corrosive and reduces the quality of oil and gas. Microbial contamination in 

the water injection systems results in downstream biofouling in the pipelines and consequent 

corrosion of the tubing and casing alloys. This bacterial contamination can propagate through 

the flow line and oil storage, leading to microbial corrosion of the onshore crude oil tank, the 

refinery and even contamination of the ship and aviation fuel. Microbial corrosion and fouling 

also severely affects heat exchangers and the desalinization plant and reverse osmosis plant. 

Biofouling in the oil field has serious impact on the functioning of equipment, increasing the 

maintenance cost and downtime of the refineries [129].  

2.5. Control of industrial biofilms  

The detrimental consequences of biofouling described above can lead to prohibitive 

costs resulting from losses in energy and goods, maintenance of equipment and related 

operating costs, as well as eventual opportunity costs due to unscheduled downtime. Therefore, 

biofilm control is of utmost importance for industries in order to avoid such problems. In theory 
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one can consider that biofilm growth can be controlled by the removal of those deposits from 

the surfaces or by the inactivation of the biofilm microorganisms. The use of mechanical forces 

is preferred for the former whereas the latter would be achieved by application of biocides. 

Removing the nutrients from the environment or elevating the temperatures would also be an 

option, although this is not so feasible for the majority of industrial settings. The chemical and 

physical control methods are the most commonly employed against biofilms formed in industrial 

settings and are thus described in greater detail.  

2.5.1. Chemical control  

Chemical control of biofilms is widely performed in industries and is achieved through 

the usage of biocides, which are active substances that aim to make harmless, stop the growth, 

destroy or avoid the action of pathogenic organisms by means of chemical processes [153]. 

Unlike the antibiotics used to treat clinical infections, biocides do not act on a specific cellular 

target, but cause damages varying from sub-lethal damage to cell death [154]. The selection of 

a biocide must take in consideration the nature of microorganisms to be killed so that the 

mechanism of action and spectrum of activity ensures the results wanted. The possible effects 

of the biocide on the processing line and final product must be accessed as well as the 

application mode and health risks for the operators. Finally, the effects of its activity on the 

environment, including the management of wastes and the cost/efficacy relationship must also 

be considerated. The information in Table 2.3 is a summary of the biocides used in industry, their 

mechanism of action, advantages and limitations [27, 154-157].  

The most common classification distinguishes between oxidising and non-oxidising 

biocides. Oxidising biocides promote radical-mediated reaction oxidizing organic material, and 

include the halogenated agents, ozone and peroxygens. Non-oxidising agents can include a 

rather large range of biocides like electrophilic agents, surface active agents and weak acids 

[157]. 
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2.5.2. Physical control 

Mechanical cleaning of the surfaces where biofilm is formed is essential to remove the 

biomass, whether a previous disinfection step was employed or not. The most commonly used 

techniques to remove industrial biofilms are presented below. 

Hydrodynamic stress 

The mechanical stability of biofilms is highly dependent on the EPS matrix structure and 

composition. It is expected that biofilms formed under high shear stress conditions are more 

dense and thin than the ones formed under low shear stress conditions [57]. When the flow 

velocity is increased so that the hydrodynamic forces exerted at the surface are superior to the 

limit of the biofilm’s internal cohesive forces, detachment occurs. This phenomenon is used to 

intentionally remove the biofilms from surfaces when the operators use water turbulence or 

flushing, i.e., sudden increase of the fluid flow rate to exert a higher shear stress on the surface 

[65]. 

The flushing method is frequently used in DWDS. However, studies have shown that 

even though the shear stress induced with this procedure may be 1000 times higher than what 

is normally observed in normal conditions in those pipelines, it is not possible to obtain total 

cleaning of the pipe surfaces [188, 189]. The design of the equipment is important for this 

method as it alters the distribution of wall shear stress.  

Studies have been performed to assess the variation of the mean wall shear stress and 

its associated fluctuation rate on biofilm removal in different sections of equipment items [190]. 

It was noted that in gradual expansions the wall shear stress values were quite low and non-

uniform and therefore these areas were considered poorly cleanable. Lelièvre et al. [190] also 

showed that cleaning is also achieved when high turbulence levels, and therefore high 

fluctuation rate, counterbalance the low wall shear stress observed in some areas. Paul et al. 

[191] also performed erosion tests, where they exposed biofilms to different values of shear 

stress, and concluded that mature biofilms present stratified layers of increased cohesiveness 

closer to the surface and that they always present a strong basal layer, which is denser and more 

cohesive than the other layers.  
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Ultrasonication 

Ultrasonication is the application of ultrasound (waves with a frequency of 20 kHz to 10 

MHz) to induce vibrations on the deposits, causing their breakage and dislodge from the surface. 

The intensity of application and frequency are the important factors to consider in this 

technique, and it would be recommended using many treatments of single pulses (30 s per 

instance) with high ultrasound amplitudes rather than less treatments of multiple pulses (3 × 30 

s per instance). 

Food industries use this technique for some operations including processing (freezing, 

cutting, drying, tempering, bleaching, etc.), preservation and extraction [192]. This method 

presents good results for removal; however, like other mechanical removal methods, it is not 

very efficient for inactivating bacteria. Nevertheless, it presents more potential for bacterial 

inactivation when used in combination with other physical methods in thermosonic (heat plus 

sonication), manosonic (pressure plus sonication), and manothermosonic (heat and pressure 

plus sonication) treatments [193]. Oulahal-Lagsir et al. [194] recreated an industrial meat 

process in the laboratory to conduct tests using ultrasonic treatments of 10 s at 40 kHz and 

obtained 4 times more biofilm removal when compared with wiping methods. Even though 

electric power is needed for this method, it does not require water or chemical products and it 

does not generate unwanted by-products, so it is very attractive from the environmental point 

of view. However, the devices and their installation are very expensive and therefore may not 

be a cost-effective solution for all industries [69, 195].  

Pigging 

Pigging is the use of temporary inserts (‘pigs’) to perform maintenance operations in 

pipelines without dismantling the system or stopping the flow. Pigs of different configurations 

can be used for cleaning purposes. One of the most common systems is the Taprogge System™ 

that uses sponge rubber balls slightly larger than the tubes that are pushed through the system 

with water and wipe their surface [196].  

The brush and cage system is another pigging method used for straight pipelines, where 

the pig is a brush projected and is collected in the end of the pipe in a “cage”. The flow of the 

brush is repeated reversed according to the amount of biofilm to be removed. This technique 

implies complex equipment for pumping the fluid, automated control of the brush, and is mainly 

used for heat exchangers [69, 195].  
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Ice pigging is a technique similar to flushing, in which a semi-solid pig is used. A saline 

ice slurry is pumped into the pipe and forced by the upstream pressure of the water to circulate, 

removing the sediments that are adhered on the surfaces of the pipes. This system presents 

several advantages facing normal flushing as it requires far less amount of water and presents 

higher effectiveness. Moreover, the ice slurry pig has non-Newtonian flow that allows it to flow 

in atypical pipeline configurations and easily assume plug flow. Also, there are no problems of 

blockage, waiting for it to reach the room temperature will be sufficient to melt the slurry and 

allow its normal flow [197, 198].  

Air or gas injection 

The injection of air or other suitable gas has the same objective of the brush and cage, 

and is based on the principle that the high turbulence caused by the air bubbles will erode and 

dislodge the biofilm. The accessibility is always a question to be considered, as well as the energy 

needed for the injection of air. Good results have been obtained using this technique for spiral 

wound membrane elements [199].  

2.5.3. Design of control strategies  

Even though biofilm prevention is possible in a short temporary scale, due to all the 

above described mechanisms it is not feasible in an industrial context [200].  Therefore, the 

control of industrial biofilms involves essentially cleaning methods, in dedicated stages. CIP 

systems are frequently used, as they allow the cleaning of complete items of plant or circuits, 

without disassembly and little or no manual effort. However, the variability in CIP effectiveness, 

particularly in eliminating surface adherent bacteria, is a major disadvantage because residual 

microorganisms on equipment surfaces promote the rapid re-establishment of biofilms, 

increasing the biotransfer potential as well as the presence of persistant biofilms and the 

evolution of the mechanisms of cross-resistance to antimicrobials [149, 201, 202]. 

Every industry will present a set of specific characteristics that contribute to the biofilms 

behaviour, as described in section 2.3., which must be taken in consideration when planning the 

strategy for control. The identification of the microorganism forming the biofilms and the 

surface where these are would ideally be the first step on the design of a biofilm control strategy 

[203] (Fig. 2.2). With this information the most appropriate methods must be selected 

considering the final level of eradication desired, the process, the layout and equipments used, 

the cost and the environmental burden of its application. For instance, food industries have very 
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specific legislations for the presence of microbial contaminants due to public health issues [204, 

205]. Afterwards, it is necessary to determine the frequency and dosage of the treatment, and 

this will naturally vary according to the scenario. Even in the same facility, different locations 

may present biofilms with different thickness and stages of maturation that will respond 

differently to the control strategy, and this should be taken into account in the initial sampling 

plan as well.  

Once the control strategy is established and the methods are defined, constant 

monitoring is necessary to assure its efficacy. The first instance of monitoring is by analysis of 

the final product in the laboratory, which is critic for all the food grade industries, and 

consequent analysis of the data obtained. The limitation of this is not only the delay between 

the sampling of the products and the results of the analysis but also the fact that it is not possible 

to identify the origin of the problem within the process or layout [133]. Many industries limit 

these monitoring activities to water samples, analysing the number of colony counts, which only 

indicates the number of bacteria that are able to replicate but neglect viable cells that are non-

cultivable or in a dormant state [193]. This is why online monitoring devices are important. 

Those can be installed in aqueous systems and provide real time data specific for the monitoring 

of the surface, i.e. excluding signal from the particles in the bulk fluid [133].   

 

 

 

 

Fig. 2.2 – Steps to consider when planning a strategy for industrial biofilm control. 
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Many techniques may be employed for this purpose and their monitoring complexity 

increases from detecting the deposit and its thickness variation, to distinguish biomolecules 

from the deposit inorganic compounds and finally to assess its chemical composition. On the 

first category some examples include for instance the Rotoscope [206] that measures the 

deposits using light absorption or the Mechatronic Surface Sensor [207] that monitors the 

deposit by measuring a vibration response on the analysed surface.  To detect biomass in 

systems that usually do not present biomolecules, like cooling water systems, it is possible to 

use attenuated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR) 

spectroscopy specific for amid bands in a bypass pipe transparent IR. [208] Nuclear magnetic 

resonance imaging of deposits in pipes allows to map the spatial distribution of biofilm and 

provides some details about its chemical composition [209].  

 

2.6. Laboratory scale reactors for biofilm control studies 

At the laboratory scale, many systems may be used to study biofilm formation and 

control. These reactor systems are built in order to permit the control and measure a number 

of important experimental variables [210, 211], as described in Table 2.4.  

 
Table 2.4 – Experimental variables that may be controlled in bioreactors (based on [210, 211]) 

Chemical Physical Biological 

Controlled variables 

Nutrients in the influent  

pH of the influent  

Oxygen concentration 

 

Hydraulic residence time 

Reactor volume  

Recycle ratio 

Shear stress on the clean surface 

Surface area available for growth 

Surface composition and texture 

Temperature 

Volumetric flow rate  

Organism type (pure culture, 

defined consortium or 

microcosm) 

Organism concentration entering 

the reactor  

Measured variables 

Dissolved oxygen 

Nutrients in the effluent  

pH of the effluent  

Growth inhibitors 

(antimetabolites, antimicrobials) 

Pressure drop 

Shear stress on the biofilm 

surface 

 

 

Biofilm thickness 

Biofilm density 

Cellular density per surface area 

Biofilm structure 
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Biofilm reactors provide multiple and consistent samples that can be used for different studies, 

including measurements of parameters as biofilm mass, thickness, metabolic activity, cell 

density, resistance and resilience to chemical or physical stresses and spatial distribution of cells, 

among others [212]. Regarding the operation mode of the reactor, it can be either continuous 

or discontinuous. Three general types will be consider in the following description: the batch 

reactor, the plug flow reactor (PFR) and the continuous flow stirred tank reactor (CFSTR) 

[210] (Table 2.5) and described in detail in the following sections. 

The batch reactor is a closed system, therefore discontinuous, with optional mixing. It 

may have gases input/output, and the addition of substances for pH control. The main 

advantage of this configuration is the control of aseptic conditions and the efficient sterilization, 

as well as the flexibility of operation, as the same reactor can be used to produce different 

products each time it is used. This mode of operation, has low risk of contamination. However, 

product accumulation or low substrate concentrations may cause growth inhibition. Batch 

reactors for biofilm formation will generally have a large number of planktonic cells co-existing 

with the biofilm, and they are not fit to support stable biofilms for long periods of time [210]. 

The PFR is a continuous system, where the fluid moves along the reactor so there is minimum 

mixture in the axial direction, i.e. any differential fluid element will behave like a very small 

agitated batch reactor, with perfect mixture in the radial direction, moving along the reactor 

without mixing with the previous or following differential fluid elements. In this arrangement, 

the nutrients and optionally the microbial culture are introduced to the reactor, and move along 

its length like a ‘plug’. In a biofilm reactor with plug flow, the biofilm metabolic activity will cause 

gradients on the constituents of the reactor along the axis due to consumption of nutrients and 

elimination of waste products, so the system should include a second reactor where the 

nutritional conditions remain stable, with proper mixing and aeration if needed, to recycle the 

nutrients and microorganisms to the PFR. This configuration is often used to operate as a biofilm 

reactor because it has radial velocity gradient and along the walls the fluid velocity is low, so 

cells adhere to the wall of the reactor and therefore to its coupons [213]. 

A CFSTR is a continuous system where mixing is provided in order to assure that there is 

no variation or concentration gradients within the reactor volume. A CFSTR bioreactor may also 

be named a chemostat, when operating under certain conditions. The fresh medium is 

continuously added to the reactor, and the volume is kept constant by removal from the reactor 

at the same rate of the input of medium. This rate is the flow rate (𝑄) and along with the reactor  
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Table 2.5 – Biofilm reactors grouped according to the flow characteristics (based on [210]) 

Batch reactor PFR CFSTR 

Microtiter plate 

Biofilm Ring Test® 

Calgary biofilm device 

Chamber slide 

 

Modified Robbins device 

Drip flow reactor 

 

Chemostat 

CDC reactor 

Rotating cylinder reactor 

Rotating annular reactor 

Rotating disc reactor 

Propella® 

Conical Taylor-Couette reactor 

Concentric cylinder reactor 

Flow-cell 1 

1 The flow cell can work both as a PFR as a CFSTR, however, it is most commonly found operating 

in the CFSTR mode (described in more detail in section 2.6.1 to 2.6.10). 

 

volume (𝑉) permits the calculation of the residence time (RT), which is the time it takes to 

entirely exchange the volume of the reactor. Another important parameter in a chemostat is the 

dilution rate (𝐷), the ratio between the flow rate and the reactor volume. By adjusting the flow 

rate of the medium in the chemostat it is possible to control microbial growth, the steady state 

being the point where the specific growth rate (SGR) is equal to the dilution rate. Increasing the 

flow rate, the substrate concentration also increases and the microbial growth will reach the 

exponential phase. If this increase is such that the dilution rate is superior to the specific growth 

rate of the microorganism, washout occurs, i.e., the planktonic cells are removed with the 

effluent, and adhered cells remain in the reactor. At this point, the system is operating as a 

biofilm reactor, where the cells will only remain in the reactor if they are adhered on a surface.   

Batch reactors 

The main batch bioreactor is the microtiter plate, which is a flat plate with multiple wells 

arranged in a rectangular array with a 2:3 ratio thus resulting in 6, 12, 24, 48, 96 or 384 wells. A 

single plate provides a large number of similar miniaturized reactors [214], that are easy to 

handle using robotics systems and multi-channel micropipettes, allowing the fast development 

of independent samples of biofilm. Rapid and inexpensive techniques have been developed for 

quantifying biofilm formation and its bioactivity, such as crystal violet staining for determining 

biomass [215, 216], or the alamarBlue® technique to the determine cell metabolic activity [217, 

218]. The most common model used for biofilm tests is the 96-well plate with a work volume of 

200-250 µL per well, saving reagents and appearing as an economic platforms for screening 
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assays [219]. There is also the possibility of using the 6, 12, 24 or 48-well plates to assess the 

biofilm formation on the air-liquid interface [220] and the potential of the adhesion of the 

bacteria [40, 221-223] by inserting slides in the wells of the microtiter plates so that the biofilm 

grows in the surface of those coupons. Some clinical tests were also performed with microtiter 

plates, where the researchers established an association between virulence and biofilm 

formation [224-226], as well as screening tests for antimicrobial activity against biofilms, either 

with antibiotics [223, 227-229], antifungals [230, 231], biocides [232-234], phytochemicals [218, 

235-239] and quorum-sensing inhibitors [240].  

Other batch systems available for biofilms studies were derived from the microplate 

model, like the Biofilm Ring Test® or the Calgary device. The Biofilm Ring Test® is a technology 

commercialized by BioFilm Control SAS (France). The method relies on the addition of the 

paramagnetic beads to the bacterial culture solution before the incubation of the microtiter 

plates. The plate is placed in a magnetic holder and the beads will rest immobilized (positive 

result) or migrate radially (no biofilm formed) according to the biofilm formation. This technique 

can be used to evaluate the early stages of biofilm formation [241-243] including the effect of 

drug activity on early biofilm formation [244].  

The Calgary biofilm device, developed in 1996 at the University of Calgary [245], is 

commercially available as the Minimal Biofilm Eradication Concentration Assay System (MBEC™) 

– through Innovotech Inc., Edmonton, Canada. This system is based on a 96-well microplate with 

downward-pointing depressions (pegs) attached to the lid. The aim is for the biofilms to develop 

on the surface of the pegs so the inoculation follows the same procedure as in any biofilm 

microtiter assay. After biofilm formation, the lid is transferred to other plates for further steps 

of the protocol and quantification methods in order to quantify the biofilm mass and number of 

viable cells and thus determine the MBEC (defined as the minimal concentration of antibiotic 

required to eradicate the biofilm). This method has been used for evaluating the efficacy of 

antimicrobial agents [246-248]. It is also possible to remove the pegs individually for further 

observations of the biofilm in scanning electron microscopy (SEM) [249, 250] and confocal laser 

scanning microscopy (CLSM) [251], after the appropriate treatment. There is also the possibility 

of coating the surface with a number of materials to facilitate the growth of fastidious 

microorganisms. Harrison et al. [251] described protocols for the study of Candida spp. biofilms 

in the Calgary Biofilm Device where the pegs had been coated with a solution of 1.0% L-lysine. 

Chamber slides are focused for microscopy of in situ tissue culture and are commercially 

available as the Lab-Tek ® II Chamber Slide™ System, property of Nunc (Thermo Fisher Scientific 
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Inc.). This device is composed of a standard glass microscope slide with an attached growth 

chamber, which is removable and may be individual or may have 2-, 4- 8- or 16-well 

configurations. Biofilm tests may be performed in the chambers following the microtiter plate’s 

protocols, and the biofilm is formed preferentially on the slide. Different tests may be performed 

as well, namely antimicrobial treatments, and then the chamber can be removed so that the 

slide is used to observe the biofilm structure with microscopic methods. [252]. This method has 

been used for analysis of the biofilm architecture using CLSM [251]. 

Plug-flow biofilm reactors 

2.6.1. Modified Robbins device  

The actual Modified Robbins device (MRD) was adapted from the original Robbins 

device by Jim Robbins at the University of Calgary [253]. This type of reactor is constituted by a 

main block, built in stainless steel or acrylic, channelled in a rectangular cross-section along its 

length. The top is designed with a linear set of sampling ports, where plugs are connected in the 

inner surface, with the coupons of the testing material (Fig. 2.3). The first MDR was presented 

by Nickel et al. [253] and is now commercially available from BioSurface Technologies or Tyler 

Research Corporation. Dimensions of the device vary depending on the number of ports. The 

commercial versions can withstand low to high pressures and may have 10 to 25 ports for the 

sampling plugs, generally with a surface area of 50 mm2. Alternatively there are cassette-type 

low pressure MDR devices that hold 10 rectangular coupons (38mm x 19mm, 5 per cassette) of 

different materials.   

The nutrient medium and other desired fluids like the microbial bacterial culture or 

antimicrobials are pumped through the MDR. Regarding the inoculation of the system, it may 

be inoculated in an inverted position during an initial period of time, to promote the bacterial 

adhesion to the slides, or there may be a chemostat assembled before the inlet of the MDR, 

providing a continuous inoculum [254]. The main application of the MDR is the assessment of 

the effect of diverse materials on biofilm prevention and control [255-257], as well as testing 

antimicrobials and phytochemicals with the aim of inhibiting biofilm formation [258, 259]. As 

this configuration has flexibility in terms of the setup, it allows the formation of biofilms in the  
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Fig. 2.3 – Schematic representation of the MDR (adapted from Nickel et al. [253]). 

 

absence of flow to simulate an artificial throat for studies of biofilm formation on shunt 

prostheses [260, 261]. 

2.6.2. Drip flow reactor 

The drip flow reactor (DFR) is characterized by having coupons in an inclined plan, 

continuously irrigated by nutrient medium. The medium is dripped onto the coupons at typically 

low flow rates (0.8 mL/min) [262], thus resulting in mild shear environments where biofilms are 

formed near to the air-liquid interface. The atmosphere inside the reactor can be altered in order 

to grow anaerobic biofilms [262]. The experimental setup of this reactor is simple (Fig. 2.4). The 

DFR is commercially available from BioSurface Technologies. This configuration allows around 4 

coupons with dimensions generally similar to the ones of microscope slides (2.5 x 7.5 cm).  

Several materials can be used as adhesion surface for biofilm formation, and many 

techniques can be further used to analyses the biofilm, including plate counting and microscopy 

methods preceded or not by cryosectioning. [54, 263]. Due to the properties of the biofilms 

formed in this system, it has been used for studies of spatial physiology of biofilms [263, 264], 

as well as to mimic biofilm formation in catheters by Staphylococcus epidermidis [265] and 

assess the efficacy of powered brushing on the removal of Streptococcus mutans biofilms [266]. 

It has also been used for biofilm susceptibility tests to disinfection procedures [54, 267, 268]. 
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Fig. 2.4 – Schematic representation of the DFR (adapted from Goeres et al. [262]). 

 

Continuous biofilm reactors  

2.6.3. Chemostat 

The chemostat operating as a biofilm reactor consists in a vessel, with continuous medium input 

and waste output (Fig. 2.5). Aeration is provided by input of sterile air and generally a magnetic 

stirrer is used for agitation. The chemostat may be either inoculated with a bacterial culture in 

the beginning of the experiment or it may be continuously inoculated by a bacterial culture of 

planktonic cells growing in another upstream chemostat of smaller volume. This smaller 

chemostat must have the growth conditions adjusted to guarantee a permanent bacterial 

culture in the exponential phase of growth. In the main chemostat the biofilm is formed on slides 

that may have different shapes (square or circular) and may be manufactured from a wide range 

of materials. A vertical support is used to hold the slides so that they can easily be removed after 

the appropriated period for biofilm formation. The volume of the tank may vary between 3-5L 

and the volume of the chemostat is 0.5 L. 

The biofilm formation in the chemostat is caused mainly by the increased dilution rate 

due to the high flow rate of nutrient medium. The main advantages of this reactor are the high 

number of samples and versatility of materials that may be used for the slides, but on the other  
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Fig. 2.5 – Schematic representation of the experimental setup for the chemostat biofilm reactor, including 
the smaller chemostat for pre-inoculation (left) and the chemostat for biofilm formation (right) (adapted 
from Simões et al. [160]). 

 

hand they are exposed to very low shear stress conditions. The chemostat has been used for 

biofilm formation control studies, with single species biofilms [269], dual-species biofilms [160], 

drinking water biofilms [48], and also for assessing the effect of surface pre-conditioning in the 

antimicrobial action of biocides [270]. 

2.6.4. Centers for Disease Control (CDC) reactor 

The CDC biofilm reactor is commercially available from BioSurface Technologies. This 

reactor is constituted by a glass vessel with a volume of 1L and an effluent spout on the side. 

The total liquid volume is approximately 350 ml. It has a special lid made of ultra-high-molecular-

weight polyethylene, which supports eight polypropylene rods, accommodating three 12.7 mm 

diameter coupons each (Fig. 2.6). The bulk fluid is mixed by a baffled stir bar that is magnetically 

driven therefore the coupons where cells adhere are exposed to equivalent shear stress forces 

[271, 272].  

This configuration is a well suited in vitro biofilm model for applications that include 

growing biofilms on test surfaces as it supports 24 coupons, available in a wide variety of 
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Fig. 2.6 – Schematic representation of the CDC biofilm (adapted from Williams et al. [273] ).  

