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Abstract 
Biofilms are complex communities of microorganisms encased in a self-produced matrix, 

often attached to an abiotic or biotic surface. They impact various aspects of our lives and 

are known to create problems in industry and healthcare. In the latter, biofilms are 

responsible for a large array of infections e.g., Catheter Associated Urinary Tract Infections 

(CAUTIs). In biofilm research, the more widely used methods rely on microplate reactors. 

Like many other scientific areas, biofilm research suffers from a lack of reproducibility in 

published data. Different factors can contribute to this phenomenon such as selective 

reporting and unreliable methods. This thesis explores the idea of a new classification 

system for defining different levels of reproducibility and the use of different approaches 

to address the reproducibility issue, focusing on microplate-based methods.  

First, we addressed the issue of selective reporting through the application of a minimum 

information guideline for spectrophotometric and fluorometric methods to assess biofilm 

formation in microplates. These guidelines aim to improve reporting and as a result 

improve reproducibility. The guideline was built following recommendations by 

international groups working with these methods. It instructs authors and reviewers on the 

necessary information that a manuscript should include for the experiments in a study to 

be clearly interpreted and independently reproduced. The guideline and all its 

accompanying documents were made available online on the MIABiE website 

(http://miabie.org/introduction.php). 

Subsequently, we evaluated the reproducibility of three microplate-based biofilm 

quantification methods for single species biofilms: plate counts, resazurin, and crystal 

violet. This was carried out through a 5-lab ring trial study. Experiments were separated 

into control and treatment. For treatment experiments, the efficacy of sodium hypochlorite 

(NaOCl) killing Staphylococcus aureus biofilms was evaluated. Control experiments 

showed that crystal violet was the most reproducible method with the lowest standard 

deviation (SD). In the treatment experiments, plate counts had the best reproducibility with 

respect to responsiveness (SD/slope), making it the more reliable method to use in a 

disinfectant efficacy test.  

As biofilms are often multispecies, we evaluated the repeatability of the plate count method 

for different multispecies biofilms. CAUTI was used a model and four species of 

microorganisms were selected: Escherichia coli, Proteus mirabilis, Enterococcus faecalis 
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and Candida albicans. Eleven different combinations of biofilms (1-4 species) were grown 

on silicone coupons in artificial urine medium (AUM). The repeatability SDs values for 

each species within each combination were generally low and comparable to the numbers 

observed in the ring trial with a few exceptions. The least repeatable plate counts were 

observed for C. albicans in the three species biofilm with E. coli and E. faecalis (2.82±1.18 

Log CFU/cm2). Antagonistic relationships were observed between E. coli, C. albicans and 

P. mirabilis, whereas E. faecalis seemed to have a cooperative relationship when present. 

To further characterise the biofilms, fluorescence in situ hybridisation (FISH) was applied 

and visualised using confocal laser scanning microscopy (CSLM). The imaging provided 

an insight into the spatial arrangement of the different species, as well as a look at the 3D 

structures of all these different biofilms.  

In conclusion, biofilms are complex structures that affect major aspects of our lives. 

Microplate-based methods are among the most used methods to study biofilms hence, it is 

important that we understand their limitations, and their reproducibility. The latter could 

be improved through the implementation of a minimum information guideline. The 

methods show potential for standardisation as demonstrated by their good reproducibility 

in the ring trial. The plate count method also showed good repeatability in assessing 

multispecies biofilms. Moreover, the application of the FISH method showed the potential 

of microscopy and the wealth of information we can obtain from it. As such, future work 

related to microscopy may expand our concept of reproducibility in biofilms beyond what 

it currently is. 



v 
 

Resumo 
Biofilmes são comunidades complexas de microrganismos envolvidos por uma matriz 

polimérica e frequentemente aderidos a uma superfície biótica ou abiótica. Tem sido 

largamente descrito que os biofilmes impactam negativamente na indústria e saúde. Em 

particular, os biofilmes são responsáveis por uma vasta quantidade de infeções, incluindo 

infeções urinárias associadas a cateteres (CAUTIs). A investigação em biofilmes baseia-

se, predominantemente, em reatores de microplaca e, tal como acontece noutras áreas 

científicas, sofre de falta de reprodutibilidade. Isto deve-se a diferentes fatores, como a 

publicação de selectiva de resultados e a utilização de métodos pouco fidedignos. Esta tese 

desenvolve o conceito de um novo sistema de classificação, para definir diferentes níveis 

de reprodutibilidade e abordagens, para responder ao problema da reprodutibilidade, 

focando-se em métodos baseados em microplaca.  

Inicialmente, para fazer face ao problema da publicação seletiva de resultados, optámos 

pela aplicação de uma diretriz de informação mínima, no que concerne a avaliação da 

formação de biofilmes em microplaca, por métodos espectrofotométricos e fluorométricos. 

Esta diretriz visa aumentar a qualidade do que é publicado e, assim, melhorar a 

reprodutibilidade. Foi elaborada segundo recomendações de grupos internacionais que 

trabalham com os referidos métodos, instruindo autores e revisores sobre a informação 

necessária que um manuscrito deve incluir, de forma a assegurar a clara interpretação e 

reprodutibilidade das experiências reportadas. A diretriz, e todos os documentos 

associados, foram disponibilizados online no website MIABiE 

(http://miabie.org/introduction.php). 

Seguidamente, avaliámos a reprodutibilidade de três métodos baseados em microplaca para 

quantificação de biofilme, em biofilme mono-espécie: contagem em placa, resazurina e 

cristal violeta. Isto foi feito através de um estudo ‘ring trial’ que envolveu 5 laboratórios. 

As experiências foram divididas entre controlo e tratamento. Para tratamento, a eficácia de 

hipoclorito de sódio (NaOCl) na erradicação de biofilmes de Staphylococcus aureus foi 

avaliada. As experiências-controlo demonstraram que o cristal violeta foi o método mais 

reprodutível, com o desvio-padrão (DP) mais baixo. Nas experiências-tratamento, a 

contagem em placa apresentou a melhor reprodutibilidade, no que respeita à sensibilidade 

(DP/declive), demonstrando, assim, ser o método mais fidedigno para avaliação da eficácia 

de desinfeção. 
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 Na verdade, os biofilmes são frequentemente multi-espécie. Portanto, de seguida, 

decidimos avaliar também a repetibilidade do método de contagem em placa para 

diferentes biofilmes multi-espécie. As CAUTI foram usadas como modelo e quatro 

espécies foram selecionadas: Escherichia coli, Proteus mirabilis, Enterococcus faecalis e 

Candida albicans. Onze combinações diferentes de biofilmes (1 a 4 espécies) foram 

desenvolvidas em cupões de silicone, em meio artificial de urina (MAU). Genericamente, 

e salvo raras exceções, o DP da repetibilidade para cada espécie foi baixa e comparável 

com os números observados no ‘ring trial’. A contagem em placa com menor 

repetibilidade foi obtida para C. albicans no biofilme tri-espécie com E. coli e E. faecalis 

(2.82±1.18 Log UFC/cm2). Relações de antagonismo foram observadas entre E. coli, C. 

albicans and P. mirabilis, enquanto E. faecalis, quando presente, pareceu apresentar uma 

relação de cooperação. Com o intuito de caracterizar a estrutura 3D de todos os diferentes 

biofilmes e a organização espacial das diferentes espécies, aplicou-se hibridação in situ 

fluorescente (FISH) combinado com visualização por microscopia confocal. 