 

materials [273]. Each rod can be removed individually, allowing the sampling of coupons in 

different moments along the experiment [274]. The CDC biofilm reactor is part of the ASTM 

Standard Method E2562-07: Standard Test Method for Quantification of Pseudomonas 

aeruginosa Biofilm Grown with High Shear and Continuous Flow using CDC Biofilm Reactor, and 

is used in for antimicrobial testing and assessment of disinfection and cleaning measures with 

clinical biofilms [268, 275, 276]. As it provides continuous flow conditions, Nailis et al. [277] grew 

C. albicans biofilms in a CDC reactor to be used to analyse the kinetics of ALS1 and ALS3 gene 

expression. More recently biofilm grown using the CDC biofilm was analysed through different 

SEM methods, for the purpose of observing the biofilm matrix of Staphylococcus epidermidis 

[272]. These results showed that after 48 h of growth the biofilms formed on the CDC reactor 

produce EPS matrix with mushroom or pillar-like structures with signs of water channels, 

indicating mature biofilm development. 

2.6.5. Rotating annular reactor – Rototorque reactor 

The biofilm rotating annular reactor (RAR), also known as the Rototorque reactor [278], 

commercially available from BioSurface Technologies, is constituted by a vessel with a rotating 

inner cylinder, in a configuration similar to a Taylor-Couette reactor [279]. The removable slides 

are attached to the inner cylinder, which is powered by an external electric motor. The vessel 

wall is considered the stationary outer cylinder and the biological fluid is circulated in the 

annulus between the two cylinders (Fig. 2.7). The reactor’s volume is 1L. 
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Fig. 2.7 – Schematic representation of the RAR (adapted from Lawrence et al. [280]). 

 

This reactor supports a large number of slides (around 22) and has ports on the top that 

allow the access to those slides in any moment. The experimental setup of this type of reactor 

is similar to the previous described (chemostat, CDC reactor), requiring a pre-inoculum from a 

chemostat. This reactor reproduces conditions observed in drinking water systems [188, 210]. 

There is also the option of controlling the temperature using a jacketed model that allows 

circulation of heating or cooling fluids. This is an advantage that was used in disinfection studies 

for drinking water systems, to mimic the seasonal variations of temperatures and assess the 

different needs for residual disinfectants to control the biofilms [281, 282]. Moreover, the 

annular reactor has been used for assays with environmental biofilms [188, 283], including the 

effect of temperature on their formation along with microscopy techniques like CLSM [284] or 

fluorescent in-situ hybridization (FISH) [285]. 

2.6.6. Conical Couette-Taylor Reactor  

The conical Couette-Taylor reactor (CCTR) is a variation of the annular reactor designed 

to simulate different shear stress conditions in a single device. The configuration consists of two 

concentric parallel cones: a rotating inner cone placed inside a stationary outer cone. As the two 

cones have the same apex angle the gap between them is constant in the vertical direction (Fig. 

2.8). This reactor follows the Taylor-Couette flow, i.e., the wall shear stress is dependent on the 

gap between the two cylinders, the radius of the inner cylinder and the rotating velocity. As the 

gap is constant the wall shear stress is distributed along the height of the inner cone [286].  
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Fig. 2.8 – Schematic representation of the CCTR (adapted from Rochex et al. [13]). 

 

The model presented by Rochex et al. [13] allows shear stress distribution of 0.055 to 0.27 Pa, 

from the bottom to the top of the reactor and was used to show the effect of shear stress the 

composition biofilm of bacterial communities.  

2.6.7. Concentric cylinder reactor  

The concentric cylinder reactor (CCR) consists in four cylinders of increasing radius supported by 

a plate in a vertical concentric manner. The bottom has four concentric chambers that are 

stationary and have inlet and outlet ports as well as sampling ports (Fig. 2.9). As the cylinders 

rotate at different speeds and have different radius, the rotating surfaces will experience 

different wall shear stresses. Starting from the same inoculum, each chamber can be fed 

independently and at different flow rates, being their volume maintained constant by means of 

pumping the overflow. The evaluation of the biofilm formed implies dismantling the reactor and 

removing the biofilm from the surfaces by means of a scrapper or a swab, therefore the 

possibilities in terms of analysis are reduced when compared with other systems with smaller 

coupons. Willcock et al. [287] presented this configuration to investigate the influence of shear 

rate on biofilm formation and mimic cleaning-in-place cycles. Rickard et al. [64] also used the 

CCR to investigate the influence of shear rates on the diversity of freshwater biofilm, with focus 

on the proportions of aggregating bacteria.  
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Fig. 2.9 – Schematic representation of the CCR (adapted from Willcock et al. [287]). 

 

2.6.8. Rotating disc reactor 

The rotating disc reactor (RDR) is commercially available from BioSurface Technologies. 

It is composed by a glass vessel (1L) with an effluent side spout and a disc made of Teflon™ and 

Viton® with recesses for six circular coupons (1.25 cm of diameter). This disc has a magnet 

incorporated, so that it is stirred by a magnetic external stirrer, causing rotational fluid motion 

and therefore surface shear on the coupons (Fig. 2.10). These removable coupons may be 

manufactured in a large diversity of materials, as in the case of the CDC reactor. The operation 

mode is similar to the CDC reactor, both regarding the sampling methods as the further analysis 

to be performed to the removed coupons. However, due to its arrangement, this system is more 

adequate for growing biofilm under moderate shear conditions [288]. 

The RDR is included in the ASTM Standard Method: ASTM E2196-07 Standard Test 

Method for Quantification of a Pseudomonas aeruginosa Biofilm Grown with Shear and 

Continuous Flow Using a Rotating Disc Reactor. It has been used for studies of biofilm resistance 

[289-291], multispecies biofilms [292, 293] and evaluation of antimicrobials and disinfection 

procedures [268, 275]. 
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Fig. 2.10 – Schematic representation of the RDR (adapted from Murga et al. [293]). 

 

2.6.9. Propella® 

The Propella® reactor is a complex system, constituted by two concentrically aligned 

pipes, being the outer pipe equipped with coupons slides for biofilm sampling. Inside the inner 

pipe there is a propulsive propeller which rotation at high velocities causes the fluid motion 

down the inner pipe an upwards the annular space between the two pipe (Fig. 2.11). Controlling 

the rotation speed of the propeller, it is possible to define the Reynolds number and thus the 

hydraulic regime in the reactor. This type of reactor supports a large number of coupons, which 

may be manufactured in any type of machinable material. 

The system used by Manuel et al. [48] had an internal volume of 2.23 L and supports 20 

coupons of 2.0 cm2 each.  

The main advantages of this reactor are similar to those of the Rototorque, particularly 

the possibility to simultaneously control temperature and flow velocity, hydraulic residence time 

and Reynolds number [294]. The Propella® has been used mainly for studies evolving drinking 

water biofilms [48, 295-298].  
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Fig. 2.11 – Schematic representation of the Propella® reactor (adapted from Manuel [299]). 

 

2.6.10. Flow-cell 

The flow-cell reactor design is based on the Modified Robbins device (section 2.6.1), 

however, it is usually placed in a vertical position.  It is composed by a PMMA block with semi-

circular inner section. Several sampling coupons which can be periodically removed without 

stopping the flow inside the reactor. The dimensions of this cell may vary between around 30 to 

100 cm, and the number of dimensions of coupons vary as well. On these coupons, flat slides of 

the testing surface materials are attached so they are in contact with the fluid circulating inside 

the flow-cell. Despite some flow cell configurations work with continuous flow and therefore 

may be are considerate PFR, generally the flow cell operates with continuous recirculation of 

the fluid provided by centrifuge pumps, thus the typical residence time distributions 

approximate this reactor type to a CFSTR [300]. The recirculation tank operates as a chemostat 

where the growth conditions are kept constant, including feeding, temperature control through 

a recirculating water bath, pH monitoring, and sterile aeration. This tank, with variable volume 

(from 1 to 5 L) may be either inoculated in the beginning of the experiment or continuously 

inoculated by another smaller chemostat where the microbial culture is growing at the 

exponential phase of growth. This reactor configuration is ideal for biofilm monitoring during 

time as it allows the sampling of individual coupons with no disturbance of the flow. There are 

outlet ports in the opposite face of the flow cell to that which has the coupons so that it is 

possible to deviate the circulating flow in the immediate point before the coupon to be removed 

(Fig. 2.12).  
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Fig. 2.12 – Schematic representation of the experimental setup for the flow-cell (adapted from Teodósio 
et al. [301]). 

 

A wide range of materials may be used as surface for biofilm formation. Frequently the 

experimental setup includes two parallel flow-cell reactors operating with recirculation from the 

same tank. It is possible to control the flow rate in each of those cells and therefore the Reynolds 

number, thus having different hydraulic regimes on each flow cell [302]. This system is highly 

adaptable and has been used for laboratory scale recreation of industrial scenarios where 

biofilm is common [301], from studies of influence of hydrodynamic conditions on the biofilm 

formation [48, 58, 84, 302-304], to the evaluation of the action of biocides in biofilms formed 

under different flow regimes [183, 201, 305, 306].  

 

2.7. Biofilm reactor selection  

The selection of the reactor must take in consideration mainly the environment of the 

biofilm formation, as well as the further analyses to be performed. As the nutritional conditions 

are easily controlled, as well as the temperature, the reactor selection should take in 

consideration the desired hydrodynamic conditions (Table 2.6) to produce the biofilm. Hence, 

the reactors described previously may be categorized according to the shear stress imposed to 

the microbial cells.  
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Table 2.6 – Bioreactor categorization based on the magnitude of shear stress. 

Low shear Moderate to high shear High shear 

Microtiter plate 

Chamber slide  

Biofilm Ring test 

Calgary device 

Drip flow reactor 

Chemostat 

Modified Robbins device 

Rotating disk reactor 

Rototorque 

Conical Couette-Taylor reactor 

Concentric cylinder reactor 

 

CDC reactor 

Conical Couette-Taylor reactor 

Concentric cylinder reactor 

Propella® 

Flow cell 

 

There are also a lot of sampling and analysing techniques, that may be performed when 

the biofilm is still attached to  the coupon, like thickness measuring or microscopy observations, 

with epifluorescence microscopy, CLSM, SEM, etc. Other techniques from the fields of 

microbiology as well as molecular biology require the scrapping of the biofilm from the surface 

of the coupon, or sonication in the case of microtiter plates and the Calgary devices, allowing 

the use of further methods to characterize the biofilm [307]  

The laboratory biofilm reactors allow studies where the biofilm processes are controlled 

and are ideal for screening and initial tests, where those processes are quantified. The biofilm 

reactors’ configuration should reproduce as much as possible the real environment where 

biofilms are encountered: there is no universal system suitable to study all the possible variables.  

The reproducibility in the tests obtained in biofilm reactors will depend on the hypothesis being 

studied and consequently on the controlled variables. Some variables may not be controlled at 

the same extent for all the experiments. An example would be the amount of signalling 

molecules secreted by cells or the pH in the boundary layers near the biofilm. These variables 

may be measured but not controlled: the operator can guarantee the reproducibility of the 

experimental conditions and measurements but he cannot guarantee reproducible results [211, 

308]. As new and more efficient biofilm control strategies are required, it is expected that the 

biofilm reactors keep evolving to more controlled and robotized systems, with the tendency to 

get more focused to specialized areas, either in the industrial or biomedical fields. 
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3. Materials and Methods 

 

3.1. Bacteria and culture conditions 

Two model bacteria, the Gram-positive Bacillus cereus and the Gram-negative 

Pseudomonas fluorescens were selected as they are commonly contaminants encountered in 

industrial biofilms [309-311]. The bacterial strains used in this work were P. fluorescens ATCC 

13525T and a B. cereus strain isolated from a disinfectant solution and identified by 16S rRNA 

gene sequencing, according to Simões et al. [312]. Bacterial growth conditions were 27  2 °C 

and pH 7, with agitation at 120 rpm in an orbital incubator (AGITORB 200, Aralab, Portugal) 

[313]. 

Chromobacterium violaceum CV12472 was also used to determine quorum sensing 

inhibition (QSI). This strain was kindly provided by Professor Robert McLean from Texas 

University, USA. This bacterium was grown aerobically at 27 ± 2 °C with agitation at 150 rpm in 

a shaking incubator (AGITORB 200, Aralab, Portugal). 

 

3.2. Nutrient Media 

Both B. cereus and P. fluorescens cells were routinely cultured aerobically in a sterile 

(autoclaved at 121 °C for 20 min) concentrated nutrient medium (CNM) consisting of 5 g 

glucose/L, 2.5 g peptone/L and 1.25 g yeast extract/L, in 0.2 M phosphate buffer (KH2PO4; 

Na2HPO4) (PB). All the components were obtained from Merck (VWR, Portugal). 

C. violaceum CV12472 was routinely cultured aerobically in Lysogeny-broth (LB; 

Liofilchen, Italy) with the Lennox formulation (5g/L NaCl).  

For biofilm formation in the biofilm reactor, a sterile diluted nutrient medium (DNM) 

was used. The DNM was a 1:100 dilution of the CNM in 0.2 M PB.  

Stock cultures of all the bacterial species were cryopreserved in vials with 70% of the 

respective culture media and 30% of glycerol, at -80 °C. To activate the bacteria, 10 μL of 

cryopreserved suspension was stroked on plate-count agar (PCA, Merck) and incubated during 

24 h at 27 ± 2 °C in an incubator (AGITORB 200, Aralab, Portugal). 
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3.3. Chemicals tested 

Two phytochemicals that belong to the group pf the phenolic acids were tested, ferulic 

acid (FA) and salicylic acid (SA) (Sigma-Aldrich, Portugal) (Fig. 3.1 a and b). Due to their low 

solubility in water, FA and SA were prepared in dimethyl sulfoxide (DMSO) (Sigma-Aldrich). The 

tests were performed in the presence of FA, SA and a combination (1:1) of FA and SA (FSA). 

Phytochemicals are routinely classified as antimicrobials on the basis of susceptibility tests that 

produce inhibitory concentrations in the range of 100 to 1000 µg/mL [314], which was the range 

of concentrations tested.  

A cationic surfactant, benzyldimethyldodecyl ammonium chloride (BDMDAC, Fig. 3.1c) 

(Sigma-Aldrich) was also used as antimicrobial agent. Solutions of different concentrations  

(5 to 500 µg/mL) were prepared in sterile ultrapure water.  

(a) (b) 

  
(c)  

 

 

Fig. 3.1 – Chemical structures of FA (a) and SA (b) and BDMDAC (c). 

 

3.4. Surfaces  

The materials tested along this work were:   

 AISI316 stainless steel (SS)  

 High-density polyethylene (HDPE) 

 Polymethyl methacrylate (PMMA)  

 Polystyrene (PS) 



3. Materials and Methods 

55 

 The surfaces used (Neves & Neves, Muro, Portugal) were flat slides of either 3 cm2 for 

contact angle measurements or 1 cm2 for the adhesion assays, and with thicknesses of 

approximately 1 mm (SS) to 1.5 mm (HDPE, PMMA and PS). The surfaces were cleaned by 

immersion in a solution of commercial detergent (Sonasol Pril, Henkel Ibérica S. A.) in ultrapure 

water for 30 min. After rising with ultrapure water, surfaces were immersed in ethanol at 70% 

(v/v) (SS for 30 min; HDPE, PMMA and PS for 1 min). The surfaces were rinsed three times with 

ultrapure water and dried at 65 ºC for 3 h. In the Rotating Cylinder Reactor (RCR), biofilms were 

grown in cylinders of PMMA, SS or HDPE with length = 5.0 cm and diameter of 2.2-2.8 cm 

(depending on the material as indicated in the corresponding chapter). The cylinders were 

cleaned as described above and placed in the reactor. The RCR was sterilized with the cylinders 

mounted in place, by recirculating a solution of 15% (v/v) of sodium hypochlorite (Sigma-Aldrich, 

Portugal) during 12 h. After the sterilization, the system was rinsed twice with sterile distilled 

water to remove the residual sodium hypochlorite.  

 

3.5. Growth inhibitory activity – minimum inhibitory concentration 

To determine whether the presence of the selected chemicals had some effect on the 

bacterial growth in liquid medium, the minimum inhibitory concentration (MIC), considered the 

lowest concentration of an antimicrobial that will inhibit the visible growth of a microorganism 

after incubation, was determined using a microtiter-plate-based assay [315]. Several 

concentrations of the selected chemicals were prepared by diluting the stock solutions in the 

appropriated solvent (sterile distilled water or DMSO). Overnight grown cultures were diluted 

with fresh CNM in order to set the optical density, at 610 nm (OD610), to 0.4 ± 0.02 for P. 

fluorescens and 0.8 ± 0.02 for B. cereus, corresponding approximately to 1 × 108 cells/mL. A 

sterile 96-wells microtiter plate (Orange Scientific) was inoculated with fresh sterile growth 

medium, the bacterial suspension, and the chemicals at different concentrations. The bacterial 

suspension and growth medium complete 90% of the well working volume (200 µL). The volume 

of chemical added was always ≤ 10% of the total working volume. After incubation in an orbital 

shaker (24 h, 120 rpm, 27 ± 2 ° C), the OD610 in the microtiter plate was measured using an 

Absorbance Microplate Reader (Spectramax M2e). The lowest concentration of chemical 

molecule where no growth was detected was considered the MIC of the molecule. 
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3.6. Motility assays 

Swimming and swarming motilities were assessed in the presence of selected chemical 

molecules. For this assay the solid growth medium was composed of 1% (w/w) tryptone, 0.25% 

(w/w) NaCl and agar at different concentrations (w/w): 0.3% for swimming and 0.7% for 

swarming assays [235, 316].The characterization of different types of bacterial motility is based 

on the use of different concentrations of agar, which originates different levels of porosity of 

the medium, therefore allowing different levels of bacterial diffusion [235].  All the components 

were obtained from Merck (VWR, Portugal). The chemicals were incorporated in the growth 

medium (tempered at 45 °C). A sub-inhibitory concentration (1/5 of the MIC) was used to ensure 

that the effects on motility inhibition were not due to antimicrobial activity. Overnight grown 

cultures were washed three times (3777 g, 5 min) with PB and ressuspended in PB to a final 

concentration of 1 × 108 cells/mL. Aliquots of 15 μL of these cultures were applied in the centre 

of plates, which produced an 8 mm halo (defined as the baseline). The motility halos were 

measured at 12, 24, and 48 h. Three plates were used to evaluate the motility of each bacterium 

and three independent experiments were performed. 

 

3.7. Bacterial surface free energy 

The bacterial surface free energy was determined by the sessile drop contact angle 

measurement on cell layers according to Busscher et al. [317]. Contact angles of the bacteria 

non-exposed and exposed to the selected chemicals, for 30 min, and of the adhesion surfaces 

were determined automatically using an OCA 15 Plus (DATAPHYSICS, Germany) video-based 

optical measuring instrument, allowing image acquisition and data analysis, and ≥ 25 contact 

angle measurements (per liquid and sample) were carried out according to Simões et al. [318]. 

The surface energy components of bacteria and adhesion surfaces were obtained by measuring 

the contact angles with three pure liquids: water, formamide and α-bromonaphthalene (Sigma, 

Portugal). Reference values for these liquids’ surface tension components were obtained from 

the literature [319]. The approach developed by van Oss (1987, 1988, 1989) was used to 

determine the hydrophobicity after contact angle measurement. As stated by this approach, the 

degree of hydrophobicity of a given material (1) is expressed as the free energy of interaction 

between two entities of that material, when immersed in water ( w ) [∆G1w1 (mJ/m2)]. If the 

interaction between the two entities is stronger than the interaction of each entity with water, 

∆Giwi< 0 and the material is considered hydrophobic. Conversely, if ∆G1w1> 0 the material is 
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hydrophilic. ∆G1w1 can be calculated through the surface tension components of the interacting 

entities, according to equation 3.1: 

   
2

LW LW + - - + + - + -

1 w 1 w 1 w 1 1 w wG 2 γ - γ 4 γ γ γ γ γ γ γ γ          (3.1) 

where γLW is the Lifshitz-van der Waals component of the surface free energy, and γ+ and 

γ−are, respectively, the electron acceptor and electron donor parameters of the Lewis acid-base 

component(γAB), where γAB = 2√γ+γ−.  

The surface energy components of a surface ( s ) (bacterium or substratum), were 

obtained by measuring the contact angles of the three pure liquids ( l ) with known surface 

tension components, followed by the simultaneous resolution of three equations (one for each 

liquid) of the form: 

   Tot LW LW + - - +

1 s l s l s l1+cosψ γ = 2 γ γ + γ γ - γ γ
     (3.2) 

where 
ψ

  is the contact angle and 
Tot LW ABγ = γ + γ . 

 

3.8. Free energy of adhesion 

The free energy of adhesion between the bacteria and the adhesion surfaces was assessed 

according to Simões et al. [323].When studying the interaction between substances 1 and 2

that are immersed or dissolved in water, the total interaction energy, ∆G1w2
Tot , can be expressed 

as :  

   Tot LW LW LW + + + + +

1w2 12 1w 2w w 1 2 w w 1 2 w 1 2 1 2ΔG = γ  γ γ + 2 γ γ + γ γ + γ γ + γ γ γ γ γ γ            
  

  

(3.3) 

Thermodynamically, if ∆G1w2
Tot < 0, adhesion is favoured, whereas adhesion is not 

expected to occur if ∆G1w2
Tot > 0 mJ/m2.  
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3.9. Bacterial surface charge - zeta potential 

The electrostatic component surface potential is commonly described using the zeta (ζ) 

potential, which is a measurement of electrical surface charge. The zeta potential of bacterial 

suspensions, before and after treatment with the selected chemicals, was determined using a 

Nano Zetasizer (Malvern Instruments, UK). Cell suspensions in ultrapure water (pH 6), without 

chemicals, were used as controls. The zeta potential was measured by applying an electric field 

across the bacterial suspensions. Bacteria in the aqueous dispersion with non-zero zeta potential 

migrated towards the electrode of opposite charge, with a velocity proportional to the 

magnitude of the zeta potential.  

 

3.10. Bioassay for detection of quorum sensing inhibition 

A standard disc diffusion assay [324] was performed with biosensor strain C. violaceum 

CV12472 to detect quorum sensing inhibition (QSI) activity of the selected phytochemicals 

according to  McLean et al. [325]. Briefly, plates of solid LB (13 g/L agar) were inoculated with 

100 µL (1.4 × 108 CFU/mL) of overnight cultures of C. violaceum CV12472. Afterwards, sterile 

paper disks (6 mm in diameter) (Oxoid, Spain) were placed over the plates and were loaded with 

15 µL of different concentrations of each phytochemical. DMSO and LB broth were used as 

controls. Plates were incubated for 24 h at 30 °C to check the inhibition of pigment production 

around the disc (a ring of colourless but viable cells). Antimicrobial activity is indicated by lack 

of microbial growth. Bacterial growth inhibition was measured as diameter (d1) in mm while 

cases showing both inhibition of growth and inhibition of production of pigment were measured 

as diameter (d2) in mm. QSI, assessed by pigment inhibition, was determined by subtracting 

bacterial growth inhibition diameter (d1) from the total diameter (d2): QSI = (d2-d1), according 

to Zahin et al. [326]. 

 

3.11. Biofilm formation in microtiter plate  

Biofilms were developed according to a modified microtiter plate test proposed 

previously [215]. Single and dual-species 24 h old biofilms were grown in sterile 96-wells flat 

bottomed PS tissue culture microtiter plates (Orange Scientific, USA). The microtiter plates were 

inoculated with 180 µL of fresh CNM and 20 µL of a bacterial suspension with a cell density of 
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1 × 108 cells/mL. Dual-species biofilms were formed with a mixture of equal volumes of 

P. fluorescens and B. cereus, with the same cell density as described for single species biofilms 

[221]. The microtiter plates were incubated for 24 h in an orbital shaker (120 rpm, 27 ± 2 °C) and 

the biofilms formed were used to assess their cellular density and the effects of the selected 

chemicals on biofilm control (inactivation and biofilm reduction). Negative controls, where no 

bacterial growth was expected, were obtained by incubating the wells only with growth medium 

without adding any bacteria.  

 

3.12. Biofilm cellular density  

Single and dual-species biofilms were grown in 96-wells microtiter plates as described 

in the previous sub-section. After 24 h of incubation, the content of each well was discarded and 

the biofilm was gently washed with sterile PB to remove loosely attached microorganisms. A 

volume of 200 µL of PB was added to the wells and the biofilm was scraped with a stainless steel 

scraper as described by Simões et al. [327]. The ressuspended cells were used to assess total 

counts. After dilution, a volume (up to 3 mL as a function of the bacterial concentration) was 

filtered through a black NucleoporeTM polycarbonate membrane with diameter of 25 mm and 

pore size of 0.2 µm (Whatman, UK). After filtration, cells on the membrane were stained with 

400 µL of 4,6-diamino-2-phenylindole (DAPI) (Sigma) at 0.5 µg/mL and left in the dark for 5 min 

[58]. Cells were visualized under an epifluorescence microscope (LEICA DMLB2 with a mercury 

lamp HBO/100W/3) incorporating a CCD camera to acquire images using IM50 software (LEICA), 

using a ×100 oil immersion fluorescence objective, and a filter sensitive to DAPI fluorescence 

(359 nm excitation filter in combination with a 461 nm emission filter). A total of 20 fields were 

counted and at least three independent membranes were used to calculate total cells per cm2 

of biofilm. 

 

3.13. Adhesion assays 

In vitro initial adhesion was assessed on the flat coupons of the selected surfaces (1 cm2 

slide) inserted in 48-well microtiter plates (Nunc, Denmark). The coupons were inserted 

vertically in the wells of the plates, which had a working volume of 1.2 mL. Each well was 

inoculated with fresh sterile growth medium and a bacterial suspension with a cell density of 
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1 × 108 cells/mL, in the same proportion as described for the biofilm formation in microtiter 

plates (sub-section 3.11). The microtiter plates were incubated for 2 h in an orbital shaker (120 

rpm, 27 ± 2 °C) to allow initial adhesion. Afterwards, the content of each well was discarded and 

the coupons were washed with sterile PB to remove loosely attached cells. In some cases, 

treatment with chemical was followed for 30 min. Control experiments were performed with 

PB. At the end of the chemical treatment each well was washed twice with PB in order to 

neutralize the biocide to sub-lethal levels [328]. Total bacterial counts were obtained by directly 

staining the cells in coupons with DAPI (Sigma, Portugal) as described previously [329]. The slides 

were examined using epifluorescence microscopy (LEICA DMLB2) as described in sub-section 

3.12.  

 

3.14. Microtiter-plate test for biofilm prevention and effects of a second dose of 

phenolic acids  

Single- and dual-species biofilms were grown in the presence of the selected chemicals. 

Microtiter plates where inoculated with a bacterial suspension with a cell density of 1 × 108 

cells/mL, fresh CNM and the chemicals so that the bulk volume (200 µL) presented the desired 

concentration for the test. After 24 h incubation in an orbital shaker (120 rpm, 27 ± 2 °C), the 

biofilms were used to assess the preventive effects of the selected chemicals on biofilm 

formation. With this purpose, the biomass and activity of biofilms formed in the presence of the 

selected chemicals was compared with those formed only with growth medium (the presence 

of DMSO caused no effects on biofilm formation). Final results are presented as percentage of 

biofilm reduction and inactivation. 

Those biofilms formed in the presence of the selected chemicals were also used to 

assess their presumptive adaptation to the chemicals by exposing the biofilms to a second dose 

of the product. After 1 h exposure to the selected chemicals, the biofilms were analysed in terms 

of biomass and activity and the final results are presented as percentage of biofilm reduction 

and inactivation. 
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3.15. Microtiter plate test for biofilm control  

To determine whether the selected chemicals had effect on biofilm control, microtiter 

plates with single and dual-species biofilms were exposed to the desired concentrations of those 

chemicals, according to Simões et al. [327]. One hour after exposure, the biofilms were analysed 

in terms of biomass and metabolic activity and the results are presented as percentage of biofilm 

reduction and inactivation. The biofilm control effects of the phenolic acids were classified 

according to the following scheme (I – inactivation; R - removal): low efficacy -  I or R < 25%; 

moderate efficacy – 25% ≤ I or R < 60%; high efficacy -  60% ≤ I or R < 90% and excellent efficacy 

- 90% ≤ I or R ≤ 100%.  

 

3.16. Microtiter plate test for biomass quantification  

The biofilm mass was quantified using crystal violet staining according to Stepanović et 

al. [215]. For the procedure, the biofilms in the microtiter plates were washed with sterile PB 

and fixed with 250 μL /well of 99% ethanol (Merck) for 15 min. The plates were emptied and left 

to dry. Then, the fixed bacteria were stained for 5 min with 200 μL/well of crystal violet (Gram 

colour-staining set for microscopy; Merck). The plate was drained after the staining period, and 

placed on filter paper, to absorb the excess stain. Afterwards the dye bound to the adherent 

cells was resolubilized by 200 μL/well of 33% (vol/vol) glacial acetic acid (Merck). The amount of 

biomass produced is proportional to the absorbance, which was measured at 570 nm using an 

Absorbance Microplate Reader (Spectramax M2e, Molecular Devices, Inc.).  

This method was used to compare quantitatively the reduction of biofilm mass obtained 

during or/and after antimicrobial treatment. The percentage of reduction was assessed based 

on the following equation:  

 
Percentage of reduction 100%

C T

C


 

    (3.4) 

C denotes the absorbance for control wells (absence of antimicrobial), and T is the absorbance 

for biofilms exposed to the selected antimicrobials. 
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3.17. Microtiter plate test for biofilm activity  

To assess the bacteria viability, a modified alamarBlue® microtiter plate assay was used 

according to previous works [235, 330]. Pettit et al. [217] reported this staining method as a 

reliable and reproducible method to assess biofilm susceptibility. The indicator resazurin (7-

hydroxy-3H-phenoxazin-3-one-10-oxide) is a blue non-fluorescent redox dye that can be 

reduced by the cellular metabolic activity to the highly fluorescent pink resorufin [331]. For the 

procedure, the biofilms in the microtiter plates were washed with sterile PB. A ratio of 190 

µL/well fresh CNM and 10 µL/well of resazurin solution were added to each well so that there 

was a final concentration of 20μM resazurin. Plates were incubated for 20 min in darkness at 

room temperature. The fluorescence intensity was measured at an emission wave length of 570 

nm and an excitation wave length of 590 nm using an Absorbance Microplate Reader 

(Spectramax M2e, Molecular Devices, Inc.). 

This method was used to compare quantitatively the inactivation of the biofilm cells 

during or/and after antimicrobial treatment. The percentage of inactivation was calculated from 

the fluorescence of the control samples and the biofilms treated with antimicrobial: 

   (3.5) 

C denotes the fluorescence for the biofilm control and T denotes the fluorescence for the biofilm 

exposed to the selected chemicals. 

 

3.18. Biofilm formation - rotating cylinder reactor 

Mature biofilms were formed by B. cereus and P. fluorescens (single or combined to form 

dual-species biofilms) using the RCR shown in Fig. 3.2. The RCR is an aerobic biofilm reactor which 

operates in steady state: three test cylinders are rotated at the same, fixed speed with their axes 

vertical. This system consists of a main reactor (operating volume 5 L) and a chemostat 

(operating volume 0.4 L). The bacterial growth conditions were as described in the sub-section 

3.1 , 27 ± 2 °C, pH 7 [332]. 

The chemostat continuously supplied the bioreactor with a planktonic culture of B. 

cereus or P. fluorescens, at a constant flow rate, set by gravity. It was fed with a stream of CNM 

(described in sub-section 3.2) at a flow rate of 10 mL/h via a peristaltic pump. This chemostat  

 
Percentage of inactivation 100%

C T

C
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Fig. 3.2 – Photograph (a) and schematic (b) of the rotating fluid reactor apparatus. 
RCR – rotating cylinder reactor; CNM – concentrated nutrient medium; DNM – dilute nutrient medium, 
P1 and P2 – peristaltic pumps; C1, C2 and C3 – test cylinders 1, 2 and 3 connected via the synchronizing 
belt and driven by the stirrer. 

 

was agitated by a magnetic stirrer and fed the RCR at a steady flow rate, set by gravity. Those 

reactors were used alone or simultaneously to provide single or dual-species biofilms, 

respectively. The bioreactor was fed with DNM (described in sub-section 3.2) via a peristaltic 

pump, at a constant rate of 0.8 L/h in the case of single species biofilms or at 1.6 L/h for dual-

species biofilms in order to establish the same dilution rate as for the previous scenario. Sterile 

aeration via a cellulose acetate syringe filter with pore size of 0.22 µm (Whatman, VWR, 

Portugal) was provided to the RCR and to the chemostat.  

The bioreactor is a cylindrical tank with 28 cm of external diameter, 16 cm of height and 

0.40 cm of wall’s thickness. On the outside there is an effluent port at a height of 10.00 cm, so 

that the reactor biological volume is 5 L and there is 3 L left for aeration. A PMMA cover with 32 

cm of diameter and 1.40 cm of thickness fits the vessel and supports for the fixed triple shaft 

system that transmits the power to the cylinders. The main shafts are inserted in the lid in a 

triangular configuration so that they are distanced by each other in 12 cm and around 6 cm 

distanced to the wall. There is a tensioner that applies a tensioning force to the timing belt, 

adjustable accordingly to the desired velocity of the cylinders. An overhead stirrer (IKA-Werke 
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GmbH & Co. KG, Germany) with speed range from 50 to 2000 rpm provided the simultaneous 

rotation of the cylinders as they are connected by a synchronous belt. The cylinders rotate at 

controlled speed, and the corresponding Reynolds number of agitation 𝑅𝑒A can be determined 

accordingly to the following equation [333]:  

𝑅𝑒A =  
Da

2N𝜌

𝜇
        (3.6) 

where Da is the diameter of the cylinder; N is the rotation speed, 𝜌 is the fluid density and 𝜇 is 

the fluid viscosity.  

Considering that agitation flow in the tank is laminar for 𝑅𝑒A< 10 and turbulent for 

𝑅𝑒A> 104, in this study, the biofilms were formed under transitional agitation flow at the 

cylinders and laminar in the remote parts of the tank [333]. In order to obtain steady-state 

biofilms, the biofilms grew for 7 days [332]. 

For a Newtonian fluid, the Fanning friction factor establishes the relation between the 

𝜏w and the velocity of the flow kinetic energy given by the fluid density 𝜌 and its velocity 𝑣, and 

is defined by [334]:  

𝑓 =  
2 τw

𝜌 𝑣2           (3.7)  

For the RCR, the relationship between the 𝑓 and the  𝑅𝑒A for a rotating electrode under 

turbulent flow conditions (the critical ReA is 200) by Gabe and Walsh [335] was used: 

𝑓 = 0.158𝑅𝑒A
−0.3        (3.8) 

 

3.19. Biofilm sampling for characterization 

The cylinders were removed from the reactor and the biofilm wet biomass and thickness 

were measured. The biofilm (chemically untreated) was then removed using a stainless steel 

scraper, ressuspended in 10 mL of PB, and homogenized by vortexing (Heidolph, model Reax 

top) for 30 s at 100% power input. After homogenization, the biofilm suspensions were 

characterized in terms of total and matrix content (proteins and polysaccharides), biomass 

amount and cell density. Three independent biofilm formation experiments were performed for 

each case studied. 
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3.19.1. Thickness 

The thickness of biofilms developed in the RCR was determined using a digital 

micrometer (VS-30H, Mitsubishi Kasei Corporation) according to Teodósio et al. [304], for the 

studies presented in chapters 5 and 7.  

 

3.19.2. Biofilm mass quantification  

For the determination of the wet mass, the cylinders were removed from the RCR and 

the biofilm accumulated on the top and bottom surfaces was discarded. The cylinders were then 

weighed and the wet mass obtained by subtracting the mass of the clean cylinders (without 

biofilm). The dry mass of the biofilms was assessed by the determination of the total volatile 

solids (TVS) of the homogenized biofilm suspensions according to standard methods (American 

Public Health Association [APHA], American Water Works Association [AWWA], Water Pollution 

Control Federation [WPCF] ). 

The water content was estimated as the difference between the wet mass and the dry 

mass. The biofilm density was calculated using biofilm dry mass and the volume of the biofilm, 

estimated from its thickness and the adhesion surface area [337]. 

 

3.19.3. Cellular density   

For the enumeration of the total cell density, an aliquot of the homogenized biofilm 

suspension was microfiltered through a 0.22 µm Nucleopore® (Whatman, Middlesex, UK) black 

polycarbonate membrane. The membrane was stained with DAPI (VWR, Portugal). 0.5 µg/mL 

and left in the dark for 5 min [58]. After incubation the total cell counts were assessed using 

epifluorescence microscopy (LEICA DMLB2) as described in the sub-section 3.13. B. cereus spore 

numbers were assessed by surface plating (300 mL sample) after biofilm suspension heat 

treatment (80 °C, 5 min). The plates of solid CNM (13 g/L agar) were incubated at 27 °C for 72 h. 
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3.19.4. Protein and polysaccharide quantification 

Biofilm EPS extraction was performed according to a previously described method [338]. 

The procedure used for total (before EPS extraction) and extracellular biofilm protein 

quantification was the Lowry et al. [339] method as modified by Peterson [340], using the Total 

Protein Kit, Micro Lowry, Peterson’s Modification (Sigma, Portugal), with bovine serum albumin 

as standard. The total and extracellular polysaccharides were quantified through the phenol-

sulphuric acid method of Dubois et al. [341], with glucose as standard. 

 

3.20. Biofilm chemical treatment 

The cylinders from the RCR with biofilm were removed from the 5 L reactor, and then 

immersed vertically in 250 mL glass beakers (diameter: 6.8 cm) containing 200 mL of BDMDAC 

solution. The exposure to the biocide was carried out for 30 min, under the same 𝑅𝑒A used for 

biofilm formation. After biofilm chemical exposure, a neutralization step was performed to 

dilute the biocide to residual levels, as described by Johnston et al. [328]. The wet weight of the 

cylinders plus biofilm attached was determined before and after the exposure. The wet mass of 

the biofilm that was removed from the surface area of each cylinder, was expressed in terms of 

percentage of biofilm removal, as defined by equation 3.9. 

Biofilm removal (%)  =  
𝑋

𝑋biofilm
 ×  100    (3.9) 

where 𝑋biofilm is the wet mass of the biofilm before biocide exposure and 𝑋 is the wet mass of 

the biofilm that was removed due to biocide exposure. 

 

3.21. Biofilm removal by hydrodynamic stress 

The biofilm removal by hydrodynamic stress was assessed according to the method 

described by Simões et al. [332]. Biofilm layers were removed by submitting the biofilms 

submerged in PB to 30 s pulse exposure to increasing 𝑅𝑒A  (from 4000 to 16100). The wet weight 

of the cylinders plus biofilm attached was determined before and after exposure to the 

hydrodynamic stress. Additionally, the residual biofilms, covering the cylinders, were entirely 

removed with a stainless steel scraper and then the weight of cylinders without biofilm was 

determined, to quantify the remaining biofilm after the hydrodynamic treatment. The same 
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procedure was followed with the control assay, i.e., with the cylinder plus biofilm non-exposed 

to biocide. 

The amount of biofilm that remained adhered after exposure to the complete series of 

𝑅𝑒A was expressed as percentage of biofilm remaining, according to equation 3.10. 

Biofilm remaining (%)  =  
𝑋remaining

𝑋biofilm
 ×  100    (3.10) 

where 𝑋biofilm is the wet mass of the biofilm non-exposed to the series of increasing 𝑅𝑒A and 

𝑋remaining is the wet mass of the biofilm remaining adhered to the cylinder surface after the 

exposure to the series of increasing 𝑅𝑒A. 

 

3.22. Cylindrical zero-discharge FDG 

The FDG technique was invented in 2000 at the University of Cambridge by Tuladhar et 

al. [342] and relates the pressure drop across a nozzle to the distance between the nozzle and 

surface that is being gauged. A key feature is that the nozzle does not contact the surface. The 

cylindrical zero-discharge FDG (czFDG) was designed so that it could perform measurements in 

curved surfaces with no net change of liquid volume due to zero net discharge of liquid from the 

system. This new FDG device was also constructed at the University of Cambridge, in 2014. In 

addition to the author of this thesis, Professor Ian Wilson, Mr Shiyao Wang and Dr Akin Ali were 

also co-authors involved in its proof of concept. 

Fig. 3.3 shows a photograph and schematic of the czFDG apparatus. An aluminium frame 

holds the motorized linear drive and the reservoir (R). The test cylinder is located on a stainless 

steel shaft, so that its axis is collinear with that of the reservoir. Rotational and vertical 

movements of the sample are controlled manually, with 12 azimuthal positions (labelled by 

roman numerals I-XII) at 5 heights (labelled A-E), giving 60 different measuring locations. The 

gauging tube was moved via a motorized linear slide (Zaber Technologies, T-LSR075B, UK), 

manipulated via LabVIEW™ software (version 2013), with an accuracy of ± 15 µm. Pressure was 

measured using a piezo pressure transducer (Honeywell 24PCEFA6G, UK) relative to 

atmospheric pressure. The stated accuracy of the pressure transducer was ±5 Pa. The analogue 

signal from the pressure transducer was converted to digital via a DAQ device (National 

Instruments, USB-6009). Data were collected on a laptop using the LabVIEW™ software. The 

flow of the liquid through the nozzle was set by a syringe pump (Cole-Parmer, EW-74900-20): 
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the accuracy was determined by separate tests as ± 0.45%. An electrical circuit was used to 

determine the point of zero clearance. A digital microscope (Maplin, UK) provided images of the 

gauged area with 400 magnification. Fig. 3.4 shows the details of the nozzle and its dimensions.  

 

 

Fig. 3.3 – Photograph (a) and schematic (b) of the fluid dynamic gauging apparatus.  

DM - digital microscope; N - nozzle; PM - positioning mechanism; PT – pressure transducer; R - reservoir; 

S - sample. 

 

 

Fig. 3.4 – Detailed schematic of the gauging nozzle.  

Dimensions: inner diameter of gauging tube, 𝑑t = 1 mm; inner diameter of gauging tube, 𝑑 = 3.8 mm; 

nozzle entry length; nozzle entry length, 𝜆 = 0.2 mm; nozzle lip width, 𝑠 = 0.4. The internal divergent 

angle, 𝛼, is 45°. PT - pressure transducer, 𝛿 – deposit thickness; ℎ0 is the distance between the nozzle and 

the substrate; ℎ is the clearance measured by FDG; pi is the pressure at station i.  
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The device used here operates in pressure mode. The mass flow rate through the 

nozzle, �̇�, depends on the pressure drop across the nozzle, ∆𝑃12, and the distance between the 

nozzle and the surface (the clearance), ℎ. At small values of ℎ, �̇� is very sensitive to ∆𝑃12 and 

vice versa. The mass flow rate is maintained constant, using the syringe pump, and ∆𝑃 is 

measured as the nozzle is moved towards the surface. The (�̇�, ∆𝑃) data are used to calculate 

the discharge coefficient, 𝐶𝑑, which is the ratio between the measured �̇� and the ideal mass 

flowrate through the nozzle, [342]: 

𝐶d =  
�̇�

𝜋
4⁄  𝑑t

2√2𝜌∆𝑃12
       (3.11) 

where  is the density of the gauging liquid and dt is the diameter of the nozzle throat (see Fig. 

3.4). Knowledge of 𝐶𝑑 allows ℎ to be estimated from calibration plots. The FDG technique relies 

on the finding that 𝐶𝑑 is usefully sensitive to ℎ 𝑑t⁄  when ℎ 𝑑t⁄  < 0.3. Examples of the calibration 

plots are presented further in Fig. 8.4b. 

In practice, after determination of the reference point (e.g. using the metal strip on non-

conductive cylinders), the nozzle location relative to the substrate, ℎ0, is known and controlled 

by the movement of linear slide in pre-determined steps. Liquid is either sucked into or ejected 

from the nozzle at a set flow rate and ∆𝑃12 is measured, allowing 𝐶𝑑 to be calculated and ℎ then 

estimated from the 𝐶𝑑 - ℎ 𝑑t⁄  relationship. The thickness of any layer present, 𝛿, is calculated 

from: 

𝛿 =  ℎ0 − ℎ        (3.12) 

Estimates of 𝛿 can be made with the nozzle at different locations, for instance as the 

nozzle is moved towards the surface. The pressure drop (and accuracy of the measurement) 

increases as the nozzle approaches the surface, but the shear stress imposed by the gauging 

flow also increases, which could cause the deposit to deform.  

In FDG measurements the gauging fluid through the nozzle is in the laminar or inertial 

regime so the 𝐶𝑑 - ℎ 𝑑t⁄  relationship is sensitive to the Reynolds number, Ret, which is 

conventionally based on the nozzle throat diameter, 𝑑t:  

𝑅𝑒t = 4�̇� 𝜋𝜇𝑑t⁄         (3.13) 

where 𝜇 is the kinematic viscosity of the gauging liquid. 
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For calibration tests, both ejection and suction modes were performed with fixed flow 

rates of 0.066 g/s (𝑅𝑒t = 84) and 0.050 g/s (𝑅𝑒t = 63). The nozzle is moved to a known location 

relative to the surface and the syringe pump set to eject or withdraw liquid at a constant rate. 

The pressure drop ∆𝑃12 is measured before, during, and after the pumping period in order to 

determine the hydrostatic and dynamic pressure drops. A differential pressure transducer of 

sufficient accuracy in both modes was not available so gauge pressures were measured and the 

hydrostatic contribution accounted for. The nozzle is then moved to give another clearance 

value and the measurement repeated. This process was automated and took approximately 

60 s. Afterwards, while the nozzle was moved away from the surface, the position of the sample 

was adjusted manually (to the pre-determined positions) in order to measure at another point 

on the surface. 

Biofilms measurements were performed at room temperature, using PB as the gauging 

fluid, in order to maintain the physiological conditions similar to that in the RCR. Low gauging 

flow rates, of 0.066 g/s and 0.050 g/s, were used to prevent disruption of the biofilm layers. The 

alignment of the cylinder was first checked using the calibration procedure on cleaned regions 

at three different heights and two diametrically opposed locations on the azimuth plane. 

Variation in alignment arose from small differences in machining and assembling the cylinders, 

as well as mechanical slack in the mounting. The above procedure overcame this issue. 

3.23. Statistical analysis 

The experimental data was analysed using the statistical program SPSS version 20.0 

(Statistical Package for the Social Sciences). The mean and standard deviation within samples 

were calculated for all cases. At least three independent experiments were performed for each 

conditions tested. Data were analysed by the application of the non-parametric tests like the 

Kruskal-Wallis test or Mann-Whitney test (confidence level ≥ 95%).
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4. The effects of ferulic and salicylic acids on Bacillus cereus and 

Pseudomonas fluorescens single and dual-species biofilms - biocide 

selection for biofilm control 

Abstract 

Biofilms are a problem to food industries as they can cause equipment damage, food 

spoilage, increase energy costs and are a potential harbour for pathogenic microorganisms. 

Their extreme antimicrobial resistance proposes that novel control strategies are necessary. 

Plant secondary metabolites (phytochemicals) already demonstrated promising antimicrobial 

properties when applied against planktonic cells and biofilms. The aim of this study was to test 

the effectiveness of two phenolic acids: ferulic (FA) and salicylic (SA), alone and in combination 

(FSA) on the prevention and control of B. cereus and P. fluorescens biofilms. The antimicrobial 

activity of FA and SA was compared with a selected quaternary ammonium compound 

(BDMDAC). Additionally, several tests were performed to predict the adhesion ability of 

bacteria, namely, motility assays, bacterial surface characterization (hydrophobicity and surface 

charge) and the detection of quorum sensing inhibition (QSI) with the phenolic acids. The effects 

of a concentration two times the minimum inhibitory concentration (500 µg/mL) were assessed 

on single and dual-species biofilms. The results demonstrated that only swimming was affected 

by FA and SA and no clear relationship was obtained between the effects of phenolic acids on 

motility and biofilm prevention. The bacterial potential of adhesion was affected by the phenolic 

acids, as well as the surface charge. Only SA and FSA demonstrated capacity for QSI. Both 

bacteria were able to form single and dual-species biofilms in the presence of the phenolic acids. 

The application of FA and SA (single and combined) to biofilms caused low to moderate 

inactivation and removal. However, dual-species biofilms formed in the presence of phenolic 

acids were highly susceptible to a second exposure to the chemicals. The continuous exposure 

of dual-species biofilms to the phenolic acids decreased their resilience and resistance to 

inactivation and removal. The overall study clarifies the role of FA and SA on the prevention and 

control of biofilms formed by two important food spoilage bacteria. Moreover, it demonstrates 

their reduced antimicrobial activity compared to BDMDAC. 

 

Keywords: antimicrobial resistance; biofilm control; motility; ferulic acid; salicylic acid; 

dual-species biofilms 
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4.1. Introduction 

The evolution of microbial resistance mechanisms is related to the biofilm phenotype, 

and emergent strategies are required for their control. In fact, biofilm cells are more resistant 

to antimicrobial products than their planktonic counterparts [221, 343]. Therefore, new 

antimicrobial products need to be identified and their antimicrobial action against biofilms must 

be assessed. The lack of new antibacterial products for biofilm control has been recognized as a 

major unmet industrial and biomedical need. Plant secondary metabolites (phytochemicals) can 

provide interesting solutions for biofilm control [238, 314, 344]. Natural antimicrobial products 

can be attractive to the food industry in that they control natural spoilage microorganisms [345]. 