Em conclusão, os biofilmes são estruturas complexas com efeitos profundos na sociedade. 

Métodos com base em microplaca encontram-se entre os mais usados para estudar 

biofilmes e, assim, é essencial entender as suas limitações e reprodutibilidade. Este trabalho 

mostrou que a implementação de uma diretriz de informação mínima melhorou a 

reprodutibilidade. Os métodos apresentam potencial de padronização, como verificado 

pela sua boa reprodutibilidade no ‘ring trial’. O método de contagem em placa demonstrou 

boa repetibilidade, para biofilmes multi-espécie. Além disso, a aplicação de FISH, 

combinado com microscopia, revelou a quantidade significativa de informação adicional 

que este método fornece. Desta forma, trabalho futuro com base em microscopia pode 

expandir o conceito de reprodutibilidade em biofilmes, desenvolvido nesta tese.
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Structure and Aims 
 
The main aim of this thesis is to investigate different methods of addressing the 

reproducibility issue within the biofilm field and improve upon it. The lack of 

reproducibility among published studies is one of the major issues we are facing in science 

today. There are many factors contributing to this problem, hence different strategies are 

necessary to tackle it.  

The thesis is divided into 6 chapters. Chapter 1 provides an overview of biofilms in general 

which highlights the various ways they impact us, and the importance of studying them. 

First it focuses on the process of biofilm formation, their behaviour, and social interactions, 

especially in multispecies biofilms. Their impact in industry and human infections is 

discussed, focusing on catheter associated urinary tract infections (CAUTI) as an example 

of the latter. Finally, a review of in vitro biofilm growth reactors, characterisation methods 

and data analysis, is provided. The section covers more extensively microplate-based 

reactors and methods, as well as the application of fluorescence in situ hybridisation (FISH) 

to study the spatial organisation of biofilms due to their extensive use in the field, as well 

as their relevance to later chapters.  

Chapter 2 delves into the reproducibility problem and the difficulties we face in the 

biofilm area specifically. It offers a new perspective on the issue by expanding on the 

analogy of biofilms as cities and providing a sense of scale to the study of biofilms that 

illustrates its complexity. The chapter also explores the idea of a new classification system 

for defining different levels of reproducibility. Level 1 represents a non-reproducible 

system, Level 2 represents standard reproducibility where plate counts are similar between 

experiments, Level 3 represents potential standard reproducibility where the 3D structures 

of the biofilm are similar between experiments, and Level 4 represents a totally 

reproducible system where all the elements are the same between experiments. It also 

provides insights into different methods we can use to improve on reproducibility and a 

pathway to potentially reaching level 3 and level 4.  

Chapter 1 and Chapter 2 emphasise the fact that microplate-based methods are by far the 

most widely used methods in the field, however little is known on their reproducibility. 

Thus, our efforts in later chapters focus on these methods. Chapter 3 introduces our first 
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approach towards more reproducible biofilm experiments through a minimum information 

guideline applicable to microplate-based spectrophotometric and fluorometric biofilm 

assessment methods. This guideline aims to improve reporting of these experiments in the 

amount of detail provided in the methodology section of an article and data presentation.  

Another approach to tackling reproducibility is to evaluate and improve the methods used 

to study them. In Chapter 4, the first interlaboratory study for microplate-based methods 

was performed. The study includes 5 different laboratories and evaluates the 

reproducibility of three different biofilm methods for single species Staphylococcus aureus 

biofilms: plate counts, crystal violet and resazurin. These methods were evaluated both for 

a control study and for a disinfectant efficacy test. The study also evaluates whether 

different protocols for the assessment part of the experiment would majorly affect the 

reproducibility of the methods, by having the participants perform their in-house protocols 

in parallel to the protocol developed for the trial.  

Additionally, since biofilms are often multispecies rather than single species, Chapter 5 

investigates the repeatability of the plate count method for different multispecies biofilms. 

The study uses the urinary catheter as model system. Biofilms were grown on silicone 

coupons placed in 24-well plates, in artificial urine medium (AUM). Four species of 

microorganisms often associated with CAUTI were selected: Escherichia coli, Proteus 

mirabilis, Enterococcus faecalis and Candida albicans. Combinations of single species, 

dual species, three species and four species biofilms were grown, and selective media was 

used to obtain plate counts per species for each combination. To further characterise the 

biofilms and investigate the possibility of transitioning to level 3 reproducibility, the FISH 

method was applied to these biofilms. Different probes were designed to specifically target 

each species and the biofilms were visualised using confocal laser scanning microscopy 

(CSLM).     

The last chapter, Chapter 6, presents the general conclusions of the thesis and discusses 

future works that could build upon what was presented in this thesis. 

This thesis reports on the work performed at the BEL (Biofilm Engineering Lab) group at 

LEPABE (Laboratory for Process Engineering, Environment, Biotechnology and Energy), 

Faculty of Engineering (University of Porto) and the SBML (Standard Biofilm Methods 

Lab) group at the CBE (Center for Biofilm Engineering), Montana State University, USA.
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 Chapter 1.  

General introduction 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Abstract 

 
This chapter provides a general overview on biofilms, how they are formed, their structure and 

their behaviour, with particular focus on the behaviour of multispecies biofilms and their social 

interactions. Moreover, the overall impact of biofilms in various industries as well as infections, 

particularly device associated infections will the reviewed. Lastly, a review of various biofilm in 

vitro reactors and assessment methods will be provided, with a particular focus on microplate-based 

methods and fluorescence in situ hybridisation due to their extensive use and relevance to other 

chapters.   
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 1.1 Biofilms 
Biofilms can be defined as communities of microorganisms encased in a self-produced 

matrix attached to a biotic or abiotic surface. While the most commonly studied organisms 

in association with biofilms are bacteria, fungal biofilms are also well-known. 1,2   