Previous studies [346, 347] have demonstrated that essential oils from selected plants inhibited 

the growth of four pathogenic bacteria (E. coli O157:H7, L. monocytogenes, S. enterica 

Typhimurium, and S. aureus) and reduced the metabolic activity of L. monocytogenes biofilms. 

 Phenolic substances, including simple phenols and phenolic acids, are a major class of 

phytochemicals that have already demonstrated significant antimicrobial properties [314, 348, 

349]. Their mechanism of action may include enzyme inhibition by the oxidized products and 

consequent disruption of energy production [181, 235, 314]. Phenolic acids have a carboxylic 

acid functionality and in the realm of plant metabolites they constitute a distinct group of 

organic acids, divided into two characteristic constitutive carbon frameworks: the 

hydroxycinnamic and hydroxybenzoic structures [350]. Chemically, their basic structure is 

similar, but the position and number of the hydroxyl groups on the aromatic ring defines the 

difference between the molecules. Phenolic acids are commonly used as preservatives in food 

applications, due to their antioxidant and antimicrobial activities [350]. However, diverse 

phenolic acids, including ferulic and salicylic acids, are promising candidates for cleaning and 

disinfection due to their antimicrobial properties and low cutaneous toxicity [235, 351-354]. 

The main purpose of this work was to study the action of two selected phenolic acids—

ferulic acid, a hydroxycinnamic acid; and salicylic acid, a hydroxybenzoic acid, against B. cereus 

and P. fluorescens single and dual-species biofilms. Positive controls were performed using 

BDMDAC, a biocide commonly used in disinfection products for domestic and clinic purposes 

and food industries [170, 187, 269]. The mechanism of action on bacteria of this quaternary 

ammonium compound was previously studied by Ferreira et al. [355], who also proved its 

efficiency in the inactivation of P. fluorescens biofilms [269]. The effects of phenolic acids were 

assessed on biofilm formation/prevention and control. Additional tests on bacterial motility, 
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quorum sensing inhibition (QSI), and cell surface physicochemical properties and charge were 

performed in order to assess potential mechanisms of action of the selected products. 

 

4.2.  Materials and Methods  

The work described in this section was performed using B. cereus and P. fluorescens 

cultures as described in sub-section 3.1 and cultivated in CNM according to sub-section 3.2. C. 

violaceum CV12472 was used to determine QSI according to sub-sections 3.1 and 3.2. Two 

phenolic acids were tested: ferulic acid (FA) and salicylic acid (SA) (Sigma-Aldrich, Portugal), as 

well as a combination (1:1) of FA and SA (FSA) as described in sub-section 3.3. To determine 

whether the presence of the FA and SA had some effects on the bacterial growth in liquid 

medium, the MIC (sub-section 3.6). For positive control in MIC determination a quaternary 

ammonium compound—BDMDAC (sub-section 3.3) was selected. Swimming and swarming 

motilities were also measured in the presence of FA, SA (sub-section 3.6), as well as the QSI 

activity (sub-section 3.10). The physicochemical properties of the bacterial surfaces, namely 

hydrophobicity and surface charge were assessed before and after exposure to FA, SA and FSA 

at 100, 500 and 1000 µg/mL for 1 h (following the methods described in the sub-sections 3.7 

and 3.9, respectively). As the physicochemical properties of the PS surfaces were also 

determined, it was possible to estimate the predicted free energy of adhesion of both species 

to PS according to sub-section 3.8. Additionally, the phenolics were used for screening tests in 

biofilms formed in microtiter plates for 24 hours (sub-section 3.11) to assess their cellular 

density (sub-section 3.12); their preventive effects (when biofilms were formed in the presence 

of the biocide) including the effects of exposure to a second dose (sub-section 3.14) and their 

effects on biofilm control (sub-section 3.15). The concentration of the phytochemicals used in 

these tests was 1000 µg/mL, as they are routinely classified as antimicrobials on the basis of 

susceptibility tests that produce inhibitory concentrations in the range of 100 to 1000 µg/mL 

[314]. For this purpose, a biomass quantification method using crystal violet (sub-section 3.16) 

and a modified alamarBlue® test (sub-section 3.17) were used to determine the percentage of 

biofilm removal and inactivation, respectively.  
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4.3. Results and discussion 

Interest in the use of phytochemicals as an alternative to conventional antimicrobials 

has been increasing significantly in recent years [181, 314, 356]. These molecules can act on 

multiple biochemical targets of the cell, preventing the emergence of antimicrobial resistance 

events [314, 357]. In the present work, the in-vitro activity of two phenolic acids was assessed, 

as single compounds – FA and SA, and in combination – FSA, against single and dual-species 

biofilms formed by B. cereus and P. fluorescens. Those bacteria are ubiquitous in industrial 

systems, and are particularly problematic in food processing plants [343]. Both FA and SA had 

inhibitory effects on the growth of the tested bacteria. The MIC of the phenolic acids was 500 

µg/mL for both bacteria. The phenolic acids (single and in combination) at twice the MIC had 

low effects on the inactivation of single and dual-species biofilms of B. cereus and P. fluorescens. 

BDMDAC also inhibited the growth of the bacteria. Its MIC was 5 µg/mL for B. cereus was and 

15µg/mL for P. fluorescens. Ferreira et al. [358] had already proved the biocidal effectiveness of 

BDMDAC against a P. fluorescens strain isolated from a drinking water distribution system, and 

established that it follows a mechanisms that includes ionic and hydrophobic interactions with 

the cell membrane, causing changes in membrane properties and function, and resulting in 

cellular disruption and loss of membrane integrity with consequent leakage of essential 

intracellular constituents. This is probably the cause of the higher growth inhibitory effects of 

BDMDAC compare to FA and SA.  

There are studies on the inhibition of planktonic cell growth with phenolic products [179, 

181, 359, 360]. However, studies on their biofilm control potential are scarce [235, 238, 344, 

351]. Furiga et al. [344] tested compounds from red wine, grape marc, and pine bark, and 

demonstrated interesting anti-plaque activity in-vitro against Streptococcus mutans. Jagani et 

al. [238] verified that phenol and natural phenolic compounds showed a significant reduction in 

biofilm formation by P. aeruginosa. Ergün et al. [351] evaluated the antimicrobial properties of 

aromatic ester derivatives of ferulic acid, which showed significant biofilm eradication potential, 

comparable to their MIC for planktonic cultures against Gram-positive bacteria and fungi. It 

seems fundamental to understand the role of phytochemicals as a source of new antimicrobial 

products for biofilm prevention and control. 

In order to ascertain putative aspects involved in the behaviour of B. cereus and 

P. fluorescens single and dual-species biofilms, studies on the effects of FA and SA on bacterial 

motility, surface physicochemical properties, and charge and QSI activity were performed.  
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Bacterial motility and biofilm formation are manifestations of functional responses to 

surface colonization. It is believed that motility may be implicated in the stabilization of cell-

surface and cell-to-cell interactions [361]. Swimming and swarming motilities are flagella-

mediated. However, swimming is considered to be individual motility in liquid medium, while 

swarming is a social movement of a group of bacteria, and permits rapid migration over a surface 

[362]. It is accepted that biofilm formation is enhanced by cell motility, particularly when it is 

mediated by flagella. This occurs because bacteria overcome the long-range repulsive forces 

that facilitate close approach to the surfaces, enabling accelerated surface adhesion [363]. In 

this study, the effects of phenolic acids were tested on swimming and swarming motilities of 

B. cereus and P. fluorescens. Swimming and swarming motilities increased over time in the 

absence of phenolic acids, for both bacteria (Table 4.1). However, this increase was only 

significant for swimming motility (P < 0.05). In the presence of the phenolic acids the swimming 

motility of B. cereus and P. fluorescens was significantly reduced when compared with the 

control experiments (P < 0.05). No significant changes over time were detected for the 

swimming motility of both bacteria when they were exposed to FA or SA (P > 0.05).  

The swarming motility of P. fluorescens and B. cereus was not significantly affected by 

FA or SA (P > 0.05). There are no statistical significant differences (P > 0.05) when comparing the 

action of the two phenolic acids on swimming and swarming motilities of B. cereus and  

 

Table 4.1 – Swimming and swarming motilities (mm) of B. cereus and P. fluorescens in the absence 
(control) and presence of FA and SA.  
The means ± standard deviation SD for at least three replicates are given. The 15 µL of bacterial culture 
produced an 8-mm (baseline) spot on the agar. 

 B. cereus  P. fluorescens 

 24 h 48 h 72 h  24 h 48 h 72 h 

Swimming 

Control 3.67 ± 0.6 7.33 ± 0.5 12.3 ± 1.5  13.3 ± 2.3 19.3 ± 2.5 24.7 ± 3.1 

FA 1.00 ± 0.2 1.00 ± 0.0 1.00 ± 0.0  1.00 ± 0.0 1.00 ± 0.0 1.00 ± 0.5 

SA 1.00 ± 0.0 1.00 ± 0.3 1.00 ± 0.0  1.67 ± 1.1 2.00 ± 0.4 2.00 ± 0.0 

Swarming 

Control 4.00 ± 0.0 5.00 ± 0.0 6.67 ± 0.6  3.00 ± 1.0 3.67 ± 1.2 4.67 ± 0.6 

FA 3.00 ± 0.0 3.00 ± 0.8 3.00 ± 1.9  2.33 ± 0.5 3.33 ± 0.6 3.33 ± 1.1 

SA 3.33 ± 0.6 3.33 ± 0.6 3.33 ± 1.6  3.33 ± 0.6 3.67 ± 0.8 3.33 ± 0.8 
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P. fluorescens. Houry et al. [364] reported the importance of motility in B. cereus biofilm 

formation in microtiter plates. In a previous study, Muller et al. [365] found that the inclusion of 

5 mM of SA in medium inhibited both growth and biofilm production by Staphylococcus 

epidermidis by up to 55%. Farber and Wolff [366] found that SA prevented the adhesion of 

bacteria (P. aeruginosa, E. aerogenes, K. pneumoniae, and Enterococcus faecalis) and yeast 

(Candida albicans) to silastic catheters. Borges et al. [235] found that gallic and ferulic acids had 

potential to inhibit motility and to prevent biofilms of four important human pathogenic bacteria 

(E. coli, L. monocytogenes, P. aeruginosa, and S. aureus). Those results clearly demonstrate that 

the action of FA and SA in motility and further biofilm prevention is strongly dependent on the 

bacterial species used. In this work, the assays of biofilm prevention showed low to moderate 

effects of FA, SA, and FSA on the inhibition of single and dual-species biofilm formation, 

indicating that the effects of phytochemicals on bacterial motility were not significant on biofilm 

prevention. Therefore, it was important to understand other factors involved in biofilm 

formation and development, particularly the aspects involved in the initial adhesion processes.  

Adhesion is a complex process that is affected by many aspects, such as the 

physicochemical characteristics of bacteria, the material surface properties, and the 

environmental factors [367, 368]. It is commonly observed that cell surface hydrophobicity can 

affect bacterial adhesion to different types of substrata, including hydrophobic surfaces, such as 

PS (Pang et al., 2005). B. cereus and P. fluorescens cells untreated and phenolic acids-treated 

cells were analysed in order to determine their surface tension parameters and hydrophobicity 

(Table 4.2). Both B. cereus and P. fluorescens cells are naturally hydrophilic, as their ∆G1w1 > 0 

mJ/m2, with this characteristic more pronounced for B. cereus (P < 0.05). The exposure to the 

phenolic acids caused a significant increase on ∆G1w1 (P < 0.05) for the B. cereus cells when they 

were exposed to FSA at 100 µg/mL and SA at 100 µg/mL. For P. fluorescens, the value of this 

component increased significantly (P < 0.05), namely after exposure to the highest 

concentrations of all the phenolic acids. The Lifshitz-van der Waals component γLW and the 

Lewis acid–base component, 𝛾𝐴𝐵, indicate the apolar or polar surface properties of the bacterial 

cell, respectively. Regarding the B. cereus cells, the exposure to the phenolic acids had no 

significant effect on the γLW (P > 0.05). The γLW was significantly increased by both the phenolic 

acids (P < 0.05) for P. fluorescens cells, with the smaller difference caused by the FA at 100 µg/mL 

and the most significant increase observed with SA at 100 µg/mL. Moreover, in the case of 

B. cereus, the γAB component was significantly affected by all the phenolic acids (P < 0.05),  
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Table 4.2 – Surface tension parameters and hydrophobicity (∆G1w1) of the untreated (control) and 
phenolic acids-treated cells.  
The means ± SD for at least three replicates are given. 

 

except for FA at 1000 µg/mL, FSA at 500 µg/mL and SA at 500 µg/mL. For P. fluorescens the 

magnitude of this parameter decreased significantly (P < 0.05) for all the conditions tested, with 

the minimum value being observed with FA at 1000 µg/mL and the maximum with FA at 

100 µg/mL. The γ+ and γ− values indicate if the cells have more ability to accept or donate 

electrons, respectively. The electron donor component of B. cereus cell surfaces increased 

significantly after treatment with FSA at 100 µg/mL and SA at 100 µg/mL (P < 0.05). The electron 

acceptor ability of B. cereus cell surfaces increased after treatment with FA at 500 µg/mL and SA 

at 100 µg/mL (P > 0.05). The γ− of P. fluorescens cell surfaces increased significantly (P < 0.05) 

  
Conc. 

(µg/mL) 

Surface tension parameters (mJ/m2) (∆G1w1) 
(mJ/m2) γLW γAB γ+ γ− 

Control 37.9 ± 2.5 15.9 ± 3.5 1.2 ± 0.4 47.4  ± 7.5 29.5 ± 6.0 

B
. c

er
eu

s 

FA 

100 39.0 ± 0.3 11.8 ± 1.0 0.7 ± 0.1 52.4 ± 1.7 32.2 ± 2.3 

500 39.1 ± 1.2 9.4 ± 2.2 0.4 ± 0.1 51.0 ± 6.0 34.1 ± 6.5 

1000 38.9 ± 0.9 12.6 ± 1.6 0.8 ± 0.2 50.5 ± 2.3 29.4 ± 3.2 

SA 

100 41.2 ± 0.9 0.0 ± 0.0 0.0 ± 0.0 75.8 ± 17.9 69.2 ± 15.8 

500 37.8 ± 0.3 11.9 ± 1.1 0.7 ± 0.2 56.2 ± 3.9 38.2 ± 6.6 

1000 38.7 ± 1.2 12.2 ± 2.0 0.8 ± 0.2 53.5 ± 4.5 33.3 ± 6.4 

FSA 

100 36.7 ± 0.5 0.0 ± 0.0 0.0 ± 0.0 73.2 ± 16.7 76.5 ± 14.5 

500 36.0 ± 1.9 12.7 ± 3.1 1.2 ± 0.2 54.5 ± 3.4 34.8 ± 6.1 

1000 38.1 ± 1.0 0.0 ± 0.0 0.0 ± 0.0 67.9 ± 8.7 56.8 ± 14.1 

Control 18.0 ± 0.9 9.6  ±  1.0 9.6 ± 1.0 48.9 ± 2.3 14.8 ± 2.2 

P
. f

lu
o

re
sc

en
s 

FA 

100 30.3 ± 0.6 15.5 ± 2.6 1.5 ± 0.4 44.0 ± 6.2 19.6 ± 3.6 

500 35.7 ± 1.6 15.1 ± 3.7 0.3 ± 0.3 54.6 ± 8.6 39.0 ± 14.8 

1000 35.7 ± 0.4 0.0 ± 0.0 0.0 ± 0.0 68.0 ± 8.4 60.7 ± 10.7 

SA 

100 37.0 ± 0.5 10.1 ± 3.0 0.7 ± 0.4 47.9 ± 8.0 22.3 ± 5.3 

500 35.9 ± 0.4 9.4 ± 3.2 0.0 ± 0.0 46.2 ± 8.5 41.2 ± 5.4 

1000 33.9 ± 2.0 3.0 ± 0.7 0.0 ± 0.0 64.2 ± 7.9 54.1 ± 11.6 

FSA 

100 35.8 ± 1.3 14.3 ± 2.9 1.2 ± 0.4 40.8 ± 10.5 13.3 ± 3.5 

500 34.2 ± 1.5 14.4 ± 2.4 1.5 ± 0.3 38.7 ± 3.3 15.1 ± 3.1 

1000 36.3 ± 1.2 9.8 ± 1.3 0.6 ± 0.1 46.5 ± 5.0 24.8 ± 1.5 
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with exposure to FA at 1000 µg/mL and SA at 1000 µg/mL (P < 0.05). The γ+component of 

P. fluorescens cell surfaces decreased significantly with exposure to the phenolic acids and with 

an increase of concentration (P < 0.05).  

The surface tension values allowed the assessment of the free energy of adhesion 

between the bacterial surfaces and the substratum PS (Table 4.3). B. cereus untreated cells had 

a ∆G1w2
Tot = -1.80 mJ/m2. After exposure to the phenolic acids there was an increase of the free 

energy of adhesion for all the conditions. The maximum value of ∆G1w2
Tot = 12.18 mJ/m2 was 

observed for the treatment with SA at 100 µg/mL. In the case of P. fluorescens the untreated 

cells had a ∆G1w2
Tot = 13.51 mJ/m2. The exposure to the phenolic acids caused a decrease in the 

free energy of adhesion, for all the conditions. The minimum value of ∆G1w2
Tot = -5.62 mJ/m2 was 

observed after exposure to FSA at 500 µg/mL. Comparing the thermodynamic capability for 

adhesion between the bacteria and PS, the results obtained shown that the exposure to the 

phenolic acids works against the adhesion of B. cereus to PS but favours P. fluorescens. These 

results based on thermodynamic analysis indicate that FA and SA may prevent B. cereus biofilm 

formation. The effects of phytochemicals on the prevention of biofilm formation by E. coli, 

P. aeruginosa, S. aureus, and L. monocytogenes was also demonstrated by Borges et al. [235] 

using microtiter plate tests.  

 

Table 4.3– Free energy of adhesion (∆G1w2
Tot ) between B.cereus and P. fluorescens untreated (control) and 

phenolic acids-treated cells to PS. 

Phenolic acid Conc.(µg/mL) B. cereus P. fluorescens 

Control  -1.80 13.51 

FA 100   1.04  -1.25 

 500  -0.69   2.42 

 1000   0.08   8.91 

SA 100 12.18  -1.70 

 500   3.90  -5.74 

 1000   2.13   7.21 

FSA 100 11.82  -5.62 

 500   4.27  -6.40 

 1000   8.26  -2.69 
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The surface charge of the cell was also assessed to provide information on the potential 

electrostatic repulsive/attractive events between the bacterial cell surfaces and PS. The bacteria 

tested have a negative cellular surface charge: -19.07 mV (B. cereus) and -9.07 mV (P. 

fluorescens). The zeta potential values (Fig. 4.1) of both bacteria after exposure to the phenolic 

acids were significantly different from the control (P < 0.05). 

It was observed that under physiologically conditions the bacteria have negative surface 

charges. When exposed to phenolic acids the surface charge of the bacteria increased 

significantly. The surface charge of P. fluorescens became less negative with increasing phenolic 

acid concentration, for all compounds (P < 0.05). Also, the surface charge changes were 

concentration-dependent. The same behaviour was observed for B. cereus with FSA (P < 0.05). 

Exposure of B. cereus to SA and FA also increased significantly the surface charge (P < 0.05), 

however, this change was not concentration dependent (P > 0.05).  

This effect seems to increase the interaction between the bacterial surfaces and PS and 

may help in understanding the failure of FA and SA (single and combined) to prevent biofilm 

formation. In fact, PS has a zeta potential of -32 mV [221]. Quorum sensing, a form of cell-to-cell 

communication in bacteria, is an important regulatory mechanism in biofilm formation and 

 

 

Fig. 4.1 – Zeta potential values (mV) of suspensions of B. cereus (a) and P. fluorescens (b) when exposed 
to different concentrations of FA, SA and FSA: 0 (  ), 100 (  ), 500 (  ) and 1000 (  ) µg/mL) for 1h.  
The means ± SD for at least three replicates are given. 
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differentiation. Interference with quorum sensing can affect the biofilm development and make 

the bacteria more susceptible to antimicrobials [369]. Data provided by some studies showed 

that mutants with lack of quorum sensing form biofilms that are more unstructured, and 

susceptible to chemical agents compared to wild types [9, 370]. A disc diffusion assay was 

performed for QSI screening using C. violaceum CV12472. Diverse concentrations of the phenolic 

acids were tested, in order to ascertain if the halos produced around the biosensor strain were 

due to bacterial growth inhibition and/or QSI (Table 4.4). Hence, loss of purple pigment by C. 

violaceum CV12472 was indicative of QSI by phytochemicals. 

No pigment inhibition was observed with FA at the concentrations tested. However, 

growth inhibition halos between 6.5 and 9.6 mm were detected. Inhibition of pigment 

production was observed for SA and FSA at 500 and 1000 µg/mL. SA caused a higher inhibition 

halo than FSA and that effect was also concentration dependent. For these cases, the white 

zones of inhibition were opaque and not transparent, indicating that the halo around the disks  

 

Table 4.4 – Screening for the QSI effects and antimicrobial activity (AM) of FA, SA and FSA against 
C.  violaceum CV12472. 
The halos are present as the total final halo minus the diameter of the disk (6mm). 

 
Concentration 
(µg/mL) 

Pigment 
production a 

AM b  
(mm) 

QSI  c  
(mm) 

FA 

100 + Y (6.5) N 

500 + Y (8.5) N 

1000 + Y (9.6) N 

SA 

100 + Y (6.9) N 

500 +/- Y (9.9) Y (4.9) 

1000 +/- Y (13.3) Y (7.9) 

FSA 

100 + Y (6.7) N 

500 +/- Y (9.9) Y (2.4) 

1000 +/- Y (12.5) Y (4.3) 

DMSO LB + N N 

  + N N 

a (+) Indicates visualization of pigment; (-) Indicates absence of purple pigment 
colors; (+/-) Indicates partial visualization of purple pigment  

b Y – Antimicrobial activity observed as a clear halo; absence of antimicrobial 
activity. Diameter of zone of inhibition in mm in parentheses. 

c Y – QSI observed as colourless halo of viable cells; N absence of QSI. 
Diameter of QSI in mm in parentheses. 
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was caused by inhibition of violacein production, and not due to the inhibition of cell growth. 

Antimicrobial activity, in addition to QSI, was also observed for SA and FSA. The results obtained 

in this study demonstrated that SA had potential for QSI, despite the small size of halos 

produced. Moreover, SA had antimicrobial activity in addition to QSI. This effect of SA on QSI 

can help in understanding the results obtained with biofilms, particularly the behaviour of dual-

species biofilms after a second exposure to phytochemicals. However, the QSI activity verified 

with this phenolic acid needs to be further characterized, particularly in relation to the 

mechanisms involved in the inhibition process. In fact, it is probable that FA may have QSI 

activity, not detectable by the method used [325]. 

The single and dual-species biofilms were characterized in terms of total cell numbers. 

B. cereus biofilms had total cell counts of 6.49 ± 0.16 log cells/cm2, whereas P. fluorescens had 

6.64 ± 0.13 log cells/cm2. Dual-species biofilms presented higher values of total cells (6.77 ± 0.23 

log cells/cm2), although this result was not statistically different from the cell densities of single 

species biofilms (P > 0.05). These 24 h old biofilms had statistically comparable cell densities and 

they were similar to those of biofilms formed by other bacteria on 96-well PS microtiter plates 

[327]. It is conceivable that the small differences in cell density of P. fluorescens and B. cereus 

single and dual-species biofilms were not the reason for the distinct susceptibility and behaviour 

to phytochemical exposure.  

The preventive action of FA, SA, and FSA on biofilm formation at twice the MIC (1000 

µg/mL) was assessed by developing B. cereus and P. fluorescens single and dual-species biofilms 

in the presence of these chemicals (Fig. 4.2). In terms of inactivation (Fig. 4.2a), dual-species 

biofilms were equally affected in terms of reduction of biofilm activity by FSA and SA (P > 0.05), 

whereas a significantly lower percentage was found for FA (P < 0.05). P. fluorescens biofilms had 

the highest percentage of inactivation with FSA, compared with FA and SA. However, the 

inactivation percentages were statistically similar (P > 0.05). The SA had low effects on B. cereus 

biofilm inactivation. The effects of FSA were more pronounced than those of FA on B. cereus 

biofilms (P < 0.05).  