The matrix is composed of water and extracellular polymeric substances (EPS) such as 

lipids, proteins, extracellular DNA (eDNA), polysaccharides, filamentous phages and 

more. 3 It provides structural stability, efficient diffusion of nutrients and oxygen 

throughout the biofilm, as well as protection from toxins, disinfectants, antimicrobial 

compounds, and harsh environmental conditions. 4 

The environment within the matrix is ideal for communication between the different 

individuals through mechanisms such as quorum sensing. This involves the exchange of 

small chemical signalling molecules between bacteria. When recognized by surface 

receptors, they provide information on the environment, nutrient availability, presence of 

toxins and antimicrobials. 5 This form of communication can serve as a tool to direct 

biofilm formation, as well as induce genotypic and phenotypic changes to individual cells 

within the biofilm leading to changes in behaviour and properties. 6,7 An example of this 

system is the las system in Pseudomonas aeruginosa composed of LasI and LasR, which 

plays an important role in biofilm formation. 7 Another common phenomenon in biofilms 

is horizontal gene transfer due to the presence of free DNA in the matrix and close 

proximity of microorganisms within the biofilm. 8  

Biofilms are mostly heterogenous meaning they can differ in height, volume, porosity, cell 

density, matrix composition, spatial organisation and more. They can also have more than 

one species or strain present at the same time, or even kingdoms for example, fungi and 

bacteria together. 9 Despite this heterogeneity the biofilm formation process can be very 

similar. There are generally four main stages: attachment, early biofilm formation, 

maturation, and dispersal (Figure 1.1). In the attachment phase, microorganisms attach to 

a surface through adhesion proteins present on their cell membrane. These can be highly 

adaptable to the surface topography and range from pili and flagella to species-specific 

proteins such as USPA1 in Moraxella catarrhalis. 10,11 In the early biofilm formation phase, 

the microorganisms start to produce the biofilm matrix. This requires changes in gene 

expression as they move from a proliferation driven state to a more static state. Two-

component signalling systems such as cAMP-CRP (Cyclic adenosine monophosphate-

catabolite activator protein) are often associated with this stage. 12,13 The microorganisms 
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can also start to aggregate, for instance, in Bacillus subtilis biofilms the rod-shaped bacteria 

start to elongate and form chains. These chains are then stacked on top of each other as the 

biofilm grows. 14 In the maturation phase, microorganisms in the biofilm produce a variety 

of EPS products such as lipids and proteins. They also release eDNA and based on the 

signals and the environment within the biofilm they undergo a phenotypic variation. 15 

Finally, when certain signals are released, individual cells or clumps of cells start to 

disperse and leave the biofilm. 16  

1.1.1 Multispecies biofilms 
Biofilms are commonly polymicrobial, containing multiple species of microorganisms. 

This means that, how different species of microorganisms interact with one another i.e., 

their social phenotypes play an important role in biofilm formation, structure, properties, 

and behaviour. Hence, many different types of relationships can exist between 

microorganisms. Three of the more common arrangements observed can be seen in Figure 

1.2.  

For example, if an antagonistic species is present it tends to favour its own and produce 

proteins which can kill or inhibit any other species present in the biofilm, thus becoming 

the dominating species in the biofilm (Figure 1.2A).17 In other cases, antagonistic 

relationships can produce biofilms where distinct microcolonies or aggregates of each 

species can be seen, with no apparently dominant species.18 On the other hand, species 

often behave in the interest of the “common good” and cooperate with each other in a 

Figure 1.1. Stages of biofilm formation. 1. Attachment 2. Early biofilm 3. Mature 
biofilm 4. Dispersal. Created with BioRender.com  
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mutualistic type relationship leading to a very well mixed heterogenous biofilm (Figure 

1.2B). 19,20 There are also public good species which will secrete products that benefit all 

species in the biofilm, but still show a preference to its own clones. Hence, the public good 

species tends to be dominant and more abundant, but other species are also present leading 

to a heterogenous biofilm (Figure 1.2C). 21 This often results in a layered biofilm for 

example, in an Acinetobacter sp. and Pseudomonas putida biofilm; the Acinetobacter sp. 

found in the upper layer assists the growth of the lower layer P. putida by metabolising 

different substrates into compounds to be used by them. 22 Competitive interactions 

between different species are also known to form biofilms that resemble the well mixed 

and layered biofilms. 23,24 

 
These mixed communities can result in an overall increase in biomass and even enhance 

certain functions of the biofilm such as its physical protection and virulence. Production of 

some compounds within the matrix can also increase in multispecies biofilms, when 

compared to single species ones. Interestingly, these effects have also been observed in 

biofilms where antagonistic phenotypes are present.25 Many of these interactions have been 

observed in well-defined model systems, where specific strains and species are selected 

and introduced into an engineered system. 26 They have also been observed in microbial 

ecology studies which use undefined models i.e., the species and strains within the biofilm 

are directly taken from the naturally-occurring system rather than selecting specific ones. 
27 An example of this are works modelling naturally occurring biofilms in drinking water 

systems. In this case, water samples are taken from either the drinking water supply or 

Figure 1.2. Common biofilm social phenotypes. A. Antagonistic – one dominating 
species B. Mutualistic – well mixed biofilm C. Public good layered – one species is 
more abundant but assists others within the biofilm as well. Created with 
BioRender.com  
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groundwater sources and feeding them into a continuous flow reactor e.g., the CDC reactor, 

and monitoring biofilm growth over time.28,29  

1.1.2 Biofilms in industry and healthcare  
Biofilms are an important part of many ecosystems. They can often be found growing in 

places such as hot springs and freshwater rivers, which gives us an insight on their 

adaptability and survival strategies. 1,8 Biofilms can be engineered to assist us in many 

industrial processes, for example water purification in wastewater treatment plants.30,31 

Another useful application of biofilms is as a means of production for various proteins of 

commercial interest, such as lactic acid. 32,33 Bacteria known for their abundant biofilm 

production, such as Escherichia coli32 and B. subtilis34, are the ones most commonly-used 

in these settings to maximise production. Another possible beneficial use for biofilms is 

their application for biofuel production.35 

Unfortunately, there is also a negative side to biofilms. They can often be very detrimental 

to many industries. One of the most prevalent examples is the food industry where biofilms 

can form during the production process and either contaminate the food or cause issues 

with machinery function. 36,37 Biofilms are also known to cause problems in water drainage 

and pipe systems, where they can cause obstructions of the pipes and impede proper flow 

and water distribution.38 Furthermore, energy production industries reliant on cooling 

tower reactors can also be affected by biofilm contamination.39 Ships hulls can also easily 

be colonised by marine biofilms which can increase drag and affect how well the ship 

travels.40,41   

Another area biofilms are known to cause major issues is in healthcare, where they play a 

major role in both chronic and acute infections. They are especieally prevalent in device 

associated infections where they attach to the surface of the device or implant. An example 

of this type of infection occurs in urinary catheters leading to catheter associated urinary 

tract infection (CAUTI). 42 This can occur both on the inside and outside of the catheter. 

When on the inside of the catheter, the biofilm can travel upwards towards the bladder or 

even cause blockage requiring re-catheterisation which increases the chances for re-

infection. 43,44 In the case of biofilm formation on the outside of the catheter lumen, the 

microorganisms can infect the urethra epithelial layers and cause complications. 44,45  If left 

untreated CAUTIs can lead to chronic infections, kidney and bladder damage, bladder 

stones and septicaemia. 46 They are mostly caused by multispecies biofilms with organisms 

such as E. coli, Enterobacter sp, P. aeruginosa, Proteus spp., Candida spp. and 

Enterococcus spp. as some of the most common culprits. 47–49 Other uncommon and flora 
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associated microorganisms have also been detected within these biofilms. 47 Studies using 

dual or multi-species models with uncommon microorganisms such as, Delftia 

tsuruhatensis and Achromobacter xyloxosidans have been shown to interact with E. coli 

and create a well-organized biofilm with increased tolerance to antibiotics. 20 Studies using 

dual or multi-species models have also shown that despite an initial antagonism against 

each other, with time the presence of the catheter material allows the pathogens cohabitate 

and cooperate with each other. 50–52     

Other common biofilms associated infections include orthopaedic device infections53, oral 

infections (e.g., periodontitis)54, chronic wound infections55 and chronic lung infections 

especially prevalent in cystic fibrosis patients. 56 Unfortunately, treatment of CAUTI and 

other biofilm associated infections with antibiotics or antimicrobial compounds often fails. 
8 This phenomenon has also been observed for disinfectant efficacy.57 Biofilms are 

inherently more tolerant towards antimicrobials as their matrix acts as a physical barrier to 

diffusion and in some cases the dormant state of cells within the biofilm can prevent 

antimicrobial up-take. 58 Quorum sensing and horizontal gene transfer can also aid the 

exchange of resistance genes further complicating the issue. 59 In the case of multispecies 

biofilms, finding a treatment strategy capable of targeting a complex consortia of 

organisms is essential. 59 As a result, alternatives to conventional treatments have been 

suggested over the years such as preventing biofilm formation. An example of these are 

coatings of catheter surfaces with different compounds e.g., coating with silver hydrogel, 

quorum sensing inhibitors such as acylase and α-amylase, 60 or antimicrobial peptides. 43  

 1.2 Biofilm models 
As previously discussed, biofilms are complex structures that can positively and negatively 

impact many aspects of our life. Much of our understanding of biofilms is based on in vitro 

experimental models, which is why it is important for the experimental setup to mimic the 

real-life scenario as closely as possible. These experiments involve two parts, the reactor 

used to grow the biofilm and the characterisation method used to assess it. Both the reactor 

and the assessment method can impact the repeatability (within lab variability) and 

reproducibility (among lab variability) of the experiment.  

1.2.1 Biofilm growth reactors 
The simplest and most widely used biofilm reactors are multi-well reactors or microplates, 

where the biofilm is grown in a batch system, meaning there is no flow of nutrients into 

the system. Microplates offer a lot of advantages due to their ease of use, flexibility, and 
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potential for high-throughput screening. They are extensively used in novel antimicrobial 

compound screening, 61 as well as studies investigating basic biofilm behaviour. 62 Their 

repeatability was assessed for different characterisation methods in two separate studies 

and while some methods performed better, the overall observation was that the microplate 

was not robust. They found that minor variations in the biofilm growth conditions, as well 

as protocol performance from well-to-well and from day-to-day (even by experienced 

personnel) affected the repeatability of the biofilm. 63,64 

Another example of a biofilm reactor is the flow cell system, which is a continuous flow 

type reactor where biofilm grows under continuous flow conditions. In this case, nutrients 

are constantly fed into the system and their flow rate is controlled to mimic the desired 

real-life system. 32 The flow cell consists of a semi-circular Perspex duct of varying sizes, 

with multiple apertures on its flat wall to fit removable rectangular coupons (most common 

2 × 1 cm growth surface area).65 Bacterial suspension and fresh broth are constantly 

circulating through the system at a desired flow rate and the biofilm forms on the upper 

surface of the coupon. This method can be adapted for continuous assessment of the biofilm 

over-time through microscopy. 65 Its repeatability has been investigated by Heydorn et al.66 

They looked at the repeatability of biofilm thickness for different P. aeruginosa strains 

across different coupons in different experimental days. The measurements were 

performed using microscopy and their results showed that the method was repeatable 

within each strain. 66    

Standardised biofilm reactors are also used. These need to fulfil certain criteria to be 

classified as such. Firstly, the protocol needs to be reasonable i.e., not too expensive, 

relatively easy to learn and preferably use conventional laboratory materials and 

equipment. Additionally, it needs to be valid, meaning the method is relevant to its 

application and mimics the real-life situation as closely as it can while remaining unbiased. 
67 Secondly, the ruggedness, responsiveness and repeatability of the method need to be 

evaluated in intra-laboratory studies. Ruggedness refers to the sensitivity of the outcome 

to minor differences in environmental or operational factors. Ideally in a standard method 

these minor differences should not affect the final results significantly. 68 Responsiveness 

refers to the sensitivity of the method itself.  Hence, limits of detection need to be evaluated 

and different factors such as starting inoculum concentration and contact time need to be 

tested and compared.  Repeatability looks at the day-to-day between independent repeats 

of the experiment, conducted in the same laboratory. 68,69 Lastly, the reproducibility of the 

method needs to be evaluated and validated by societies like the American Society for 
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Testing and Materials (ASTM). This means looking at the variability of results between 

experiments run in different laboratories, also called a ring trial or inter-laboratory study. 
68 

The simplest of these is an alternative reactor to the microtiter plate system, the Calgary or 

MBEC reactor. 70 This is a modified microplate reactor, in which the lid contains a series 

of pegs where the biofilm forms. The reproducibility of the MBEC system has been 

evaluated for disinfectant efficacy testing on P. aeruginosa biofilm using the Colony 

Forming Unit (CFU) count method, through an eight-lab collaborative (ring trial) study. 68  

Other standard reactors are continuous flow reactors which include the drip flow and CDC 

reactors. Both these reactors have been approved by ASTM for standard biofilm test 

methods (STMs). 71,72 The CDC reactor is a high shear continuous stir tank reactor 

composed of 24 rods each able to contain 3 coupons with a 4.05 cm2/coupon growth surface 

area. 73 Ring trials have been performed to evaluate the reproducibility of Staphylococcus 

aureus (reproducibility SD = 0.44) and P. aeruginosa (reproducibility SD = 0.24) growth 

for the CDC reactor. Alternatively, the drip flow reactor is a low shear continuous flow 

reactor composed of 4-6 chambers each containing one coupon with an 18.75 cm2/coupon 

growth surface area. 74 Data generated in a 10-laboratory ring trail using this reactor 

resulted in a reproducibility SD = 0.27 for the growth of P. aeruginosa biofilms. 73 

While all the above reactors enable the characterisation of biofilms at a large scale, 

microfluidics reactors can provide a way of studying smaller biofilms in a more controlled 

environment. 75,76 These are low-volume flow reactors (10-2-1011 µl) with a very small 

adhesion surface area (10 mm2-10-6 mm2). 77  This makes it possible to investigate the early 

stages of biofilm formation and the effect of fluid dynamics in a more controllable manner, 

as experimental conditions (temperature, flow rate, pressure, pH, O2 level) can be better 

regulated compared to existing techniques.  