The reduction on P. fluorescens biofilm formation (Fig. 4.2b) was similar (P > 0.05) for 

FSA and FA, and showed a moderate decrease (P < 0.05) for SA. In the case of B. cereus biofilms, 

FA had the most significant preventive action (P < 0.05) when it was compared with FSA and SA 

(P > 0.05). The highest preventive effects were observed with FA and FSA (P < 0.05) for the dual-

species biofilms. 
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Fig. 4.2 – Preventive action (24 h old biofilms formed in the presence of phenolic acids) of FSA, SA, and SA 
on the activity (a) and biomass formation (b) of P. fluorescens ( ) and B. cereus ( ) single and dual- ( ) 
species biofilms.  
Mean values ± SD for at least three replicates are illustrated. 

 

For P. fluorescens biofilms, no correlation was verified between the thermodynamic 

adhesion and biofilm prevention tests. This result indicates that the surface physicochemical 

properties are not the main factor regulating the initial adhesion process. Moreover, in these 

conditions biofilm prevention was not achieved. This indicates that initial adhesion did not 

predict the ability of the tested bacteria to form a biofilm, suggesting that other events such as 

phenotypic and genetic switching during biofilm development and the production of 

extracellular polymeric substances, may play a significant role in biofilm formation and 

differentiation [221]. 

The phenolic acids were applied to 24 h old biofilms and their effects were assessed on 

inactivation (Fig. 4.3a) and biomass removal (Fig. 4.3b). The phenolic acids had low effects on the 

inactivation (< 25%) of single and dual-species biofilms of B. cereus and P. fluorescens. Despite 

the lower percentage (< 20%), FSA promoted the most significant inactivation for P. fluorescens 

and B. cereus single and dual-species biofilms (P < 0.05).  
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Fig. 4.3 – Percentage of inactivation (a) and reduction (b) of P. fluorescens ( ) and B. cereus ( ) single 
and dual-species ( ) biofilms treated with FSA, FA, and SA for 1 h. 
* no inactivation was found.  
Mean values ± SD for at least three replicates are illustrated. 

 

In the case of P. fluorescens biofilms, SA was more effective than FA (P < 0.05), while the 

opposite occurred for B. cereus biofilms (P < 0.05). The FA and SA had similar (P > 0.05) effects 

on the inactivation of dual-species biofilms. In terms of biofilm removal, a moderate action 

(removal > 25%) was found for P. fluorescens biofilms treated with FSA and FA and for B. cereus 

biofilms exposed to FA. The remaining treatments had low effects in terms of biofilm removal. 

The biomass reduction of P. fluorescens and B. cereus single biofilms (Fig. 4.3b) was similar 

(P > 0.05) for FA and SA. For the dual-species biofilm, the biomass reduction was low and 

statistically similar for the diverse treatments (P > 0.05).  

Comparing the effects of FA or SA on biofilm control (inactivation and removal), no 

significant differences were obtained. Also, their combination (FSA) was not always more 

effective than the individual chemicals. The comparison of the results from this study with 

previous reports clearly demonstrates that different bacterial species display distinct 

antimicrobial susceptibilities. A study with hydroxycinnamic and hydroxybenzoic acids 

demonstrated that those hydroxycinnamics cause higher inhibition of a strain of Oenococcus 

oeni in planktonic state [371]. Borges et al. [235] found that both gallic and ferulic acids had 

strong potential to inactivate and remove biofilms of E. coli, L. monocytogenes, P. aeruginosa, 

and S. aureus. Prithiviraj et al. [372], using the Arabidopsis thaliana – P. aeruginosa pathosystem, 

gathered evidence that suggests that SA, besides triggering defence responses, could also act 



Biofilm control approaches: alternative biocides and shear stress 

86 

on P. aeruginosa by disruption of biofilm formation on biotic and abiotic surfaces and by 

repression of a number of virulence factors. Other authors [373, 374] found that salicylic-acid-

based and releasing polymers significantly reduced biofilm formation by S. enterica 

Typhimurium and E coli. Ergün et al. [351] demonstrated that simple aromatic esters of FA 

inhibited biofilm formation by S. aureus at a concentration below 8 µg/mL. In terms of biofilm 

removal, moderate efficacy was only detected for FSA (P. fluorescens single biofilms) and FA 

(B. cereus and P. fluorescens single biofilms). These results are in accordance with the findings 

of Jagani et al. [238]. These authors compared the effects of various natural phenolic compounds 

on P. aeruginosa biofilm removal, showing that SA caused a moderate reduction (45%) when 

compared to other molecules. Saavedra et al. [181], in studies with planktonic bacteria (E. coli, 

P. aeruginosa, L. monocytogenes, and S. aureus) found low levels of inhibitory effects of 

hydroxycinnamic acids (ferulic and caffeic acids) and a hydroxybenzoic acid (gallic acid), when 

compared to selected antibiotics (gentamicin, ciprofloxacin, and streptomycin). It is assumed 

that hydroxycinnamic and hydroxybenzoic acids have similar antibacterial action mechanisms, 

promoting enzyme inhibition, possibly through reaction with sulfhydryl groups or through 

nonspecific interactions such as the reversible or irreversible reaction of quinonic compounds 

with amino acids or with peptides [356, 375].  

 The effects of a second exposure to phytochemicals were assessed on single and 

dual-species biofilms formed in the presence of phenolic acids (Fig. 4.1). The exposure of 

presumptively adapted biofilms to the phytochemicals promoted a high inactivation (> 80%) of 

dual-species biofilms, with FSA, FA, and SA showing similar effects (P > 0.05). The metabolic 

activity of single species biofilms was affected to a low extent and the inactivation promoted by 

the phenolic acids was similar when comparing both B. cereus and P. fluorescens single species 

biofilms (P > 0.05). The action of phenolic acids on the removal of presumptively adapted 

biofilms was moderate (removal > 25%) for all conditions analysed. The application of FA, SA, 

and FSA caused similar removal of B. cereus and P. fluorescens single species biofilms (P > 0.05). 

The dual-species biofilms were the most significantly affected by the chemicals, with FA and SA 

promoting the higher removal percentages (P < 0.05). 
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Fig. 4.4 – Percentage of inactivation (a) and reduction (b) of P. fluorescens ( ) and B. cereus ( ) single 
and dual-species ( ) biofilms formed in the presence of FSA, FA, and SA for 24 h and subsequently 
exposed to the phenolic acids for 1 h.  
Mean values ± SD for at least three replicates are illustrated. 

 

This is a surprising result as in previous studies [160, 312] it was found that the 

B. cereus – P. fluorescens association increased resistance to antimicrobial products (an 

aldehyde-based biocide and a quaternary ammonium compound) comparatively to their single 

species biofilms. This study demonstrates that dual-species biofilm formation in the presence of 

FA, SA, or FSA will increase their susceptibility to a second exposure to the chemicals. This is a 

new finding and indicates that the interactions established by B. cereus and P. fluorescens in the 

formation of dual-species biofilms seem to be affected by the presence of FA, SA, or FSA. In fact, 

single species biofilms were almost unaffected by the second exposure to the phenolic acids. 

Houry et al. [364] demonstrated that the infiltration of Bacillus thuringiensis into a 

Staphylococcus aureus biofilm promotes the penetration of macromolecules, such as 

antimicrobials, into the biofilm. The authors suggested that these tunnelling bacteria can be 

used to increase the efficacy of biocides in both industrial abiotic surface disinfection and human 

infections. This is one of the probable aspects that might be involved in the increased 

susceptibility of the dual-species biofilms to the phytochemicals tested.  
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4.4. Conclusion 

In conclusion, FA and SA can significantly reduce bacterial swimming motility, increase 

the surface charge value, and promote changes in the physicochemical surface properties of 

both B. cereus and P. fluorescens. SA demonstrated potential for QSI. Their distinct chemical 

structure does not seem to cause differences in the biofilm control activity, when the molecules 

were applied individually (FA and SA) and in combination (FSA). This result reinforces the 

inadequacy of planktonic tests to the design of disinfection procedures to be applied to control 

biofilms. The development of biofilms in the presence of phenolic acids increased the 

susceptibility of dual-species biofilms to a second exposure to the chemicals, arguably due to an 

interference with the interactions involved in B. cereus – P. fluorescens biofilm formation and 

structure. For both bacteria, the MIC of BDMDAC was significantly lower than the MIC of the 

phenolic acids, and therefore the biocide was selected for further studies regarding biofilm 

control. This option is based on the use of more economic and sustainable control strategies, 

since smaller amounts of the compound would be needed to achieve the same growth inhibitory 

results, when compared to the phytochemicals. 
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5. The effects of surface type on the removal of Bacillus cereus and 

Pseudomonas fluorescens single and dual-species biofilms 

Abstract 

The aim of this work was to assess the effectiveness of the biocide BDMDAC on the 

removal of single and dual-species biofilms of B. cereus and P. fluorescens formed in a RCR, using 

SS and PMMA as adhesion surfaces. Additional tests were performed to understand the 

adhesion of B. cereus and P. fluorescens to the selected surfaces. Predictions of the adhesion 

potential according to a thermodynamic theory showed more favourable adhesion on SS than 

on PMMA, for both species. Thermodynamically, adhesion was more favourable for B. cereus. 

After BDMDAC treatment, thermodynamic adhesion ability was favoured for P. fluorescens and 

decreased for B. cereus, mainly on PMMA. Both bacteria had negative surface charge and the 

exposure to BDMDAC increased the charge to less negative values. In vitro adhesion results 

were, for most cases, contradictory to those predicted by the thermodynamic theory. Single and 

dual-species biofilms were formed in the RCR for 7 days. The phenotypes of biofilms formed on 

the two materials were evaluated. PMMA favoured the production of extracellular proteins in 

the case of dual-species biofilms and extracellular polysaccharides in the case of B. cereus single 

species biofilms. P. fluorescens biofilms presented the highest amount of extracellular proteins 

and polysaccharides when formed on SS. Afterwards, the biofilms were exposed to the chemical 

(use of BDMDAC) and to hydrodynamic stresses (use of increasing Reynolds number of 

agitation), alone and combined. The applications of BDMDAC or hydrodynamic stress, when 

applied alone, were insufficient to remove the biofilms from the surfaces. The combined effects 

of BDMDAC with a series of increasing Reynolds number of agitation promoted additional 

biofilm removal. This effect was dependent on the surface used. For PMMA, the hydrodynamic 

stress was more effective on the removal of BDMDAC-treated dual-species biofilms. For SS, the 

synergy of the chemical and hydrodynamic stresses removed more B. cereus and dual-species 

biofilms. The overall results demonstrate that the species association was not advantageous in 

biofilm resistance to removal when compared with the single species biofilms, particularly those 

of P. fluorescens. In general, removal by hydrodynamic stress, alone and preceded by the 

BDMDAC treatment, was higher for biofilms formed on SS. However, even the combined action 

of BDMDAC with the exposure to a series of increasing Reynolds number of agitation were not 

effective to obtain biofilm-free surfaces. 
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5.1. Introduction 

Food industries face costly losses due to food spoilage and contamination with 

pathogenic microorganisms that often survive as biofilms [150], which are highly resistant to 

antimicrobials [376, 377]. Conventional strategies for disinfection leave residual microorganisms 

on the equipment surfaces, allowing the biofilm re-establishment [75, 149]. An effective biofilm 

control strategy must include the combination of disinfection with a mechanical removal step 

[332, 378]. Previous works using similar strategies have been done, though using only one 

material as adhesion surface and mostly one bacterium for biofilm formation [302, 312, 332, 

379]. However, the biofilm formation process can be affected by the type of adhesion surface 

[30], and further evidences are needed on the practical influence of this aspect on surface 

cleaning.  

In this study, the RCR was used for biofilm formation on SS and PMMA surfaces, 

providing hydrodynamic conditions similar to those found in industrial plants [312]. SS is the 

most common material used in industrial processes [380]. PMMA is widely used in laboratory-

scale bioreactors [48, 269, 381, 382]. To understand the microbial behaviour in the first steps of 

the biofilm formation process, the effects of the surface type and the exposure to BDMDAC were 

assessed on the bacterial physicochemical surface properties and on the initial adhesion to the 

selected surfaces.  

 

5.2. Materials and Methods 

The work described in this section was performed using B. cereus and P. fluorescens 

cultures described in sub-section 3.1 and cultivated using the media and the conditions 

described in the sub-section 3.2. The materials tested were AISI316 SS and PMMA prepared 

according to sub-section 3.4. The physicochemical properties of the bacterial surfaces (before 

and after exposure to BDMDAC at 300 µg/mL for 30 min) and materials, namely hydrophobicity 

and surface charge were assessed following the methods described in the sub-sections 3.7 and 

3.9, respectively. Additionally in-vitro adhesion assays (sub-section 3.13) were performed in 

1 cm2 slides of both materials to assess the initial adhesion of single and dual-species cultures. 

The RCR was used to grow biofilms on cylinders of PMMA with a surface area of 44.0 cm2 

(diameter = 2.8 cm, length = 5.0 cm) or SS with a surface area of 34.6 cm2 (diameter = 2.2 cm, 

length = 5.0 cm) using the method described in sub-section 3.18. The biofilms obtained were 
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characterized in terms of major structural aspects as described in the sub-section 3.19. The 

biofilm removal was assess after treatment with BDMDAC at 300 µg/mL for 30 min (sub-section 

3.20) and with hydrodynamic stresses by means of increasing Reynolds number of agitation 

(sub-section 3.21). Results are presented in terms of percentage of biomass removed after each 

treatment and after the combination of both chemical and mechanical treatments  

 

5.3. Results and Discussion 

Initial tests regarding the hydrophobicity of the cells and the selected surfaces were 

performed in order to estimate the effects of BDMDAC on bacteria-surface interaction, 

according to the thermodynamic theory of adhesion [320-322]. The results for the untreated 

B. cereus and P. fluorescens cells were already presented and discussed in Chapter 4. Therefore, 

Table 5.1 presents only the results of the surface tension parameters and hydrophobicity for the 

cells treated with BDMDAC, and for PMMA and SS surfaces.  

P. fluorescens cell surfaces became even more hydrophilic after the exposure to 

BDMDAC, whereas in the case of B. cereus no significant effect was observed. The treatment of 

P. fluorescens with BDMDAC increased significantly (P < 0.05) its apolar properties (indicated by 

the Lifshitz-van der Waals component) and decreased significantly (P < 0.05) its polar properties 

(indicated by the Lewis acid-base component). Again, no significant effects occurred in these 

parameters after exposure of B. cereus to BDMDAC (P > 0.05). The surfaces of both cells were 

predominantly electron donors. This ability increased significantly due to BDMDAC exposure 

(P <  0.05). The electron accepting capacity of P. fluorescens (P < 0.05) decreased after biocide 

 

Table 5.1 – Surface tension parameters and hydrophobicity (∆G1w1) of the BDMDAC-treated cells, and 

for PMMA and SS surfaces.  
The means ± SD for at least three replicates are given 

  Surface energy parameters (mJ/m2) ∆G1w1  
(mJ/m2)   𝛾LW 𝛾AB 𝛾+ 𝛾− 

B. cereus 37.7 ± 1.2 14.3 ± 2.2 1.0 ± 0.2 57.7  ±1.9 37.5 ± 3.2 

P. fluorescens 39.5 ± 1.7 9.3  ± 2.5 0.3 ± 0.1 64.2 ± 3.9 49.3 ± 7.2 
      

PMMA 40.9 ± 0.9 4.2 ± 1.0 1.5 ± 0.4 2.4 ± 0.5 -58.4 ± 7.3 

SS 37.6 ± 1.1 4.0 ± 0.4 0.6 ± 0.1 5.9 ± 1.3 -44.8 ± 7.9 
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 exposure, but the same did not occur for B. cereus (P > 0.05). PMMA and SS are hydrophobic 

surfaces. However, PMMA is more hydrophobic and its apolar properties (γLW) were higher than 

for SS. Nevertheless, the ability to donate electrons (γ−) was higher for SS (P < 0.05). The results 

obtained for the SS hydrophobicity are similar to previous observations [40]. The water contact 

angles of PMMA are also in agreement with earlier studies [383, 384].  

The results on the free energy of adhesion (Table 5.2) between the bacteria and the 

selected surfaces showed that adhesion was thermodynamically more favourable on PMMA 

than on SS, for both species. Before the chemical treatment, P. fluorescens adhesion seems to 

be less favourable than for B. cereus. The bacterial exposure to BDMDAC disfavoured the 

adhesion of B. cereus, particularly on PMMA. An opposite effect was observed for P. fluorescens.  

The cell surface charge was determined in order to assess the influence of BDMDAC on 

this cell property (Table 5.3). Under physiological conditions B. cereus and P. fluorescens had 

negative surface charges. The treatment with BDMDAC increased the bacterial cell charge to 

less negative values. This effect is probably a result of the cationic nature of BDMDAC [355]. 

 
Table 5.2 – Free energy of adhesion (∆G1w2

TOT – mJ/m2) between the untreated (control) and BDMDAC-
treated B. cereus and P. fluorescens cells and PMMA and SS surfaces.  
The means for at least three replicates are given. 

 B. cereus P. fluorescens 

 Control BDMDAC Control BDMDAC 

PMMA -19.0 -14.2 2.6 -14.6 

SS -9.3 -3.7 7.7 -2.9 

 
 
Table 5.3 – Zeta potential values (mV) of the untreated (control) and BDMDAC-treated B. cereus and 
P. fluorescens, PMMA and SS.  
The means ± SD for at least three replicates are given 

 Control BDMDAC 

Bacteria   

 B. cereus -18.7 ± 0.9 -15.6 ± 2.0 

 P. fluorescens -9.8 ± 0.5 -4.1 ± 0.1 

Materials  

 PMMA -1.7 ± 0.3 

 SS -2.1 ± 0.3 
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The mechanism of initial bacterial adhesion to surfaces has been studied by many researchers 

and was proposed to depend on both long-range forces like electrostatic and thermodynamic 

forces and short-range forces like van der Waals attraction [385, 386]. In addition to 

thermodynamics, the cell surface charge was found to influence bacterial adhesion to surfaces 

through attractive or repulsive electrostatic forces [387, 388]. Bellon-Fontaine et al. [389] stated 

that prediction of bacterial adhesion to surfaces was found to be made accurately when 

electrostatic forces were considered in addition to thermodynamic properties of the cell surface. 

However, the in vitro adhesion results (Fig. 5.1) do not provide clear evidences on the role of 

thermodynamic aspects and surface charge on bacterial adhesion. Even if B. cereus was 

thermodynamically more prone to adhere to the surfaces, higher numbers of P. fluorescens cells 

adhered to the surfaces, being the number of adhered cells similar on PMMA and SS (P > 0.05). 

The number of adhered cells for the combination of B. cereus and P. fluorescens is apparently 

an average of the numbers obtained with the single species. In vitro tests also indicated that 

BDMDAC decreased the numbers of adhered cells, being this effect stronger for B. cereus 

(P <  0.05) than for P. fluorescens (P > 0.05). The higher number of P. fluorescens remaining 

adhered, after BDMDAC exposure, might be due to the fact that Gram-negative bacteria have a 

cell envelope/outer membrane which regulates the passage of substances to the periplasmic 

space and the cytoplasm. This fact may contribute to a higher intrinsic resistance of P. 

fluorescens to biocides than the Gram positive B. cereus [390]. 

 

 
 

Fig. 5.1 –  Numbers of B. cereus and P. fluorescens single and dual-species cells previously adhered for 2h 
on PMMA ( ) and SS ( ) surfaces, before (I) and after a 30 min treatment with BDMDAC (II).  
The means ± SD for at least three replicates are given. 
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The disagreement between the thermodynamic study and in vitro adhesion results is 

arguably due to the limitations of the thermodynamic theory. This theory of adhesion may 

predict some outcomes of the bacterial adhesion. However, accurate values for bacterial surface 

free energies are very difficult to obtain as cells are living organisms, with complex chemistry 

and hydration processes. Moreover, this theory implies an equilibrium model and a closed 

system, where there are no energy exchanges with the outside [391]. Bacterial cells are 

metabolically active, and energy consuming physiological mechanisms like the synthesis of EPS, 

may be influencing the adhesion events [392]. In fact, Simões et al. [221] had also found similar 

results studying the initial adhesion of drinking water-isolated bacteria. These findings 

underscore that despite the physicochemical surface properties of both the bacterium and 

substratum being crucial for the adhesion phenomena, other biological aspects such as 

phenotypic and genetic switching, and the production of EPS, may play a significant role on 

biofilm formation and differentiation. Motility processes ruled by extracellular appendages (pili, 

flagella, fimbriae), the presence of outer membrane proteins and quorum sensing mechanisms 

also play an important role in the attachment to surfaces [8, 393, 394].  

The 7 days old biofilms (shown in Fig. 5.2 prior to the treatments) were exposed to 

BDMDAC under the same hydrodynamic conditions used for its formation.  

 

Fig. 5.2 – Photographs of the cylinders of PMMA (I) and SS (II) covered with B. cereus (a), P. fluorescens 
(b) single and dual-species (c) biofilms, before any treatment.  
For both materials, the photograph of a clean cylinder (d) is shown for comparison. 
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Biofilms formed on PMMA and SS cylinders were characterized in order to infer on the 

influence of some structural aspects on their resistance to removal. The results obtained (Table 

5.4) demonstrated that both species formed biofilms with distinct characteristics, dependent on 

the species association and on the adhesion surface used. P. fluorescens and B. cereus single and 

dual-species biofilms differed in terms of thickness and biofilm dry mass. These differences are 

also dependent on the substratum, although the same patterns can be observed in the case of 

thickness and biofilm mass, which were both higher for the dual-species biofilms, followed by 

the P. fluorescens and B. cereus single species biofilms. Overall the biofilms formed on PMMA 

presented higher values of dry mass than those formed on SS. Dual-species biofilms presented 

higher cellular density when formed on PMMA, and were always predominantly colonized by 

B. cereus. Again, these results are not in agreement with the thermodynamic prediction of 

adhesion, which was globally more favourable in the case of P. fluorescens, when compared to  

 

Table 5.4 – Characteristics of B. cereus and P. fluorescens single and dual-species biofilms formed on 
PMMA and SS cylinders.  
The means ± SDs for at least three replicates are given. 

 B. cereus P. fluorescens Dual-species 

 PMMA   

Biofilm thickness (µm) 59 ± 20 255 ± 8 329 ± 9 

Dry biofilm mass (mg/cm2) 0.258 ± 0.06 0.295 ± 0.02 0.324 ± 0.05 

Log cell density (cells/cm2) 6.78 ± 0.31 6.81 ± 0.14 7.66 ± 0.08a 

Matrix polysaccharides (% of the total polysaccharides) 80.8 ± 10.8 62.0 ± 0.4 11.9 ± 1.4 

Matrix proteins (% of the total proteins) 78.1 ± 4.4 39.8 ± 7.9 94.9 ± 5.1 

 SS   

Biofilm thickness (µm) 75 ± 4 262 ± 42 484 ± 163 

Dry biofilm mass (mg/cm2) 0.197 ± 0.03 0.258 ± 0.05 0.272 ± 0.05 

Log cell density (cells/cm2) 6.44 ± 0.10 7.15 ± 0.16 6.66 ± 0.02b 

Matrix polysaccharides (% of the total polysaccharides) 59.5 ± 6.3 82.8 ± 0.4 61.0 ± 2.9 

Matrix proteins (% of the total proteins) 45.5 ± 1.3 72.3 ± 0.1 57.2 ± 1.4 

a – 7.47 (± 0.06) of B. cereus and 7.18 (± 0.13) of P. fluorescens  

b – 6.44 (± 0.08) of B. cereus and 6.24 (± 0.08) of P. fluorescens 
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B. cereus. The present results for the composition of the EPS in terms of polysaccharides and 

proteins were dependent on the nature of the surface and the microorganism [395, 396]. The 

type of microbial population, being a single or dual-species culture is the main factor influencing 

the differences in the structural characteristics [10].  

When formed on PMMA, the biofilms with highest amount of extracellular proteins 

were the dual-species (94.9%), whereas biofilms with highest amount of extracellular 

polysaccharides were those of B. cereus (80.8%). On the other hand, when formed on SS, the 

P. fluorescens biofilms had the highest amount of extracellular proteins and extracellular 

polysaccharides (72.3% and 82.8%, respectively).  