Furthermore, microfluidics reactors can be used in combination with various techniques 

such as confocal laser microscopy to visualise single individuals in the biofilm in a non-

invasive way.78 They can also be combined with nanochannels (<100 nm) to enable single 

cell analysis. 79 The possibility for automation of the system, could further improve 

reproducibility by removing the technician as a factor contributing to variability. 80 

Commercial microfluidics systems such as BiofluxTM have been developed, however it is 

worth noting that no reports on the reproducibility of microfluidics reactors or validated 

methods are available yet. 81 This could be due to the fact that this is a fairly new approach 

to biofilm growth and not as widely used as some of the other reactors. It can also be a 
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result of the customisable design process offered by many microfluidics fabricating 

companies.   

A common concern with biofilm reactors is that surface topography can affect the nature 

and development of biofilms, so nano-surface technology could allow us to model the 

topography (roughness, porosity) of the surface we want to use or study, to the micro and 

nano-scale. 82 This could allow us to control where biofilms grow on a surface. Surfaces 

could be modified or modelled to inhibit or stimulate adhesion, 83 or to direct cell growth 

in a specific direction. 84 To go a step further droplet printing of micro-patterned bacterial 

communities was recently achieved Kumar et al. Their work demonstrated the impact 

micro scale spatial location and structural differences can have on biofilm structure and 

interactions within it. 85 

1.2.2 Biofilm assessment  
As microplates are the most widely used biofilm growth reactors, microplate based 

assessment methods are also very prevalent in the field. 86 The simplest and most widely 

used characterisation methods rely on dyes, most often crystal violet. This dye is used to 

quantify total biofilm mass as it binds to negatively changes polysaccharides and molecules 

in the matrix and cell surface. 87–89 However, it does not allow for differentiation between 

active and inactive cells, and sedimentation can influence the results which can be 

problematic when trying to assess the effect of antibiotics. 90,91 Thus, metabolism-based 

dyes such as resazurin, also known as Alamar Blue, have been used. Once the resazurin, 

originally blue in colour, gets into viable (live) cells it is metabolised by the bacteria and 

reduced to the fluorescent resorufin (pink). 92,93 This is mainly used to assess the effect of 

antimicrobials that affect metabolic pathways or various proteins rather than the cell 

membrane. 94,95 Another metabolic activity assay used for testing antimicrobial sensitivity 

is 2,3-Bis-(2-Methoxy-4-Nitro-5-Sulfophenyl)-2H-Tetrazolium-5-Carboxanilide (XTT). 

This is based on the reduction of tetrazolium salt into an fluorescent orange coloured 

formazan derivate. 61,96–98 Other tetrazolium salt based methods also exist such as, 2,3,5-

triphenyl-tetrazolium chloride (TTC) and 2-(4,5-dimethyl-2-thiazolyl)-3,5-diphenyl-2H-

tetrazolium bromide (MTT), which are metabolized into red and purple derivates 

respectively. 99–102 Furthermore, FDA (Flourescein diacetate) is an enzymatic activity assay 

where the non-fluorescent, non-coloured fluorescein diacetate is hydrolysed and converted 

into a yellow fluorescent fluorescein when metabolised by the microorganism. 91,103 

Spectrophotometric methods based on staining specific components such as, Syto 9 Green 
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Fluorescent Nucleic Acid Stain which passively diffuses into the cells and stains their DNA  

and Wheat Germ Agglutinin (WGA) which stains biofilm EPS are also widely used. 103–106 

One of the major advantages of these characterisation methods is their potential for high-

throughput screening i.e., range of several hundred samples per run. Sanberg et al.107 

showed how this could be achieved by automating their 96-well plate model for S. aureus 

to screen natural antimicrobial compound efficacy. They used a crystal violet assay and 

compared the performance of the automated system to manual runs of the protocol. 107 

Another advantage is the ability to combine these different stains and measure different 

parameters of the same biofilm. For example, in the study by Skogman et al.105 they 

combined resazurin, crystal violet and WGA staining. This assay was performed in 

sequential steps, where one staining method was used and measured then followed by a 

different method. This resulted in a quantification of the metabolic activity of the biofilm, 

the matrix and the total biomass, which gives a fuller picture of the biofilm as a whole. 105 

The most widely used characterisation method associated with validated STMs is the plate 

count method, also referred to as CFU counts. It quantifies the amount of culturable 

bacteria/fungi within the biofilm and it can be applied independently of the growth reactor. 

The plate count method is a reproducible method for biofilm assessment and has been 

validated for many applications. 70,71,108 More recently, a new protocol “The single tube 

method” was approved as a standard method by ASTM. This protocol relies on plate counts 

for evaluating disinfectant efficacy on P. aeruginosa biofilms grown in the CDC reactor. 
109,110 

Omics-based characterisation methods have risen in popularity in recent years, as the 

technology is becoming cheaper and easier to use. Through next generation sequencing 

techniques, it is possible to run metagenomic, metabolomic, proteomic, transcriptomic and 

lipidomic analyses on biofilm samples. 48,111 These methods provide information on the 

ecology of biofilms and the behaviour of different species within it. Combining two or 

more of them i.e. multi-omics analysis, can provide more in-depth information on an 

ecological system. 112 The use of omics techniques simultaneously eliminates the need for 

separate samples thereby minimising possible sources of variation. Additionally, high-

throughput applications in combination with fluorescence-activated cell sorting (FACS) 

and next generation sequencing can be designed to allow single cell differentiation and 

more in-depth data about individuals in the biofilm community. 113  Single cell omics 

techniques have recently been coupled with microfluidics systems. As the cells go from 

one chamber to the other, they go through the different methodological steps for the omics 
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method which helps reduce the amount of reagent used, as well as sources of contamination 

as it is a closed system. 114,115 Some of these reactors can even be used to perform single 

cell multi-omics. 116 

The ability to investigate the location and spatial organisation of the biofilm and its 

components is crucial. Microscopy can be especially useful. Microscopy images can 

provide information on the spatial organisation of biofilms and the individual bacteria 

within them. 21 They can also provide information on the behaviour of the biofilm and the 

social interactions between different bacterial species in mixed biofilms. 20 Additionally, 

microscopy can be used to quantify biofilm structures by measuring areal porosity, fractal 

dimensions and average diffusion distances. 117  

Epifluorescence and Confocal Scanning Electron Microscopy (CSLM) are the most used 

light-based imaging techniques for biofilms. They have provided insight on the properties 

and structures of various biofilms with high-quality images within the optical diffraction 

limit (<100nm). 52,118 Various electron microscopy techniques such as, Scanning Electron 

Microscopy (SEM), Transmission Electron Microscopy (TEM) have been used over the 

years as an alternative to CSLM, to visualise biofilms at a greater detail. 119,120 These 

methods can reach resolutions as low as 1 nm, however they require more labour-intensive 

and stringent sample preparation. 121  Atomic Force Microscopy (AFM) is probe based 

scanning microscopy able to image samples past the optical diffraction limit and often used 

to obtain information on the topological and mechanical/interaction features of a sample. 
122 AFM has been used to investigate biofilm adhesion forces to various surfaces and 

materials 123 as well as investigating structural components and mechanical properties of 

biofilms. 124 It can also provide an analysis of the topological features of biofilms. 125 

In later years, efforts on improving microscopy methods have been made to improve 

resolution, achieving high quality imaging past the limit of diffraction and minimising 

compromission of biofilm features. For example, the Mesolens is a novel microscope with 

epifluorescence and CSLM image acquisition capabilities at the subcellular level. It has a 

uniquely large aperture which allows for better resolution images of tissues and organisms 

without the need for special preparation or specimen dissection and destruction.   Recently, 

the Mesolens was used to image E. coli biofilms and it made possible the imaging of intra-

colony microchannels and tracking of the uptake of fluorescently labelled microspheres 

hinting at the possible role of these microchannels in biofilm formation and stability. 127     

Super-resolution microscopy techniques are another advancement in the field of light-

based microscopy and allow imaging at resolutions past the optical diffraction limit. 128 
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Some of these super-resolution techniques are Structured Illumination Microscopy (SIM), 

Stimulated Emission Depletion (STED) microscopy and Single Molecule Localisation 

Microscopy (SMLM). 119 SIM uses a patterned illumination system to excite the sample in 

different positions and orientations, and extracts the information obtained over multiple 

fluorescence images. This enables it to increase the resolution (~ 50 nm of less). 129,130 In 

STED a fluorophore in the sample is excited using a specific wavelength while 

simultaneously using a second beam to deplete all the surrounding fluorophores. This is 

continuously performed at random locations throughout the entire sample and can reach 

resolutions of ~ 40 nm of less. 131 Innovation is still on-going in the field and multi-imaging 

by combining different microscopy methods is becoming more frequent. 132 Stochastic 

optical reconstruction microscopy (STORM) is another imaging technique, often used in 

conjunction with PALM, that allows for single molecule visualisation. In STORM several 

images are acquired in cycles. In each of these cycles individual fluorophores are switched 

on and off to avoid overlapping and allow for accurate location and imaging of each 

fluorophore. Using STORM, resolutions of approximately 20 nm have been achieved 

which can enable us to view complex biological processes and image specific molecules 

below the optical diffraction limit. 133,134 

Additionally, microscopy techniques mentioned above require a labelling method to be 

able to image the biofilm and its various elements. One such labelling method is 

fluorescence in-situ hybridisation (FISH) which uses fluorescently labelled oligonucleotide 

probes to target a unique sequence of DNA or RNA within the microorganism, so it emits 

fluorescence and can be imaged through a microscope (Figure 1.3). 86  This method relies 

on several steps: sample fixation and permeabilization using paraformaldehyde and 

ethanol, to ensure that the probes can enter the biofilm and cells within it; hybridisation 

where optimal temperature and hybridisation solutions are necessary to ensure that the 

probe hybridises with its target; washing to remove any unattached probes; and finally 

imaging. 135 
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To improve the stability and binding of FISH probes, Nucleic Acid Mimics (NAMs) such 

as, peptide nucleic acid (PNA), locked nucleic acids (LNA) and 2’-O-methyl-RNA 

(2’OMe) have been used to substitutes DNA and RNA. NAM-FISH has enabled the 

visualisation of the 3D structure of biofilms and the spatial arrangement of 2-3 species of 

microorganisms within the same biofilm. 20 For example, its use in combination with 

confocal scanning laser microscopy (CSLM) to visualize the structure and spatial 

arrangement of single and dual species biofilms in urinary catheter model systems. 52,118 

Recently, NAM-FISH has also been employed to study multi-strain biofilms of E. coli, in 

urinary catheter systems. 136   

Another variation of FISH developed by Valm et al., is CLASI-FISH (Combinatorial 

Labelling and Spectral Imaging-FISH). 137  This method works by targeting one strain with 

two or more probes targeting different sections of the rRNA. Each fluorophore has a 

distinct colour and combinations of different fluorophores together produce different 

colours. Depending on the number of probes available to you there are many different 

Figure 1.3. Illustration of the fluorescence in situ hybridisation process in biofilms. 1. 
Sample preparation – fixation and permeabilization. 2. Hybridisation and washing 3. 
Imaging. Created with BioRender.com  
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possible combinations. For example, if you were to start with 6 fluorophores and combine 

them 2 by 2, there are 15 possible combinations. 138 Recent work by Schlundt et al,139 

applied CLASI-FISH to study marine biofilm communities and their interaction with 

plastic materials commonly found in the ocean. Their work provided novel insights on the 

different stages of marine biofilm formation as well as, the spatial distribution and 

interaction of 7 common marine taxonomic groups of bacteria within marine biofilms 

formed on plastic debris over the course of 5 weeks in different geographical locations. 139 

CLASI-FISH has also been used to study dental biofilms. For example, the study by Welch 

et al., where CLASI-FISH in combination with CSLM were used to study the spatial 

structure and overall interactions of dental plaque by using probes targeting 9 common oral 

microbiome taxa. 140 

Another version of the FISH method can be seen in the recent work by Shi et al.,141 where 

they used high-phylogenetic-resolution microbiome mapping by FISH (HiPR-FISH) to 

differentiate between 1,023 E. coli isolates. This technique uses machine learning to 

combine the labelling of up to 10 different fluorophores and create a binary barcode for 

each species/strain and can form up to 1023 unique combinations. The images can then be 

used to create micrometre-scale maps of the locations and identities of microbial species 

in complex communities. 141 

GFP expression is another widely used labelling method. The bacteria are modified to carry 

the GFP or eGFP gene and express the GFP protein which emits fluorescence. There are 

many different types of GFP proteins which emit fluorescence at different wavelengths, 

and this can allow us to distinguish between different species of bacteria in the same 

biofilm without the need for fixation. 142,143 Other labelling methods include Live/Dead 

staining, which relies on the use of SYTO9 and Proprium Iodine (PI) staining to identify 

live (SYTO9-green) and dead (PI-red) cells within the biofilm. Recently, however, it was 

shown that this method is affected by the presence of eDNA in the EPS structure of the 

biofilm and therefore can provide unreliable results. 144  

Furthermore, single-molecule labelling coupled with super resolution microscopy, can 

enable the interrogation of complex biological processes which was not possible until very 

recently. One such labelling system is CRISPR-Cas9 based imaging. Different genetic loci 

can be targeted through CRISPR and a fluorescence tag on the Cas9 protein emits the 

signal. 145 Other single molecule labelling systems include BiFC-PALM (Photoactivated 

Localization Microscopy with Bimolecular Fluorescence Complementation) used to study 

protein-protein interactions which could potentially be applied to biofilms and provide 



Chapter 1 / General Introduction 

14 
 

more information on the dynamics in the community. 146 Additionally, advances in 

fluorescence nanoscopy could enable us to visualise specific molecules or proteins in 

unprecedented detail both in vitro and in vivo. 147  

Alternatively, label free imaging techniques such as Raman and Mass Spectrometry 

Imaging (MS-I) can also be used to image biofilms. 148,149 Raman imaging can be used to 

map the chemical composition and molecular structure of a sample on the Raman spectrum 

at ~300 nm resolutions. 150 MSI relies on a similar principle. It uses mass spectrometry to 

map the spatial localisation of different molecules (lipids, protein, metabolites) within a 

sample. 151 Furthermore, these techniques can be combined with CSLM or super-resolution 

microscopy to obtain high resolution images of biofilm structures and their chemical 

composition. 152   

Another promising potential technology for use in biofilms is X-ray imaging, reaching 

resolutions as low as 0.01 nm.  X-ray microprobes and nanoprobes are used in scanning X-

ray microscopy to scan the sample and produce images on a pixel by pixel basis. 153 These 

techniques could be very useful for the mapping of nutrients and chemical components 

within the EPS structure of biofilms. 