The percentage of the remaining biofilm on PMMA and SS cylinders was determined for 

the following scenarios (Fig. 5.3): after the action of BDMDAC alone, for 30 min; after the 

exposure to increasing ReA; and after applying the two treatments combined (BDMDAC 

exposure followed by hydrodynamic stress). The percentage of biofilm removed after exposure 

to BDMDAC was significantly higher for B. cereus and dual-species biofilms than for the 

P. fluorescens single species adhered on PMMA. Conversely, when the biofilms were formed on 

SS, P. fluorescens biofilms were more susceptible to this treatment, followed by the dual-species 

and the B. cereus single species biofilms. The latter results contradict those found by Simões et 

al. [312], who observed that P. fluorescens biofilms formed on SS surfaces were the most  

 

 

Fig. 5.3 – Biofilm remaining (%) after submitting the biofilms to BDMDAC treatment alone, to the complete 
series of hydrodynamic stresses and to combination of both treatments. B. cereus ( ), P. fluorescens (
) single and dual-species ( ) biofilms formed on PMMA (a) and on SS (b).  
The means ± SDs for at least three replicates are given. 
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resistant to the chemical treatment with the biocides glutaraldehyde and cetyl trimethyl 

ammonium bromide (CTAB). These differences are likely due to distinct chemicals used, 

proposing that no general conclusion on a biofilm control strategy can be withdrawn from 

experiments based on a single antimicrobial agent, even if they share the same chemical nature 

as occurs for BDMADC and CTAB (both are quaternary ammonium compounds). Moreover, the 

amounts of removal caused by the chemical treatment and the different structure 

characteristics presented by the biofilms are not correlated. This suggests that other parameters 

of the physical structure of the biofilm, like porosity, might have influenced the diffusivity of the 

BDMDAC molecules within the biofilm and consequently the disintegration of the matrix [397].  

After the chemical treatments, the biofilms were subjected to a hydrodynamic stress 

caused by increased 𝑅𝑒A (Fig. 5.3). Control tests were performed subjecting untreated biofilms 

to the same hydrodynamic stress. The results shown that the aim of obtaining biofilm-free 

surfaces was not achieved, for all conditions tested. In fact, after the hydrodynamic stress tests, 

significant amounts of B. cereus, P. fluorescens and dual-species biofilms remained on the 

PMMA (37%, 44% and 31%, respectively) and the SS cylinders (14%, 35% and 21%, respectively). 

However, the removal values were higher than those achieved with only mechanical action, with 

the exception of P. fluorescens biofilms formed on SS, where no significant difference was 

observed (P > 0.05). P. fluorescens biofilms were the most resistant to the combined treatment, 

especially when formed on PMMA. BDMDAC is a quaternary ammonium compound (QAC) and 

therefore acts by destabilizing the cell membranes, causing rapid cell lysis [157]. Its action 

against bacteria was described by Ferreira et al. [355], including its efficacy in the inactivation of 

biofilms [269]. No reports are available on the mode of action and/or resistance of BDMDAC on 

biofilms. A study performed with two quaternary ammonium compounds (benzalkonium 

chloride and CTAB) demonstrated the reduction of their antimicrobial effects against B. cereus 

and P. fluorescens due to interaction with biofilm components [398]. Campanac et al. [399] 

found that resistance of the Gram negative bacterium P. aeruginosa biofilms to diverse QAC`s 

was due to the involvement of the negatively charged EPS produced by the bacterium and the 

reduce diffusion of antimicrobials through the biofilm. In the case of the Gram positive 

bacterium Staphylococcus aureus, the role of the three-dimensional structure was limited and 

drastic physiological changes in the biofilm cells were the most important aspect implicated in 

resistance. It is recognized that the EPS matrix can cause mass transfer limitations, and that 

interactions between their molecules and the biocide may occur, reducing its availability to 

interact with the biofilm cells [66, 397, 400]. A previous report [40] described that the B. cereus 

strain used in the present study is a low biofilm EPS producer compared to the P. fluorescens 
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biofilms. This high EPS content of P. fluorescens biofilms can help to explain their higher 

resistance to removal. Actually, when the substrate used was SS, the fact that P. fluorescens 

biofilms presented the highest amounts of extracellular polysaccharides and proteins (82.8% 

and 72.3%) was probably the cause of its highest resistance to the overall treatment. In fact, one 

of the most important functions of EPS is supposed to be their role as fundamental structural 

elements of the biofilm matrix determining the mechanical stability of biofilms, mediated by 

non-covalent interactions either directly between the polymeric chains or indirectly via 

multivalent cation bridges [401, 402]. 

The species association was not advantageous in forming biofilm resistant to removal. 

The biofilm remaining on the surfaces after the chemical and hydrodynamic stresses, alone 

and/or combined, was, for most of the cases, lower for the dual-species biofilms. This result 

contradicts previous studies, where species association increased biofilm resistance [16, 403, 

404]. However, in those studies, the biofilms were challenged with antimicrobial chemicals and 

the viability of the biofilm cells was analysed. In the present study, the outcomes of the chemical 

and/or hydrodynamic stresses were only assessed in terms of biofilm removal. It is likely that 

the bacteria in the dual-species biofilms had higher resistance to killing but a decreased 

resistance to removal, compared with the single species biofilms, particularly those formed by 

P. fluorescens. In fact, the killing and the removal of a biofilm are distinct processes [405, 406] 

and it is possible to kill a biofilm without promoting its removal from the surface [312]. 

Although total removal of the biofilm was not achieved, the overall results underscore 

that SS should be preferred to other materials as it facilitates the sanitization procedures, 

reinforcing previous findings [34, 407]. 

 

5.4. Conclusions 

Biofilm formation on SS and PMMA surfaces was monitored on a RCR. This bioreactor 

proved to be a versatile tool to ascertain the effectiveness of the biocide BDMDAC to be used in 

the removal of biofilms. The thermodynamic approach was not reliable in the prediction of 

bacterial initial adhesion to the selected surfaces. Laboratorial adhesion assays demonstrated 

that P. fluorescens had the highest ability to adhere on PMMA and SS surfaces, while B. cereus 

had the lowest ability. The number of adhered cells for the combination of B. cereus and 

P. fluorescens was apparently an average of the numbers obtained with the single species. 

BDMDAC decreased moderately the numbers of adhered cells, being this effect stronger for 



5.The effects of surface type on the removal of Bacillus cereus and Pseudomonas fluorescens single and 
dual-species biofilms 

101 

B. cereus single cells than for P. fluorescens single cells and combined. Using the RCR, neither 

the application of BDMDAC nor the increasing series of 𝑅𝑒A, when applied alone or combined 

with the chemical, were able to totally remove the biofilms from the surfaces. Biofilm removal 

was dependent on the adhesion surface and on the microbial species. P. fluorescens biofilms 

were the most resistant to removal, while dual-species biofilms had the lowest mechanical 

stability, for most of the cases. No advantage in biofilm resistance to removal was found for the 

dual-species biofilms. SS was the surface for which biofilm removal by the hydrodynamic stress, 

alone and preceded by the BDMDAC treatment, was higher. However, even if additional removal 

was achieved by the combination of both treatments, total removal was not achieved, 

regardless the biofilm forming species and the surface material used. 
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6. The effect of shear stress on the formation and removal of Bacillus 

cereus biofilms 

Abstract 

The influence of the shear stress (τw) under which biofilms were formed was assessed 

on their susceptibility to removal when exposed to chemical and mechanical stresses. A rotating 

cylinder reactor was used to form biofilms, allowing the simulation of τw conditions similar to 

those found in industrial settings, particularly in areas with low τw like elbows, corners, valves 

and dead zones. B. cereus was used as a model bacterium for biofilm formation. Biofilms were 

formed on SS cylinders under different τw (estimated at 0.20, 1.46 and 2.14 Pa) for 7 days. Some 

biofilm phenotypic characteristics, including thickness, biomass production, cellular density and 

extracellular proteins and polysaccharides content were assessed. Biofilm density was found to 

increase significantly with τw while the thickness decreased. Also, biofilms formed at 0.20 Pa 

had lowest biomass content, cell density and extracellular polysaccharide content. Those 

characteristics were not statistically different for the biofilms formed under 1.46 and 2.14 Pa. Ex 

situ tests were performed by treating the biofilms with the biocide BDMDAC, followed by 

exposure to increasing τw conditions, up to 22.84 Pa (whereas the maximum τw used during 

growth was 2.14 Pa). The biofilms formed under low τw were more resistant to removal caused 

by the BDMDAC action alone. Those formed under higher τw were more resistant to the 

mechanical and the combined chemical and mechanical treatments. The amount of biofilm 

remaining on the cylinders, after both treatments was statistically similar for biofilms formed 

under 1.46 and 2.14 Pa. The resistance of biofilms to removal by mechanical treatment (alone 

and combined with BDMDAC) was related to the amount of matrix polysaccharides. However, 

none of the methods investigated were able to remove all the biofilm from the cylinders. 

 

6.1. Introduction 

In the biofilm formation process, the hydrodynamic conditions define the transport of 

the cells, oxygen and nutrients from the bulk fluid to the microbial film [57-59]. Diverse studies 

have demonstrated the influence of hydrodynamic conditions on biofilm behaviour. Douterelo 

et al. [189] examined biofilms from DWDS and found that the hydraulic regime influenced the 

bacterial composition and community structure. They also observed that flushing (sudden flow 

of fluid at high 𝜏w inside the system) did not succeed in total biofilm removal but altered the 



Biofilm control approaches: alternative biocides and shear stress 

106 

biofilm microbial community. Paul et al. [191] studied the influence of the substrate and 

hydrodynamic conditions on biofilm formation and erosion, measuring biofilm thickness and 

density. Their results showed that increasing the τw experienced during growth resulted in 

biofilms with lower thickness and mass and higher volumetric density, compared with low τw 

conditions. The authors also found that the biofilms presented stratified cohesion: exposure to 

τw  ≤ 2 Pa caused detachment while τw  > 2 Pa caused compression of the biofilm. The effect of 

environmental conditions on biofilm formation, their structure, composition and physical 

properties have been reported by Cloete et al. [408]; Derlon et al. [409] and Rochex et al. [13].  

The aim of this study was to investigate the influence of the τw under which biofilms 

were formed on their resistance to removal by chemical and mechanical treatments. The 

rotating cylinder reactor was used to form biofilms on stainless steel cylinders at low τw, 

mimicking conditions found in engineered systems. The low τw simulated with this reactor are 

often found in elbows, valves and dead zones in corners and in sudden pipe expansions [190, 

410]. Also, typical τw values found in drinking water distribution systems (e.g., 0.25 Pa in a 100 

mm diameter pipe) are in the range of those used in this study [411]. The combined mechanical 

action and chemical treatment was used to challenge biofilms formed by B. cereus. This 

bacterium is an industrial contaminant and a public health hazard widespread in nature and 

frequently isolated from dairy products and equipment [168, 311, 407, 412, 413].  

 

6.2. Materials and Methods 

The work described in this section was performed using the B. cereus culture described 

in sub-section 3.1, cultivated using the media and the conditions described in sub-section 3.2. 

Biofilms were grown on cylinders of AISI316 SS (sub-section 3.4) using the RCR described in the  

sub-section 3.18, under different τw values presented in Table 6.1 (estimated for each rotation 

speed selected in the overhead stirrer).  

 

Table 6.1 – Estimated values for 𝜏w and ReAat the rotation speeds N used in this study. 

N (s-1) 𝑅𝑒A 𝜏w (Pa) 

2.1 1000 0.20 

6.6 3200 1.46 

8.3 4000 2.14 
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The cylinders were removed from the RCR and phenotypic characteristics were assessed 

(sub-section 3.19), namely thickness, dry mass, volumetric density, cellular density, water 

content, and amount of extracellular proteins and polysaccharides. A chemical treatment was 

performed (sub-section 3.20) by exposing the biofilms formed under the different τw to 

BDMDAC at 300 µg/mL for 30 min under the same τw of formation. These tests were followed 

by exposure to increasing τw conditions (sub-section 3.21) to assess the removal by 

hydrodynamic stress both alone along with in combination with previous chemical treatment.  

The amount of biofilm removed for all the conditions, (chemical or mechanical treatments alone 

or combination of both) is presented in terms of dry mass (mg/cm2). 

6.3. Results and Discussion 

The biofilm structure is determined essentially by the nature of the microorganisms and 

by the environmental conditions under which they are formed [337, 414]. In this study, B. cereus 

biofilms were formed under different τw (0.20, 1.46 and 2.14 Pa), over 7 days, using the RCR 

with constant nutrient loading rate, temperature and pH. The biofilms presented different 

characteristics (Table 6.2). Only the water content was statistically similar for the three biofilms 

(P > 0.05). These biofilms were mostly composed of water (> 93% of the total mass). Higher τw 

applied during formation resulted in lower biofilm thickness (P < 0.05). The thickness of a biofilm 

grown under 0.20 Pa was about three times higher than those formed under 2.14 Pa. The 

biofilms formed under 1.46 Pa were twice as thick as those formed under 2.14 Pa. On the other 

hand, increasing τw caused an increase (P < 0.05) in the biofilm mass, volumetric density and 

cell density (P < 0.05). Previous works showed similar trends regarding the effects of 

hydrodynamic conditions on biofilm thickness, volumetric density and cell density [58, 191, 337, 

415]. It is known that the flow velocity affects the transport of substrate to the surface of the 

biofilm, influencing microbial metabolism and growth [58, 416]. The main reasons for the 

distinct structure, physiological composition and metabolic characteristics of biofilms formed 

under distinct hydrodynamic conditions are attributed to the different transport rates of oxygen, 

nutrients and cells from the fluid to the biofilm, the effect of flow conditions on the structural 

plasticity of biofilms (mass transfer limitations) and the cellular induced reactions, acting as 

single or concomitant factors [25, 417, 418]. The influence of hydrodynamic conditions on 

biofilm formation and characteristics might help to explain the increase in the dry mass and cell 

density and decrease in the biofilm thickness, with increasing τw.  
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Table 6.2— Characteristics of B. cereus biofilms formed under different 𝜏w. These are the characteristics 
of the biofilms before any chemical or mechanical treatment.  
The means ± SD for at least three replicates are given. 

𝜏w (Pa) 0.20 1.46 2.14 

Thickness (μm) 298 ± 17 220 ± 10 108 ± 20 

Dry mass (mg/cm2) 0.382 ± 0.03 0.621 ± 0.02 0.694 ± 0.05 

Volumetric density (mg/cm3) 12.9 ± 0.7 28.4 ± 1.3 66.8 ± 12.1 

Cellular density (log10 cells/cm2) 7.60 ± 0.58 8.13 ± 0.09 8.37 ± 0.52 

Water content  

(% of total biofilm mass) 
97.0 ± 0.03 93.9 ± 0.37 95.1 ± 0.35 

Extracellular polysaccharides  

(% of total biofilm polysaccharides ) 
31.5 ± 6.7 50.5 ± 0.7 40.4 ± 10.7 

Extracellular proteins 

(% of total biofilm proteins) 
29.5 ± 4.6 41.9 ± 1.6 22.7 ± 0.4 

 

The differences in biofilm characteristics are more significant when comparing the 

biofilms formed under 0.20 Pa with those formed under higher τw. The biofilm mass and cell 

density were not significantly different when the biofilms were formed under 1.46 and 2.14 Pa 

(P > 0.05). A previous study [419] with different strains of P. fluorescens (the type strain ATCC 

13525 and two strains, D3-348 and D3-350, isolated from an industrial processing plant) 

demonstrated the presence of higher cell counts for turbulent flow-generated biofilms than for 

those formed under laminar flow. However, those biofilms were formed in a flow cell reactor, 

where the hydrodynamic regimes were laminar flow (Re = 2000, corresponding to a linear 

velocity of 𝑣 = 0.20 m/s) and transition/turbulent flow (Re = 4200, 𝑣 = 0.53 m/s), whereas in 

this work the 𝑅𝑒a was essentially turbulent (above 100) and the maximum linear velocity used 

(for the highest ReA) was 0.51 m/s1.  

The numbers of spores were negligible (always lower than 2.2 log10 cells.cm-2) 

comparatively to the numbers of vegetative cells, for the three biofilms. This result corroborates 

previous findings where B. cereus biofilms had residual numbers of spores comparatively to the 

numbers of vegetative cells [379, 420]. However, Faille et al. [412] found that sporulation 

occurred in biofilms formed by Bacillus strains and suggested that biofilms would be a significant 

source of food contamination with spores. It is possible that the presence of spores in the biofilm 
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may depend on the microbial strain and on the process conditions used, including the type and 

mode of operation of the bioreactor used for biofilm formation. 

The biofilms presented different amounts of matrix proteins and polysaccharides (Table 

6.2). The percentage of matrix polysaccharides was higher for the biofilms formed under 1.46 

and 2.14 Pa. It has been proposed [421-423] that high detachment forces can induce the biofilms 

to secrete more EPS. However, there was no relationship apparent between the percentage of 

matrix proteins and polysaccharides τw increased. In fact, the biofilms formed at 1.46 Pa 

presented the highest percentage of both proteins and polysaccharides. 

A combined strategy of chemical and mechanical stress was applied to the B. cereus 

biofilms formed in the RCR in order to promote biofilm removal. This was performed by exposing 

the biofilms to BDMDAC at the same τw used for its formation. This process was followed by 

exposing the biofilm to a series of increasing τw values. The amount of biofilm mass removed 

with the chemical treatment is presented in Fig. 6.1.The highest amount of biomass removed 

was observed for the biofilms formed under 2.14 Pa while those formed at 0.20 Pa were the 

least affected by BDMDAC. In terms of percentage of the initial biofilm that was removed the 

highest percentage was observed for biofilms formed at 2.14 Pa and the lowest percentage was 

obtained for biofilms formed at 1.46 Pa.  

 

 

Fig. 6.1 – Biofilm removed ( ) after submitting the biofilms to BDMDAC treatment for 30 min.  
The white bar ( ) represents the amount of biofilm remaining after the treatment and the complete bar 
represents the amount of biofilm formed, over 7 days. The means ± SD for at least three replicates are 
given. 
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Quaternary ammonium compounds have demonstrated their potential to remove 

biofilms [311, 424, 425]. It was found that BDMDAC only induced modest biofilm removal, being 

the amount of biomass removed lower for the biofilms formed under lower τw. In fact, the use 

of high τw during biofilm formation causes the compression of the matrix and facilitate the mass 

transfer of the biocides, allowing the complete penetration of the microbial layers [414]. 

Therefore, it is not surprising that the amount of biomass removed due to BDMDAC was higher 

for those biofilms formed under 2.14 Pa, being followed by those formed under 1.46 Pa.  

The amount of biofilm remaining on the cylinders surface after the mechanical 

treatment and the synergic chemical and mechanical treatments is presented In Fig. 6.2. The 

application of increasing τw was not sufficient to remove all the biofilm from the surfaces, 

neither was its synergy with BDMDAC. The biofilms formed under 0.20 Pa were the least 

resistant to both mechanical and combined chemical and mechanical treatments (P < 0.05). The 

amount of biomass remaining on the cylinders was higher for the biofilms formed at 1.46 and 

2.14 Pa, after biofilm exposure to the mechanical treatment alone and combined with BDMDAC. 

The amount of biofilm remaining was statistically similar for both biofilms (P > 0.05).  

 

Fig. 6.2  – Biofilm removed ( ) after submitting the biofilms to the mechanical treatment alone and to 
the combination of mechanical and chemical treatments.  
The white bar ( ) represents the amount of biofilm remaining after the treatment and the complete bar 
represents the amount of biofilm formed, over 7 days. The means ± SD for at least three replicates are 
given. 
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For the three conditions, the synergy between the chemical and mechanical treatments 

removed an additional fraction of biofilm (P < 0.05), when compared with the mechanical 

treatment alone. This effect was more significant for those biofilms formed under higher 𝜏w 

(P < 0.05).  

Comparing the results from Fig. 6.1 and Fig. 6.2 it can be seen that biofilm formation 

under the lowest τw increased biofilm removal due to combined treatment (on an absolute mass 

basis). However, the biofilms formed at the intermediate τw (1.46 Pa) were more resistant to 

removal due to the mechanical treatment alone and the combined with BDMDAC, as a higher 

amount of biomass remained adhered to the surface. The results also showed that the 

susceptibility to mechanical and the combined chemical and mechanical treatments was similar 

for the biofilms formed under 1.46 and 2.14 Pa (P > 0.05), even if the highest amounts of biofilm 

remaining were found for those biofilms formed under 1.46 Pa.  

The resistance of biofilms was correlated with the percentage of matrix polysaccharides, 

when mechanical stress was used. The biofilms formed at 1.46 Pa demonstrated the highest 

resilience to mechanical stress (alone and combined with BDMDAC). These biofilms had the 

highest percentages of matrix polysaccharides and proteins. EPS is known to strengthen the 

cohesive forces within the biofilm, thereby contributing to an enhanced inherent biofilm 

mechanical stability [426].  

For all conditions tested, a layer of residual biofilm was found on the cylinder surface. It 

is interesting to note that even after the combined treatment with both chemical and 

mechanical actions there was always a layer of about 25% of the total biofilm mass that was still 

attached to the cylinders surface, for the three biofilms tested. Coufort et al. [415] stated that 

whatever the environmental conditions are used during formation, biofilms will present a 

stratified structure where layers present different cohesion from the top to the bottom (close 

to the substratum). Later, Paul et al. [191] also proposed the existence of a stratified structure 

of mature biofilms, with a strongly cohesive and dense basal layer. The results obtained in this 

study also indicate that the B. cereus biofilms had a basal layer strongly resistant to removal by 

chemical and mechanical action, regardless of the τw value under which the biofilms were 

formed. Even if the biofilms were treated with a biocide with recognized antimicrobial efficacy 

[269, 355], BDMDAC only promoted modest biofilm removal. In real process conditions, this 

result means that the sanitation strategy was not effective, and that this basal layer will help 

reseeding a new biofilm possibly with higher resistant and resilient properties than its 

predecessor.  
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6.4. Conclusions 

The RCR allowed the formation of B. cereus biofilms under different hydrodynamic conditions. 

Increasing the τw experienced during biofilm formation resulted in biofilms with lower 

thickness, higher dry mass, and higher volumetric and cell densities. The biofilms formed under 

low τw were more resistant to removal due to BDMDAC action alone since the low amounts of 

biomass were removed from the surface. However, the biofilms formed under higher τw were 

more resistant to the mechanical and the combined chemical and mechanical treatments. The 

amount of biofilm remaining after mechanical or combined chemical and mechanical treatments 

was similar for both biofilms formed under 1.46 and 2.14 Pa. The combined action of BDMDAC 

and mechanical treatment provided additional biofilm removal when compared with the single 

chemical or mechanical treatments. However, total biofilm removal was not achieved, neither 

by the use of mechanical treatment alone, neither with its combination with BDMDAC. All the 

biofilms had a basal layer (about 25% of the initial biofilm mass) strongly resistant to removal by 

chemical and mechanical actions, which may promote the reseed of the biofilm after sanitation. 
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7. The effects of benzyldimethyldodecyl ammonium chloride on the 

removal of Bacillus cereus and Pseudomonas fluorescens single and 

dual-species biofilms formed on high density polyethylene  

Abstract 

The complex physical structure of biofilms contributes to its resilience and resistance to 

cleaning and disinfection methods. In this work, single and dual-species biofilms of B. cereus and 

P. fluorescens were formed on high-density polyethylene (HDPE) surfaces using the rotating 

cylinder reactor (RCR). The biofilms were treated with BDMDAC to assess the removal achieved. 

In combination with this treatment or separately, the mechanical stability of the biofilms was 

assessed during exposure to increasing shear stress conditions (𝜏w). Additional tests were 

performed to assess the effects of BDMDAC on the bacterial surface properties (physicochemical 

properties and surface charge) and on the initial adhesion ability to HDPE. The predictions of the 

free energy of adhesion indicated a more favourable adhesion of B. cereus to HDPE compared 

with P. fluorescens. The treatment with BDMDAC decreased the thermodynamic ability of 

B. cereus to adhere on HDPE but had the opposite effect for P. fluorescens. This treatment also 

modified the surface charge of both bacteria to less negative values. In vitro adhesion in HDPE 

slides was assessed for both single and dual-species cultures, showing that B. cereus was the 

worst surface colonizer. Steady-state biofilms formed in the RCR presented distinct 

characteristics and behaviour when facing mechanical and chemical stresses. Dual-species 

biofilms were the thickest while P. fluorescens biofilms had the highest volumetric density (13.1 

± 1.9 mg/cm3). Dual-species biofilms were the most affected by the BDMDAC pre-treatment, 

with more than 50% of biofilm mass being removed. The combination of chemical and 

mechanical stresses caused significant additional biomass removal. However, even an exposure 

of the biofilms to 𝜏w of 17.7 Pa, after treatment with BDMDAC, was insufficient to totally remove 

the biofilms. The overall results reinforce the resistance and resilience of biofilms to control 

procedures, even when combining chemical and mechanical actions. 
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7.1. Introduction 

Food industries and drinking water systems have more strict cleaning standards than 

other industries as they must control microorganisms relevant for the public health. Current 

practices on food industries use CIP protocols which are highly based in strong chemical agents 

namely caustic detergents, followed by acids (to clean mineral deposits), intercalated by rinses 

with water at high flow rates. General design principles for CIP circuits recommend the usage of 

AISI316 or AISI304 SS with electropolished surface finish and a flow with minimum Reynolds 

number of 10000 [427]. Hydrodynamic removal is also used in drinking water systems, by means 

of water flushing to promote the biofilm removal [65]. However, due to the viscoelastic 

properties of the biofilms, it is impossible to obtain completely cleaned surfaces [189].  