1.2.3 Data analysis methods 
As new technologies are being developed, it is particularly important to keep in mind the 

value of reliable downstream data analysis. This is essential for techniques such as omics 

and microscopy where the outputs need to be analysed through different software. For 

image analysis, with each new application and acquisition method, new image analysis 

protocols need to be validated and developed. 117 There are many commercial software 

analysis packages available such as COMSTAT and Imaris, which can process mainly 

epifluorescence and CSLM based images for qualitative and quantitative image analysis. 

154,155 Open-source tools are also available, such as ImageJ and more recently BiofilmQ. 

They contain readily available packages for qualitative and quantitative image analysis as 

well as the option for designing and implementing novel image analysis packages based 

on your specific needs. 156,157 In recent work by Gallelo-Hernandez et al., BiofilmQ was 

used to quantify Vibrio cholerae biofilm and planktonic abundance and position based on 

virulence gene expressions in fluorescence microscopy images obtained from the mouse 

gut. 158 On the other hand, bioinformatics tools can also be used to develop algorithms 

personalized for your system. For example, in the previously mentioned work by Shi et 

al.,141 their algorithm allowed them to calculate association matrices for the biofilm by 

extracting directional information on each cell within the biofilm in relation to 
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neighbouring ones. This enabled them to quantify the biofilms spatial organization and 

perform statistical assessments in 3D. 141 

Similarly to microscopy, with the improvement of omics technologies and development of 

novel approaches, the data analysis issue cannot be ignored. Different commercial and 

open source software packages exist for the quality assessment, assembly, qualitative and 

quantitative analysis of single omics techniques, such as MEGA-X 159, CLC Genomics 

Workbench 160, MetaboAnalyst 161 and many others. These range from user friendly 

graphical interface packages to code-based packages. Novel software packages are also 

being developed to analyse multi-omics data sets, such as various code-based R packages 

162  e.g. mixOmics (http://mixomics.org/) and more user friendly visual packages e.g. 

PaintOmics 3. 163  Moreover, issues with  primers bias and lack of complete and accurate 

gene libraries for biofilms need to be addressed in order to improve reproducibility and 

data analysis. 164
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D. “Biofilms vs. cities and humans vs. aliens – a tale of reproducibility in biofilms.” Trends in 

Microbiology (2021). doi:10.1016/j.tim.2021.05.003.  

 
 
 
 
 
 
 
 
 
 
 

Abstract 
 
Biofilms are complex and dynamic structures that include many more components than just viable 

cells. Therefore, growing reproducible biofilms is often elusive. One of the challenges in defining 

reproducibility for biofilm research is that different research fields use a spectrum of parameters to 

define reproducibility for their application. For instance, is the researcher interested in achieving a 

similar population density, height of biofilm structures, or function of the biofilm in a certain 

ecosystem/industrial context? Within this chapter we categorize reproducibility into four different 

levels: level 1- No reproducibility, level 2- Standard reproducibility, level 3- Potential standard 

reproducibility and level 4- Total reproducibility. To better understand the need for these different 

levels of reproducibility, we will expand on the “cities of microbes” analogy for biofilms by 

imagining that a new civilization has reached the Earth outskirts and starts studying Earth’s cities. 

This will provide a better sense of scale and illustrate how small details can impact profoundly the 

growth and behavior of a biofilm and our understanding of reproducibility. 

 

Keywords 
Biofilm, reproducibility, methods 
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 2.1 Biofilms and cities 
Due to their complexity and organization, biofilms have been likened to cities of microbes. 

1,2 Under this analogy, microbial cells represent city dwellers, the matrix represents the 

buildings where people live, and the land surface/atmosphere ecosystem is the interface 

where biofilms form. This analogy will provide context for a discussion on the 

reproducibility of biofilm experiments. 

The issues of experimental reproducibility have been the focus of numerous debates in the 

scientific community (e.g., Baker, 20163 and Schloss, P. D., 2018 4). The lack of 

reproducibility in scientific studies represents a significant economic burden. While 

estimates for biofilm science alone are unknown, we can look at other areas of biological 

science as a representation of the cost to the biofilm field. For example, it was estimated 

that 50% of the preclinical research in the US, at a cost of approximately US$28B/year, is 

not reproducible. 5 There is also a scientific cost as subsequent research is often based on 

conclusions from preclinical studies, the lack of reproducibility could result in dead-end 

studies. 6,7 Moreover, lack of reproducibility can have an impact on public trust in science 

leading to major consequences. 8 One area where we can see the impact of this mistrust is 

the current rise in anti-vaccination campaigns, which has led to outbreaks of preventable 

diseases such as measles and mumps. 9   

Biofilms are complex and dynamic structures, and the apparently simple goal of growing 

reproducible biofilms is often elusive. Furthermore, reproducible biofilms will have 

different meanings for different scientists and/or applications. Is the goal to have a similar 

population density, height of the biofilm structures, or function of the biofilm in a certain 

ecosystem/industrial context? For example, if the aim of the experiment is to evaluate the 

efficacy of an antimicrobial compound at eradicating biofilms, then it is important to 

achieve similar log densities each time. Hence, the level of reproducibility achieved with 

the different ASTM approved methods is appropriate. 10,11 On the other hand, in the case 

of biofilms involved in wastewater treatment processes, the most important feature is its 

metabolism which is needed to keep the water parameters at the outlet of the reactor below 

a certain threshold. 12 Hence, it is important to define reproducibility in the context of the 

biofilm experiment. 

In this chapter categorize reproducibility into four different levels (Figure 2.1). Level 1, 

represents no reproducibility, meaning the biofilm varies significantly in the number of 

cells, structure, and EPS components between experiments and among different labs. This 

level of reproducibility is often associated with biofilm growth reactors that do not 
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currently have any standardized protocols available for them. Methods used only in a single 

laboratory, untested in other laboratories, may also fit in this category. Level 2 captures 

standard reproducibility, which is currently defined by regulatory agencies and standard 

setting bodies and requires consistent numbers of viable cells per surface area within the 

biofilm. This level of reproducibility is validated using ring trial studies, where the same 

experiment is performed across different laboratories and the reproducibility standard 

deviation is calculated. If this standard deviation is deemed acceptable by organizations 

like ASTM and ISO, then the method is approved as a Standard Test Method (STM). 