The type of material used for industrial equipment and piping systems may also 

influence biofilm inactivation and removal. SS has been a classical material choice in industries 

especially where cleanability is critical. However, polymeric materials are also frequently used 

at moderate temperatures due to their flexible use, resistance to corrosion and usually lower 

cost. In this work, HDPE was selected as surface for biofilm formation as this material is currently 

used in water systems, particularly for drinking water supply and in food industries, offering high 

mechanical performance [428, 429].  

The success of a cleaning strategy in the elimination of the biofilms will depend on the 

combination of the inactivation of the microorganisms with the removal of the biopellicle from 

the surfaces. Therefore, the effects of the hydrodynamic stress during the cleaning step should 

be closely investigated. This is of particular importance when the aim is to design sustainable 

control strategies: it is important to assess and optimize the amount of biofilm removed for 

different flow conditions, in order to save water and energy. Previous works regarding the 

influence of 𝜏w on biofilm detachment were already reported: Ochoa et al. [279] used a Taylor-

Couette reactor to study the non-uniform distribution of local 𝜏w on aerobic biofilms formed 

previously on flat surfaces in a low 𝜏w reactor, and noticed different patterns of erosion 

according to the 𝜏w values under which the biofilm was exposed. Mathieu et al. [430] also 

assessed the effects of hydrodynamics conditions on the erosion of drinking water biofilms 

formed on HDPE, in combination with chlorination to chemically stress the cells. The biocide 

used in this study was BDMDAC, a QAC that already demonstrated a good efficiency in killing 

biofilms of P. fluorescens [269], but not studied regarding its potential to remove biofilms from 

surfaces. In this work, a rotating cylinder reactor was used to characterize the phenotype of 

single and dual-species biofilms and their behaviour when exposed to chemical and mechanical 
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stresses. The mechanical resistance of single and dual-species biofilms of B. cereus and P. 

fluorescens before and after exposure to the selected biocide was determined. Moreover, the 

surface properties (charge and hydrophobicity) and initial adhesion of both bacteria to HDPE 

were characterized in order to ascertain if those aspects influence biofilm formation and 

behaviour. 

7.2. Materials and Methods 

The work described in this section was performed using B. cereus and P. fluorescens 

cultures described in sub-section 3.1 and cultivated using the medium and the conditions of sub-

section 3.2. The biocide tested was BDMDAC at 300 µg/mL for 30 min (sub-section 3.3). In-vitro 

adhesion assays (sub-section 3.13) were performed in 1 cm2 slides of HDPE (sub-section 3.4) to 

assess the initial adhesion of single and dual-species biofilms of B. cereus and P. fluorescens. The 

physicochemical properties of the bacterial surfaces, namely hydrophobicity and surface charge 

were assessed before and after exposure to BDMDAC (following the methods described in the 

sub-sections 3.7 and 3.9, respectively). Steady-state single and dual-species biofilms of B. cereus 

and P. fluorescens were formed in the RCR (sub-section 3.19) on HDPE (sub-section 3.4) and 

characterized in terms of some phenotypical aspects as described in sub-section 3.19. Table.7.1 

presents the 𝑅𝑒A and the 𝜏𝑤 values estimated at each rotation speeds used in this study. The 

mechanical stability of these biofilms was studied after either exposure to BDMDAC (sub-section 

3.20) or after a series of increasing 𝜏w as well as a combination of both treatments (sub-section 

3.21), being the amount of biofilm removed presented in terms of percentage.  

 

Table.7.1 – Estimated values for 𝜏w and 𝑅𝑒A at the rotation speeds N used in this study  

N (s-1) 𝑅𝑒A 𝜏𝑤 (Pa) 

3.84 2400 0.70 

6.40 4000 1.66 

13.0 8100 5.50 

19.4 12100 10.9 

25.8 16000 17.7 
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7.3. Results and discussion 

The results for the untreated and BDMDAC-treated B. cereus and P. fluorescens cells 

were already presented and discussed in chapters 4 and 5. Therefore, Table 7.2 presents only 

the results of the surface tension parameters and hydrophobicity for HDPE.  

HDPE is a hydrophobic surface (∆G1w1= -63.8 ± 13 mJ/m2) with an electron donating 

character. Simões et al. [40] performed similar tests with polyethylene (PE) and found that it 

also has an electron donating character, however, with higher hydrophobicity (∆G1w1=-90.3 

mJ/m2). PE is available in several formulations such as HDPE, medium-density polyethylene 

(MDPE) or low-density polyethylene (LDPE), among others. These materials differ in terms of 

their chemical and mechanical properties, which define the density and branching of the 

material [431, 432]. Therefore, the fact that surface properties vary with the type of polymer 

may be the reason for the differences between the values reported by Simões et al. [40] and 

those obtained in the present study. 

The surface tension values allowed the assessment of the free energy of adhesion 

between the bacterial surfaces and HPDE (Table 7.3). The results for the thermodynamic 

adhesion potential showed favourable adhesion of B. cereus to HDPE compared to 

P. fluorescens. BDMDAC treatment decreased the adhesion ability of B. cereus to HDPE. 

Conversely, BDMDAC favoured the thermodynamic adhesion potential of P. fluorescens.  

 
Table 7.2 – Surface tension parameters and hydrophobicity (∆Giwi) of HDPE.  
The means ± SD for at least three replicates are given 

  Surface energy parameters (mJ/m2) ∆G1w1 
(mJ/m2)   𝛾LW 𝛾AB 𝛾+ 𝛾− 

HDPE 39.6 ± 0.6 0.0 ± 0.0 0.0 ± 0.0 2.9 ± 1.7 -63.8 ± 13 

 

 

Table 7.3 – Free energy of adhesion (∆G1w2
TOT – mJ/m2) between B. cereus or P. fluorescens, untreated 

(control) and BDMDAC-treated cells, and HDPE.  
The means for at least three replicates are given 

  B. cereus P. fluorescens 

  Control BDMDAC Control BDMDAC 

HDPE -13.1 -6.5 7.8 -5.8 
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The electrostatic repulsive/attractive forces that may exist between the bacterial cell 

surface and the substratum are significant in initial adhesion (Busscher et al. 2010, Marshall 

1986). The surface charge of the cell and surface was determined in order to obtain information 

on these events. HDPE surface presents negative surface with zeta potential value of  

-1.0 ± 0.9 mV. As previously described in chapter 5, the bacteria had negative surface charge in 

the absence of BDMDAC. Treatment with the biocide increased the bacterial surface charge to 

less negative values. This effect was also observed by Ferreira et al. [355] when exposing a 

P. fluorescens strain isolated from drinking water to this biocide and this effect is apparently due 

to the cationic nature of BDMDAC. 

Adhesion assays on HDPE were performed to ascertain the reliability of the 

thermodynamic analysis of bacterial adhesion to HDPE (Table 7.4). The results of the adhesion 

assays show that both bacteria, single and dual cultures, adhered on HDPE. The adhesion of 

B. cereus happened in a lower extent when compared to P. fluorescens and the dual culture 

(difference of 1.1 log10/cm2). The exposure of adhered cells to BDMDAC caused a decrease in 

the number of adhered cells of 0.1 log10 /cm2 (dual culture and P. fluorescens) and 0.2 log10 /cm2 

(B. cereus). The analysis of bacteria in the dual culture adhered cells shows that P. fluorescens 

was the dominant species in both control (0.9 (log10/cm2 higher) and BDMDAC (1.5 log10/cm2 

higher) assays. 

These assays showed that the numbers of B. cereus cells adhered on HDPE were the 

lowest compared to P. fluorescens or the bacterial co-culture. This result contradicts the 

thermodynamic analysis (Table 7.3). Moreover, BDMDAC caused low to modest removal of 

adhered cells, being B. cereus affected in a higher extent. The number of P. fluorescens adhered 

cells in the co-culture was significantly higher than that of B. cereus. This difference is 

pronounced after the chemical treatment. It is known that Gram-negative bacteria have high  

 

Table 7.4 – Numbers of B. cereus and P. fluorescens single and dual-species cells (log10 cells/cm2) adhered 
for 2h on HDPE, before (control) and after treatment with BDMDAC  
The means ± SD for at least three replicates are given 

  Control BDMDAC 

B. cereus 5.35 ± 0.10 5.18 ± 0.10 

P. fluorescens 6.44 ± 0.09 6.32 ± 0.08 

Dual-species 6.42 ± 0.07 a 6.30 ± 0.08 b 

a 5.46 ± 0.11 of B. cereus and 6.37 ± 0.08 of P. fluorescens. 
b 4.75 ± 0.14 of B. cereus and 6.29 ± 0.08 of P. fluorescens. 
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intrinsic resistance to biocides due to their cell envelope which regulates the passage of 

substances through the cell membrane [433]. Gram-positive bacteria do not possess specific 

receptor molecules or permeases that can hinder the biocide penetration, and therefore may 

be more easily affected [390]. 

In general, the results from the thermodynamic analysis of adhesion did not fit those 

obtained with the in vitro adhesion assays. This is usually attributed to the existence of other 

mechanisms involved in the initial adhesion rather than just hydrophobic and electrostatic 

interactions. Actually, extracellular appendages and proteins, like pili, flagella, fimbriae and 

outer membrane proteins play an important role in cellular motility and attachment to surfaces 

[393, 394]. Other factors also have influence on bacterial adhesion including the substratum 

surface properties (surface charge and roughness) and environmental process conditions 

(temperature, pH, bacterial concentration, time of contact, chemical treatment or the fluid flow 

conditions) [74, 367, 434]. 

Biofilms attached on HDPE were developed in the RCR for 7 days and their 

characteristics are depicted in Table 7.5. Dual-species biofilms were the thickest, followed by 

P. fluorescens and B. cereus single biofilms (P < 0.05). P. fluorescens had the highest productivity 

in terms of dry mass, followed by the dual-species biofilms (P < 0.05). From the wet and dry 

biomass values it was possible to determine the amount (%) of water in the biofilms which did 

not presented significant differences (P > 0.05), oscillating between 95.0% and 99.3% higher in 

the dual-species biofilms, followed by B. cereus and P. fluorescens single biofilms. The biofilm 

volumetric density (determined as the ratio between the biofilm dry mass and the wet thickness) 

of P. fluorescens single biofilms was higher (13.1 mg/cm3) than that of B. cereus biofilms and 

dual-species biofilms, which had similar values: 3.6 and 3.7 mg/cm3, respectively (P < 0.05). 

These results were different from the data obtained with SS and PMMA surfaces as 

adhesion surface (chapter 5). These differences in biofilm formation and characteristics may be 

explained based on the different physicochemical characteristics of HDPE and SS.  

The dual-species biofilms formed on HDPE were predominantly colonized by B. cereus. 

This is contradictory to the adhesion results, emphasizing that one should not predict the 

evolution of a mature biofilm only through its first stages of development. In fact, understanding 

the relationship between adhesion and biofilm formation can be useful to understand the role 

that microorganisms may play in the system and to develop reliable preventive and control  
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Table 7.5— Characteristics of B. cereus and P. fluorescens single and dual-species biofilms formed on 
HDPE.  
The means ± SD for at least three replicates are given. 

 B. cereus P. fluorescens Dual-species 

Thickness (μm) 526 ± 8 278 ± 71 880 ± 90 

Dry mass (mg/cm
2
) 0.191 ± 0.02 0.365 ± 0.07 0.324 ± 0.09 

Volumetric density (mg/cm
3
) 3.6 ± 0.3 13.1 ± 1.9 3.7 ± 1.1 

Cellular density (log
10

 cells/cm
2
) 6.67 ± 0.11 6.94 ± 0.20 6.90 ± 0.04* 

Water content  
(% of total biofilm mass) 97.9 ± 0.7 95.0 ± 3.1 99.3 ± 2.5 

Extracellular polysaccharides  
(% of total biofilm polysaccharides ) 72.1 ± 1.5 69.8 ± 2.1 59.4 ± 0.7 

Extracellular proteins 
(% of total biofilm proteins) 50.9 ± 0.5 34.3 ± 0.6 72.0 ± 4.5 

* 6.75 (± 0.03)/81.9% of B. cereus and 6.33 (± 0.21)/18.1% of P. fluorescens.  
 

strategies efficient in the early stages of biofilm development. However, the initial stages of 

biofilm formation do not provide reliable information on the characteristics and behaviour of 

mature biofilms.  

The cell densities of the three biofilms were similar. Their composition in terms of 

polysaccharides and proteins was statistically different in both total and extracellular 

concentrations (P < 0.05). The production of extracellular polysaccharides was favoured for 

B. cereus and P. fluorescens single biofilms, whereas dual-species biofilms produced more 

extracellular proteins (P < 0.05) 

The single and dual-species biofilms were exposed to BDMDAC at the same τw used for 

biofilm formation and the effects of the chemical on biofilm removal were assessed (Fig. 7.1). 

The percentage of biofilm removed after biocide exposure was significantly higher (P < 0.05) for 

the dual biofilms (53%) than for the single species (16% of B. cereus and 12% of P. fluorescens 

single species biofilms). In fact, this particular species association increased the susceptibility of 

the biofilms formed on HDPE to removal by BDMDAC. This result contradicts the previous finding 

of Simões et al. [312] using AISI316 SS as adhesion surface and the biocides glutaraldehyde and 

cetyl trimethyl ammonium bromide for biofilm control. In this study, P. fluorescens biofilms were  
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Fig. 7.1 – Biofilm removal after submitting the B. cereus ( ), P. fluorescens ( ) single and dual-species 
 ( ) biofilms to BDMDAC for 30 min at 𝜏w = 0.04 Pa.  
The means ± SD for at least three replicates are given. 

 

the most resistant to the chemical treatment. This is apparently due to their higher amount of 

extracellular polysaccharides and higher volumetric mass density when compared to the other 

biofilms. In fact, the EPS matrix can cause mass transfer limitations, and their molecules may 

interact with the biocide, reducing their availability to interact with the biofilm cells [26, 397, 

435]. 

The control of industrial biofilms often involves the use of biocides [203]. Nevertheless, 

chemical treatments alone have already proved to be insufficient to remove and inactivate 

biofilms [332, 406]. The limited effects of chemical treatments in biofilm control are of great 

concern. The residual microorganisms left on equipment surfaces after biocide treatment can 

promote the rapid re-establishment of biofilms, usually showing a decreased susceptibility to 

biocides. Therefore the biofilms remaining from the chemical stress were challenged by a 

sequential increase of 𝜏𝑤 (Fig. 7.2). The 𝜏𝑤 = 1.66 Pa caused the most significant biofilm removal, 

and this effect was more pronounced in the BDMDAC treated biofilms (Fig. 7.2b). Here, biofilm 

removal was statistically higher for dual-species biofilms, followed by B. cereus and 

P. fluorescens single biofilms (P < 0.05). However, this first step of mechanical stress did not 

cause such removal of non-treated biofilms of B. cereus and dual-species biofilms, as it did for 

P. fluorescens biofilms. The next condition, 𝜏𝑤 = 5.50 Pa, did not remove as much biofilm as the 

first one, indicating that there was a possible compression of the biofilm. Paul et al. [191] also 

verified that during erosion tests under 𝜏𝑤 < 2 Pa detachment occurred, however, above that 

value compression mechanisms influenced more the physical stability of the biofilm. As biofilms 

get progressively compressed by the 𝜏w forces, variations in the biofilm porosity caused by  
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Fig. 7.2 – Biofilm removal after submitting the non-treated (a) and BDMDAC treated biofilms (b) to 
increasing 𝜏w values (  – 1.66 Pa,  – 5.50 Pa,  – 10.9 Pa,  – 17.7 Pa).  
The white bar (□) represents the amount of biofilm remaining after the treatment. The means ± SD for at 
least three replicates are given. 

 

external agents will affect the mechanical stability and therefore the detachment processes. 

According to Hornemann et al. [436], the QACs effect on EPS leads to the elimination of the 

diffusive restrictions of biomacromolecules in the biofilm. This mechanisms suggests that some 

physical alterations also occur which may be explain the higher removal obtained for the 

BDMDAC treated biofilms when exposed to the higher 𝜏w conditions. 

The complete series of 𝜏𝑤 was not sufficient to remove the biofilms, both untreated and 

BDMDAC-treated. Even after the combined chemical and mechanical treatments, there was still 

16%, 36% and 19% of biofilm mass covering the HDPE cylinders, for B. cereus, P. fluorescens and 

the dual-species biofilms, respectively. The biofilms formed by P. fluorescens showed a higher 

resistance to chemical stress when compared to those of B. cereus, as previously shown in 

studies performed with cetyl trimethyl ammonium bromide [312].  Pechaud et  a l .  [378]  

used a combination of mechanical and enzymatic treatments to c o n t r o l  multispecies 

biofilms and observed that hydrodynamic treatments caused both detachment and 

compaction of biofilms. The enzymatic treatments applied alone were not effective in biofilm 

removal, but the combined treatments resulted in up to 90% biomass removal. In this study, the 

treatment of the biofilms with BDMDAC in addition to the mechanical stress induced modest 
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biofilm removal of B. cereus and dual-species biofilms, compared with the mechanical stress 

alone. For P. fluorescens biofilms, the previous exposure to the biocide was apparently 

indifferent in reducing its mechanical stability. This result proposes that a universal biofilm 

control strategy, valid for broad range of microbial species, will hardly be achieved.  

 

7.4. Conclusions  

The RCR proved to be a versatile tool to investigate the efficacy of a combined strategy 

using BDMDAC treatment and mechanical removal for the control of single and dual-species 

biofilms of B. cereus and P. fluorescens formed on HDPE. Predictions provided by the 

thermodynamic theory of adhesion failed to confirm the in vitro assays on HDPE which indicated 

that P. fluorescens adhered in higher number than B. cereus. BDMDAC treatment decreased the 

number of cells adhered on HDPE more extensively for B. cereus than for P. fluorescens and dual-

species culture.  B. cereus and P. fluorescens formed distinct biofilms on HDPE, both single and 

dual-species, with different phenotypic characteristics and behaviour to chemical and 

mechanical stresses. The treatment of 7-days old single and dual-species biofilms with BDMDAC 

was inadequate to totally remove the biofilms. P. fluorescens biofilms were the most resistant 

to the biocide and those formed by both species were the most susceptible. The application of 

distinct 𝜏w emphasized the inherent mechanical stability of the single and dual-species biofilms. 

The overall results indicate a stratified structure of the biofilm in terms of cohesive properties. 

Low 𝜏w values (1.56 Pa) caused higher erosion of the biofilm whereas the higher 𝜏w values seem 

to cause a compression of the biofilm indicated by smaller amounts of biofilm removed from 

the surfaces.  The combination of BDMDAC with the exposure to a series of increasing 𝜏w  

enhanced biofilm removal, for every condition tested. However, even with the synergistic 

chemical and mechanical treatment, total biofilm eradication was not achieved for B. cereus and 

P. fluorescens single and dual-species biofilms formed on HDPE.
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8. A fluid dynamic gauging device for measuring biofilm thickness on 

cylindrical surfaces 

Abstract 

Many industrial processes are susceptible to biofouling. The thickness and structure of 

such biofilms are key factors in the design of effective cleaning strategies. A novel method based 

on fluid dynamic gauging has been developed for measuring the thickness and the shear stress 

needed for removal of the biofilms formed on cylindrical surfaces. The device operates with the 

test cylinder immersed in liquid: liquid is withdrawn or ejected from a nozzle located near the 

biofilm surface. There is no net change of liquid volume, making it ideal for sterile and aseptic 

operation and for studies using valuable liquids. Biofilm removal may also be tested by using 

appropriate hydrodynamic conditions.  Calibration tests using ejection and suction flows 

indicated a measurement accuracy of 19 μm and showed good agreement with computational 

fluid dynamics simulations. The device was commissioned in tests on P. fluorescens biofilms 

formed on HDPE and SS cylinders under conditions of mild shear stress. The biofilm thickness 

was not uniform: measurements made over the surface of the test cylinders confirmed this: 

layer thicknesses ranged from effectively zero to 300 μm. The biofilms formed on HDPE were 

thicker than those formed on SS. 

 

8.1. Introduction 

A wide range of biofilm reactors have been employed to study biofilms. Mature biofilms 

can be formed in systems like the rotating cylinder reactor (RCR), the Centre for Disease Control 

(CDC) reactor, the rotating annular reactor, the rotating disc reactor, the Propella® system, the 

constant depth film fermenter or the flow-cell [138, 191, 273, 291, 437, 438]. There are also 

many techniques for sampling and analysis that may be performed directly on test coupons, 

including thickness measuring or microscopy observations assisted by epifluorescence 

microscopy, confocal laser scanning microscopy (CLSM) [251], and scanning electron microscopy 

(SEM) [250]. However these methods generally require the removal of the substrate from the 

bulk fluid and some treatments, to fix the cells or stain the structures that involve removing part 

of the water content from the sample. This dehydrating treatments compromise significantly 

the biofilms’ structure as their composition is essentially water (at least 90%) [138]. Methods to 

study biofilms in situ that minimize the manipulation of the samples are required, and 
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particularly ones which allow the biofilm response to biocides and other agents to be monitored. 

This work reports the development of a variant of the fluid dynamic gauging (FDG) technique 

for measuring the thickness – and change of thickness in response to biocide application – of 

biofilms prepared on cylindrical surfaces.  The biofilms studied were formed using the RCR, as it 

mimics industrial conditions, with rotation speed manipulated to promote growth conditions 

with low to moderate wall shear stress. In this work, biofilms were prepared using the bacterium 

P. fluorescens, and grown on cylinders of HDPE, a polymer regularly used for drinking water 

pipes [380, 439], and AISI316 SS. 

FDG is a non-contact technique developed for measuring the thickness of soft deposits 

in situ and in real time. Since its introduction by Tuladhar et al. [342] its functionality has been 

extended to study the strength of soft solid layers using computational fluid dynamics (CFD) to 

evaluate the stresses that the gauging fluid imposes on the surface being studied [440]. FDG has 

been used previously to study biofilms, including different natures like algal – Chlorella spp., 

[441], cyanobacterial – Synechococcus sp. WH 5701, [442], and bacterial – E. coli and P. 

aeruginosa [443], all prepared on flat plates. The device presented here employs a curved 

surface and also employs the zero discharge mode introduced by Yang et al. [444], in which 

alternate ejection and suction stages mean that the total liquid volume does not change over 

the course of a test. This has particular advantages for aseptic operation or when liquid 

consumption is to be minimized.  

 

8.2. Materials and Methods 

P. fluorescens cultures were used with the culture conditions and nutrient media 

described in sub-sections 3.1 and 3.2. Biofilms were grown in the RCR described in sub-section 

3.18 using samples of HDPE and AISI316 SS (sub-section 3.4)  

A czFDG device was designed, commissioned and used to assess the thickness of those 

biofilms. Calibration tests were performed simultaneously with all the measurements. For each 

sample, 12 of 60 possible locations were gauged (sub-section 3.22).  

Numerical simulations were performed by Mr Shiyao Wang (PhD candidate in the 

University of Cambridge – Department of Chemical Engineering and Biotechnology), to support 

this work. Because these simulations are fundamental for the description of this work, they are 

described in the sub-section 8.3., with Mr Wang’s permission.  
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8.3. Numerical Simulations 

Three dimensional computational fluid dynamics simulations were performed using the 

COMSOL Multiphysics® software (version 4.1, Chemical Engineering module) on a desktop PC 

using technique described in detail by Chew et al. [440] for flat substrates and by Gu et al. [445] 

for annular geometries similar to the czFDG. These earlier studies had only considered suction 

configurations, where liquid leaves the reservoir via the nozzle. Flow in the tube is assumed to 

be laminar, steady state and fully established. The gauging liquid is Newtonian and the flow is 

isothermal. The Navier-Stokes and continuity equations are solved for a set flow rate into or out 

of the nozzle (for suction and ejection, respectively). The pressure field solution gives an 

estimate of ∆P, and thus 𝐶d, for comparison with experimental data. The geometry of the model 

and coordinate system are presented in Fig. 8.1. The two projections employed in presenting 

the results are shown in the Fig. 8.3c. Tags A-D label boundaries in the simulation with the 

following boundary conditions (further details are provided by Chew et al. [440]: 

A.  Axis of symmetry:  

There was no flow across symmetry planes, i.e.  𝐧 ⋅ 𝐯 = 0, where 𝐧 is the vector normal to the 

relevant plane and v is the velocity vector. 

B. Gauging tube: inlet (ejection flow) or outlet (suction flow) 

Flow is assumed to be fully developed, giving the Hagen-Poiseuille velocity profile, i.e. 𝑣y = 0 

and  

𝑣z = 𝑣max(1 −
4𝑦2

𝑑2 )       (8.1) 

where 𝑣max is the centreline velocity, 𝑣y is the velocity in the y-direction and 𝑣z is the velocity 

in the z-direction.  

C. Walls 

These is no slip and they are impermeable, e.g. for the cylinder wall in Fig. 8.1, 𝑣y = 0 and 𝑣z =

0. 

D. Bulk liquid in reservoir: outlet (ejection) or inlet (suction) 

The distance of this boundary to the axis of symmetry was set to be much larger than the radius 

of the gauging tube (𝑑/2). This guarantees that the streamlines are parallel and normal to the 

boundary surface [440]. 
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Fig. 8.1 – Simulation geometry.  

Co-ordinates: 𝑧 – horizontal axis (gauging tube), 𝑦 – vertical axis (reservoir height) and 𝑎 – arc length, 
along the cylinder surface.  

 

COMSOL employs the finite element method (FEM) code. The domain was modelled 

using a 3-D mesh of tetrahedral elements (Fig. 8.2), constructed with the software’s built-in 

mesh generator. There were 376806 mesh elements within the fluid domain, comprising half of 

the gauging tube and one eighth of the reservoir. The mesh density is higher under the nozzle 

rim and along the lip, where the largest pressure and velocity gradients were found. The effect 

of the number of mesh elements, 𝑁e, on the simulation results is reported in Table 8.1 for a 

representative case. The values for 𝐶𝑑 differ for suction and ejection modes.  Above a certain 

value of Ne, there is incremental change in 𝐶𝑑. 
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Fig. 8.2 – Simulation mesh, tetrahedral elements.  

(a) whole system, 2-D slice; (b) detailed illustration of the region beneath the nozzle rim. 

 

Table 8.1 – Effect of mesh refinement on solution accuracy for the case 𝑅𝑒t=84, ℎ 𝑑t⁄ =0.074. 

𝑁e 
Ejection mode Suction mode 

𝐶d solution time (s) 𝐶d solution time (s) 

80669 0.127 293 0.121 381 

84288 0.126 303 0.121 400 

136422 0.126 519 0.121 673 

248736 0.125 836 0.121 1089 

787334 0.121 2253 0.118 2869 

3572597 0.120 17635 0.117 20697 

 

The mesh density affected the numerical performance, e.g. time to converge, but the 

mass balance was closed with accuracy similar to earlier studies [440], for even the smallest 

𝑁e values. 

 

8.4. Results and discussion 

8.4.1. CFD and calibrations 

As stated previously, the numerical simulations were performed by Mr Shiyao Wang to 

support this work. The discussion of the results is presented here as it was considered 

fundamental for the complete discussion and description of this work, as in the correspondent 

publication.  

Fig. 8.3 presents velocity distributions within the nozzle for (a) ejection and (b) suction 

mode for the same 𝑅𝑒t and ℎ 𝑑t⁄ values. The largest velocity gradients are found near the nozzle 

throat, as reported in previous quasi-static FDG studies [445, 446].  

The two flow configurations differ in the existence of large recirculation cells 

downstream of the nozzle in suction mode, marked by solid boxes in Fig. 8.3(b). For ejection 

mode the flow in this region approximates a radially converging flow. It will be seen in Fig. 8.4 

that this gives rise to slightly different 𝐶d behavior in ejection.  
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Fig. 8.3 – CFD simulation results for (a) ejection and (b) suction mode for 𝑅𝑒𝑡= 63, ℎ0= 0.25 mm 
(ℎ/𝑑t = 0.25) for the planes labelled (i) and (ii) in schematic (c).  

Colors indicate the local speed, scale on right. White lines indicate streamlines in the flow. The projections 
of planes in (ii) were cropped (indicated by the dashed boundary) to fit the page. The solid boxes in (b, i) 
and (b, ii) emphasize the presence or absence of recirculation cells within the conical part of the nozzle. 
The flow pattern in the region between the nozzle rim and the surface being gauged is enlarged in (iii).  

 

Fig. 8.4 compares the measured pressure drops and the associated 𝐶d values obtained 

from ejection mode calibration tests using two mass flow rates. Plotted alongside are the results 

from CFD simulations: each CFD datum required a new simulation.  Similar trends, and similarly 

good agreement between experimental and simulation results, were obtained for suction mode.  
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Fig. 8.4 – Comparison of experimental (expt) calibration curves with results obtained by simulation (sim) 
for ejection mode with 𝑅𝑒t = 84 and 𝑅𝑒t = 63.  

Plots denote (a) pressure drop- ℎ/𝑑tprofile and (b) 𝐶𝑑 - ℎ 𝑑t⁄  profile. Error bars indicate the uncertainty 
calculated for each experimental value and are not visible for (a) as the error is not significant and is 
hidden by the symbol. 

 

Ejection mode results are presented here as this was the configuration employed to 

measure the biofilm thickness. It should be noted that there are no adjustable parameters in the 

CFD calculations. Table 8.1 shows that the 𝐶d value depends on mesh refinement and 

approaches a limiting value asymptotically. The asymptotic value (at high Ne) is compared with 

the experimental values in Fig. 8.4. 

The calibration curves indicate a usefully linear region for the thickness measurements 

within the interval 0.05 < ℎ 𝑑t⁄  < 0.25. For ℎ 𝑑t⁄  < 0.05, 𝐶d is small but also very sensitive to any 

misalignment between the nozzle and the cylinder, when the nozzle axis is not collinear with the 

normal to the cylinder surface. This is nullified by avoiding small clearances. The pressure drop 

is also large when ℎ 𝑑t⁄  is small, requiring a pressure transducer with a large sensitivity range.  
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Furthermore, the high pressure drop means that the approach to the surface is readily 

noticed and this can set an alarm in the FDG software. For ℎ 𝑑t⁄  > 0.25, 𝐶d approaches as 

asymptotic value, and a pressure drop that is no longer a function of ℎ, therefore FDG 

measurements cannot be performed.  

For both modes, the flow in region between the nozzle and the substrate, enlarged in 

Fig. 8.3 (iii), approximates to a radial flow pattern with parallel streamlines. These patterns 

differed at smaller ℎ 𝑑t⁄  (see [447]): a small recirculation zone attached to the underside of the 

nozzle is evident in ejection mode and is absent in the suction case. The differences in the flow 

near the nozzle throat, evident from the streamlines and velocity fields, give rise to different 

shear stress distributions on the substrate surface in Fig. 8.5.  

The shear stress imposed by the gauging flow on the cylinder surface along the line of 

increasing y co-ordinate (parallel to the cylinder axis) is plotted in Fig. 8.5 for both suction and 

ejection modes. The system is symmetrical about 𝑦 = 0 in practice so results for ejection are 

plotted with positive 𝑦 and suction with negative 𝑦. The distribution of shear stress in the 

azimuthal direction (indicated by co-ordinate ‘𝑎’ on the cartoons) can also be calculated. These 

data are not reported here as the shear stress decays more strongly in the azimuthal direction 

(see below). The Fig. 8.5 shows noticeable differences between the two configurations. There is 

a noticeably larger peak in the shear stress near the nozzle inlet with ejection mode at 𝑅𝑒t = 84, 

which results from the difference in flow field near the nozzle exit (see Figure 8.3(iii)), increasing 

the shear rate on the surface and hence the shear stress. This feature is not as marked at the 

lower flow rate. This behaviour is also evident when the data are compared with the analytical 

result for the shear stress distribution created by steady, incompressible radial flow of a 

Newtonian fluid between two parallel discs (see Middleman [448]): 

𝜏 = (
3𝜇�̇�

𝜌𝜋ℎ2)
1

𝑟
         (8.2) 

Here r is the distance from the axis of the discs. Fig. 8.5 shows the shear stress 

distributions on the cylinder surface where it is bisected by the plane of symmetry (direction y 

in the schematics) obtained from CFD simulations for two values of 𝑅𝑒t, in suction and ejection, 

alongside those predicted by Equation (8.2). The magnitudes of the simulation results for suction 

are similar to the predictions, but do not agree exactly. 
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Fig. 8.5 – Shear stresses imposed by the gauging flow on the surface of the cylinder, along the line of 
increasing 𝑦 (see insets).  
(a) 𝑅𝑒t = 84, (b) 𝑅𝑒t = 63, ℎ 𝑑t⁄ = 0.25. Solid symbols - ejection mode, open circles - suction mode. Solid 
line shows analytical result for parallel discs (Equation 8.2). Vertical dashed lines indicate the location of 
the inner and outer lip of the gauging nozzle. 

 

One of the reasons for this is that the geometry is not one-dimensional: the gap between 

the nozzle lip and the surface varies with azimuthal angle (it increases steadily in the 𝑎 direction). 

As a result the shear stress on the surface decreases more strongly with increasing 𝑎 than that 

with 𝑦 (data not presented). The results in Fig. 8.5 indicate that Equation (8.2) can be used to 

estimate the largest shear stress imposed on the cylindrical surface or any biofilm growing on it, 

to one significant figure. Significantly better agreement is obtained for gauging on flat surfaces 

[444]. Equation (8.2) assumes a steady velocity profile in the gap between the discs, which differs 

from that predicted by the CFD studies for ejection with 𝑅𝑒t = 84. The simulated shear stress 

value is larger than that predicted, as expected. 
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It is noteworthy that the shear stress values imposed by the gauging flow on the surface 

in the region under the nozzle in Fig. 8.5 range from 1–2 Pa when ℎ 𝑑t⁄  = 0.25. The shear stresses 

imposed by steady pipe flow are given by 1 2⁄ 𝑓𝜌𝑢m
2 , where 𝑢m is the mean bulk velocity and 

the friction factor 𝑓 is typically around 0.005. This gives 𝜏𝑤~ 2.5 𝑢m
2 , e.g. 𝜏𝑤~ 2.5 Pa for 

𝑢m = 1 m/s. The gauging flow exhibits pipe flow conditions even at this low mass low rate.  The 

shear stress can be increased by moving the nozzle closer to the surface: equation (8.2) indicates 

that  ~h-2 so at the smallest accessible clearance, i.e. ℎ 𝑑t⁄  = 0.05, a shear stress of around 50 

Pa can be generated, which corresponds to um ~ 4.5 m/s. 

The above results demonstrate that zero net flow FDG can be achieved with cylindrical 

geometries. Measurements of biofilm thickness could be made during an ejection step, a suction 

step, or both, as the syringe is being filled or emptied, or back and forth with small volume 

changes and suction steps. In the tests here with biofilms, thickness measurements were made 

in ejection mode as the biofilms were quite fragile and could be dislodged as clumps which, in 

suction mode, could block the nozzle. If this did occur in practice, the pressure drop 

characteristics would change noticeably. Blockage could be countered by withdrawing the 

nozzle a long distance from the test surface and ejecting a burst of liquid to clear the nozzle. 

8.4.2. Measurements on biofilms 

The photographs in Fig. 8.6 of biofilms formed on the HDPE and SS cylinders after 7 days 

of growth show uneven coverage.  

 

Fig. 8.6 – Cylinders of HDPE (I) and SS (II) after 7 days of biofilm growth (a) versus clean cylinders (b). 
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The average wet mass on the HDPE cylinders (3 independent measurements) was 20.0 

± 2.2 mg biofilm/cm2. It was not possible to obtain reliable coverage values for the SS cylinders 

owing to the mass of the metal. Examples of biofilm thickness measurements are presented in 

Fig. 8.7. Data are plotted for one cylinder (of the three) per test. Appendix Figures A1 and A2 

report the complete data sets for the two materials. Measurements were made at 12 positions 

for each cylinder.  

 

 

Fig. 8.7 – Biofilm thickness measurements for HDPE and SS cylinders after three independent tests 
(labelled A, B and C, data presented for one cylinder of the three measured per test).  

Measurements performed at 4 different azimuthal positions (indicated in Roman numerals, 
corresponding to clock positions, see middle plot) and 3 different heights (open bar - highest position, 
crossed bar - intermediate position, solid bar - lowest position). Error bars indicate the uncertainty 
calculated for each experimental value.  
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Measurements were made at 12 positions for each cylinder. There is noticeable 

variation between cylinders and between tests. There is noticeable variation between cylinders 

and between tests. The resolution of the czFDG technique is ±19 μm due to the sensibility of the 

pressure transducer used and of the linear drive. 

The pattern obtained for the HDPE cylinder in Tests A and B showed significant similar 

trends (P > 0.05) and was noticeably different to test C (P < 0.05). For SS cylinders a similar trend 

was observed for the three tests (P > 0.05). The absence of data on some cylinders does not 

indicate that there was no layer present: the resolution of ±19 μm is quite large compared to 

the size of individual P. fluorescens cells, which are rod shaped with a typical diameter of 2 µm. 

The digital microscope confirmed that material was present on the surface, but evidently some 

factor had prevented the bacteria progressing to the colonization and growth stage. If anything, 

these results confirm some of the difficulties in working with biofilms: reproducibility is hard to 

achieve!  

The biofilms were formed under the same hydrodynamic conditions, using a metallic 

and a polymeric substrate. Overall results indicate that biofilms formed on HDPE have an 

average thickness of (0.104 ± 0.006 mm) significantly superior than the ones formed on SS (0.072 

± 0.006 mm). Previous findings for P. fluorescens biofilms formed on SS and PMMA surfaces 

(described in the chapter 5) showed no significant difference between the numbers of adhered 

cells on those materials. The HDPE and PMMA substrates have different properties in terms of 

hydrophobicity: the sample roughness, although not measured, was clearly different and 

striated patterns were evident on the HDPE samples. These patterns appeared to follow 

machining marks in the HDPE surface which may have functioned as harbours for initial cell 

adhesion [33]. The PMMA samples were buffed during manufacture, which is likely to explain 

the differences.  

Augustin et al. [441] reported similar variation in thickness values for Chlorella spp. 

biofilms, measured with scanning FDG operated with under mass flow mode, where the 

pressure drop is fixed and the mass flow rate varies as the nozzle approaches the surface (as 

used by Tuladhar et al. [342]). Salley et al. [442] measured the thickness of biofilms formed from 

Synechococcus sp. WH 5701 on different substrates (glass, stainless steel and indium tin oxide), 

over a period of 4 weeks. They measured thickness at three positions on each substrate and 

reported variation similar to that on cylinders 1 and 3 in tests A and B. These algal biofilms grew 

to thicknesses ranging from 100-300 m after 4 weeks. The variation between measurements 

decreased with time, as the biofilms became more mature.  
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Whereas Augustin et al. [33] and Salley et al. [34] used static growth conditions, Peck et 

al. [443] grew E. coli and P. aeruginosa on different substrates, placed in petri dishes and 

cultivated in a rocking incubator with an agitation speed of 70 rpm. These studies also reported 

noticeable variation in biofilm thickness. All the above studies employed flat substrates: to our 

knowledge, this is the first work reporting results for steady-state bacterial biofilms formed on 

curved surfaces, under rotational flow. The ability of the czFDG to scan over the entire cylinder 

surface also allows meaningful statistics to be collected for each sample. The technique could 

be employed to study biofilms formed on the external surfaces of pipes or the inner wall of a 

fermenter, as long as the location of the nozzle relative to the substrate can be determined 

reliably. 

  

8.5. Conclusions 

A novel FDG device for measuring the thickness and the shear stress needed for removal 

of soft deposits on cylindrical surfaces, with zero net discharge of liquid from the system, has 

been designed, constructed and commissioned. Calibration tests showed similar trends in both 

suction and ejection flow modes, with the results being consistent with CFD predictions. The 

differences between the two modes were consistent with simulations. The accuracy of the 

measurements in calibration tests was estimated was ±19 μm, with the dominant factor being 

the accuracy of the linear drive (which can be improved by employing a different drive). 

P. fluorescens biofilms formed under mild shear stress on HDPE and SS cylinders in the RCR were 

successfully measured with this device, under aseptic conditions. The biofilm thickness varied 

noticeably over the cylinder surface and this was confirmed by the CZFDG measurements, with 

measured values ranging from zero (below the resolution of the device) to about 300 µm
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9. General conclusions and Future remarks 

9.1. Conclusions 

The main conclusions drawn through the work of this thesis are described below.  

Ferulic and salicylic acids presented moderate antimicrobial action against B. cereus and 

P. fluorescens biofilms. Their use for control of biofilms did not cause significant removal, neither 

that happened when the phytochemicals were used for biofilm prevention. Significant removal 

was only observed for the dual-species biofilms, after a second exposure to the phytochemicals. 

Within this stage BDMDAC was selected as the preferred biocide for further studies, because its 

MIC was significantly lower than that of phytochemicals. This choice allows the use of smaller 

amounts of biocide, an important aspect for the design of more economic and sustainable 

control strategies. 

The RCR demonstrated to be a versatile tool to ascertain the effectiveness of BDMDAC 

on the removal of biofilms. Different surfaces were used for adhesion and several hydrodynamic 

conditions were tested during the formation of B. cereus and P. fluorescens single and dual-

species biofilms.  

When comparing a polymeric (PMMA) with a metallic (SS) surface, the biofilm removal 

was dependent both on the adhesion surface and on the microbial species. In-vitro assays 

indicated that the numbers of adhered cells decreased moderately after treatment with 

BDMDAC, essentially in the case of B. cereus. The predictions of the thermodynamic theory of 

adhesion did not agree with the laboratorial adhesion assays, probably because it neglects 

important biological phenomena like motility and surface sensing mechanisms as well as EPS 

production.  

The biofilms formed in the RCR were treated with BDMDAC, followed by hydrodynamic 

stress. Even though additional removal was achieved by the combination of both treatments, 

they failed in the aim of achieving total removal. P. fluorescens biofilms were the most resistant 

to removal. SS was the easiest surface to clean with the hydrodynamic stress, alone and 

preceded by the BDMDAC treatment. 

Using the RCR, B. cereus biofilms were formed on SS surfaces under different 

hydrodynamic conditions. BDMDAC treatment alone was more effective against biofilms formed 

under low τw. Biofilms formed under intermediate and high τw presented higher amounts of 
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extracellular polysaccharides and were more resistant to the combination of chemical and 

mechanical treatments. A strongly adhered basal layer was present in all biofilms and resisted 

to removal by chemical and mechanical actions. The existence of this layer is an important fact 

as it may lead to the growth of recidivist biofilms even after sanitation procedures. 

The effect of the hydrodynamic stress was closely investigated in single and dual-species 

biofilms of B. cereus and P. fluorescens on HDPE, using the RCR. Again, the predictions provided 

by the thermodynamic theory of adhesion failed to confirm the in vitro assays on HDPE, 

confirming its inadequacy to indicate the trends of initial adhesion. The biofilms formed on HDPE 

presented distinct phenotypic characteristics and behaviour to chemical and mechanical 

stresses. P. fluorescens biofilms were the most resistant to the BDMDAC treatment alone. 

Exposure to increasing shear stresses demonstrated a stratified behaviour of the biofilm in terms 

of cohesiveness. Low shear stresses led to erosion of the biofilm. A compression of the biofilm 

happened with exposure to higher shear stress values. The combination of BDMDAC with the 

hydrodynamic stress enhanced biofilm removal, however, total biofilm eradication was not 

achieved.  

A czFDG was developed. This novel device is able to measure the thickness and the shear 

stress needed for removal of soft deposits on cylindrical surfaces, with zero net discharge of 

fluid from the system. The CFD simulations preformed to model the flow in the nozzle showed 

consistent trends with the experimental results. The czFDG was successfully employed to 

measure the thickness of P. fluorescens biofilms formed on HDPE and SS surfaces using the RCR. 

The biofilm thickness varied noticeably over the cylinder surface, with measured values ranging 

from zero (below the resolution of the device) to about 300 µm and thickest biofilms observed 

formed on HDPE. This system is ideal for work in aseptic conditions and allows measurements 

in situ with minimum manipulation of the biofilm, therefore allowing the conservation of its 

structural properties. 
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9.2. Future work 

The investigation on complex and highly adaptable systems such as biofilms is relatively 

recent (40 years) and therefore there is a great deal of unknown territory to explore. Biofilms 

are not the exception but rather the rule of bacterial growth. It is fascinating to see how the 

oldest living organisms on the planet can build such complex and resilient structures from 

unicellular microorganisms.  

The scope of this thesis, biofilm control strategies, is an equally complex theme, due to 

the multitude of factors that can interfere with their success. The contribution presented in this 

work is only a starting point of a long investigation that should focus all those factors, and the 

tools presented can also be improved with that goal.  

It would be interesting to pursue additional studies in order to ascertain the potential of 

other phytochemicals to act as synergistic agents with conventional biocides for biofilm control. 

The aim would be to reduce the strong dependency of disinfection practices on conventional 

chemicals and gradually move to more sustainable compounds, with reduced ecological impact. 

The influence of materials on the control of biofilms is also an aspect deserving more 

attention. Novel surfaces and coatings are being developed and tested with this focus. The 

utilization of those modified surfaces in simulated industrial conditions is important for the 

design of biofilm control strategies. The RCR would be a valuable tool for these studies due to 

its versatility for adhesion surfaces and environmental conditions. The variation of carbon 

sources and temperature conditions in the RCR is certainly worth of further investigation, in 

order to ascertain biofilm formation and behaviour when the nutrients are limited or in 

refrigerated areas of food industries.  

Other hydrodynamic conditions should also be tested, however, the present 

configuration of the RCR limits the rotation speed imposed to cylinders. In fact, the RCR suffered 

many improvements during the development of the experiments described in this work. In the 

present configuration two cylinders are ‘slaves’ of the ‘master’ which is the one connected to 

the overhead stirrer. This ‘master’ shaft is exposed to additional stress compared to the other 

two, and even though recently a double homokinetic joint was installed to minimize the effect 

of possible oscillations of the stirrer, it is expected that its bearings will wear out sooner than 

the ones correspondent to the ‘slave’ shafts. Therefore, some alterations in the design of the 

RCR are proposed, utilizing a gear system, with a small motor coupled to a main gear 

transmitting to smaller gears deriving to the cylinders.  
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Furthermore, it would also be useful to perform the hydrodynamic study of the RCR. 

Early steps were made in this direction with the collaboration of Dr Bart Hallmark, from the 

Cambridge University, which kindly performed some early stage CFD simulations using Polyflow 

software. A model was made of one third of the reactor, using a tetrahedral mesh with 751 000 

elements. Dr Hallmark performed simulations for three different rotational speeds: 1, 11.8 and 

25 rpm, however, he could not proceed with higher speeds due to limitations of the software. 

In fact, he noted that the flow becomes too inertial for a viscous solver approach to handle above 

25 rpm and taking the simulation to speeds approaching 300 rpm would require a CFD code that 

can handle inertia and probably turbulence, so Fluent or CFX could be an option. This would be 

a project in itself, particularly the selection and tuning of the turbulence model. Important 

aspects regarding the geometry should be considered, in particular the selection of the 

boundary conditions and the fact that there are air bubbles injected in the centre of the tank.   

The czFDG is in an early stage of development and can equally benefit of some 

improvements in its design, particularly concerning the alignment of the samples and the 

calibration methods (location of the sample). The estimate of the shear stress needed to remove 

the biofilms from the surfaces is one possibility to be explored, as well the advantage of studying 

the effect of biocides in the structure of biofilm (thickness and cohesive properties) in real time.  

Other methodologies could be included to complement these studies. Optical 

coherence tomography (OCT) can provide three-dimensional images with high-resolution of the 

structure of biofilms, in real-time [449]. Quantitative studies regarding mesostructured 

properties of the biofilms (thickness and morphology) can be performed with this method using 

2D and 3D image reconstruction in-situ and non-destructively [450-452]. The combination of 

czFDG and OCT could provide a powerful tool pack to investigate the aspects of the biofilm 

mechanical stability that contribute to its great resistance and resilience.  
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Fig. A 1– Biofilm thickness measurements for the three HDPE cylinders after three independent tests 
(labelled A, B and C).  
Measurements performed at 4 different azimuthal positions (indicated in Roman numerals, 
corresponding to clock positions, see middle plot) and 3 different heights (open bar - highest position, 
crossed bar - intermediate position, solid bar - lowest position). Error bars indicate the measurement 
uncertainty calculated for that location.  
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Fig. A 2 – Biofilm thickness measurements for the three SS cylinders after three independent tests 
(labelled A, B and C).  
Measurements performed at 4 different azimuthal positions (indicated in Roman numerals, 
corresponding to clock positions, see middle plot) and 3 different heights (open bar - highest position, 
crossed bar - intermediate position, solid bar - lowest position). Error bars indicate the measurement 
uncertainty calculated for that location. 

 