Regulatory agencies reference STMs in their guidance documents to define the pathway 

companies must follow to get one of the following label claims on their product: kills, 

removes, or prevents biofilm. Level 3 represents potential standard reproducibility and 

encompasses similarity in not only viable cell numbers, but also the concentration of EPS 

components and overall architecture of the biofilm (shape, structure). When verifying level 

3 reproducibility, not only does the biofilm need to comply with the specifications set for 

level 2, but the biofilm structure, architecture, and EPS components need to be deemed 

statistically equivalent among experimental repeats within a single laboratory and among 

repeats across different laboratories. While this level of reproducibility has not yet been 

achieved, this concept has been described before in the literature by Jackson et al., where 

they discuss the possibility of growing biofilms (referred as identical biofilms) that are 

reproducible in both cell number and structure. 13 Level 4 refers to total reproducibility 

which from a deterministic perspective, means that all biofilm elements (cells, architecture, 

EPS components, etc.) are present at exactly the same number and location within the 

biofilm when the experiment is repeated within a single laboratory and in different 

laboratories. This level of reproducibility includes the location i.e., overlapping coordinates 

of biofilm components, as an extra requirement when compared to level 3. Hence, the 

biofilms not only need to have a similar shape and architecture, but their components must 

also have the same 3-D spatial location within the biofilm each time. As with level 3 

reproducibility, this has not been reached experimentally.  

 

 

 

 

 

 



Chapter 2 / Reproducibility in Biofilms 

16 
 

 

 

Achieving reproducible biofilms depends on the reproducibility of the methods used to 

grow and study those biofilms. For example, if the observed variability is due to the growth 

protocol used, even a more advanced assessment method would fail to provide reproducible 

results. The other side of the coin comprises of variability in the assessment method used. 

There is also an inherent conviction within the biofilm community that due to the complex 

nature of biofilms, there is only so much that we can do to control biofilm heterogeneity. 

This belief impacts progress towards more reproducible research.  
To be able to grow totally reproducible biofilms is no doubt a tremendous task. To better 

explain what is necessary in order to achieve this and to provide a sense of scale, we will 

go beyond the analogy of biofilms and cities and ask the help friends from outer space.   

2.2 Cities and aliens 
Let us imagine that a new civilization has reached the outskirts of Earth and the members 

of this civilization start looking at the surface of our planet using a magnifying equipment 

for visualization. For the sake of argument, that magnifying equipment would allow them 

to have a resolution of roughly 0.1 meters, i.e., only structures/features over 0.1 meters 

would be discriminated (Figure 2.2). This would allow aliens to identify individual humans 

Figure 2.1. Levels of reproducibility: Level 1- No reproducibility. Level 2- Standard 
reproducibility. Level 3 - Potential standard reproducibility. Level 4 - Total reproducibility. 
Each box represents one level of reproducibility. The represented molecules are explained 
in the figure legend (with the sizes having been enlarged for easier visualization). 
Illustration created by Jill Story (Center for Biofilm Engineering, Montana State University, 
Bozeman, MT, USA). 
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(complex 3D structures), but no individual features.  Facial traits, race, height, and weight 

would pass mostly unnoticed by them, and so would smaller animals. That civilization 

would look down to Earth and find that complex 3D structures have been formed in its 

surface.  

Under these study conditions, the aliens would no doubt be able to very quickly 

characterize a large number of features in a city such as, the number of human inhabitants, 

the volume of buildings and parks, and the average height of the city skyline. Based on 

these observations, they would soon conclude that water is an essential nutrient, and that 

roads provide a means of communication for individuals and other goods. 14 Nonetheless, 

aliens would find it hard to understand why cities grow at different rates and why they form 

at certain locations. They would also struggle to understand the impact that each 

subpopulation (i.e., type of worker) would have on the overall functioning of a city, and if 

and how communication between different individuals occurs. 
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 2.3 Biofilms and humans 
The choice for the resolution of alien telescopes was not random. It was selected with 

respect to the resolution that we scientists use to visualize biofilms. In fact, when we 

observe a biofilm using an optical or epifluorescence microscope, we are aware that we 

can get a sense of the general structure of the biofilm but only at the 0.1 µm resolution 

(Figure 2.2). This can be improved using electron microscopy or super-resolution imaging, 

Figure 2.2 – Comparison between different visualisation scales for biofilms and earth. The 
scale for visualising biofilms is based on current microscopy technologies and the known optical 
diffraction limit. Examples of the level of detail visible for each scale are shown for the 
visualisation of both the earth and the biofilm. At 10 cm/10 km – no details are visible; 100 µm/ 
100 m – general shape, architecture can be assessed; 10 µm/ 10 m – internal 
structure/organization can be assessed; 1 µm/ 1 m – individual cells/ humans can be assessed; 0.1 
µm/ 10 cm – minute components can be visualised. Microscopy images were repurposed under 
the creative commons attribution license: SEM 15; AFM16. CLSM image courtesy: Kelli 
Buckingham-Meyer (Center for Biofilm Engineering, Montana State University, Bozeman, MT, 
USA). Map images obtained from Google Maps.  
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but generally at the expense of some biofilm features. 15  Regardless, we know that biofilms 

are commonly formed at interfaces. Depending on environmental conditions such as liquid 

flow rates, they can form common structures e.g., fronds and mushrooms which provide 

shelter and channels for a better transport of nutrients. These structures can be self-

produced by the microorganisms or based on already existing structures. 16 A microscope 

quickly characterizes a large number of features in a biofilm, such as the number of 

microbial cells, the volume of biomass and the average biofilm thickness. 17 Other methods 

can measure the most relevant substrates utilized by the microorganisms for growth. 

Nonetheless, we find it challenging to predict why biofilms exposed to the same conditions 

grow at different rates and in various configurations. We are only starting to understand 

the effects that each subpopulation (i.e. type of microorganisms) have on the overall 

functioning of a multispecies biofilm 18, and how communication between different cells 

occurs. 19 Hence in terms of reproducibility, it is important that we not only assess the log 

density of biofilms, but also other structural and behavioural characteristics.  

2.4. Humans and aliens  
If aliens arrived in 1931, they would be puzzled with the existence of a city in the middle 

of the desert – Las Vegas. If water was indeed essential, what could explain the presence 

of a city in such a dire location? Those familiar with history will reply that the creation of 

Las Vegas was a one-off event, led by the desire of an individual to create a city where 

gambling regulations did not apply. Expectedly, aliens are not groomed to learn US history, 

and as such they would probably just look at Las Vegas as an oddity without a clear 

explanation.  

While we are not advocating that complex written rules govern the way microbes interact 

in biofilms, it is clear to us that even when every single parameter of a biofilm experiment 

seems to be the same, technical replicates will at times provide significantly different 

results e.g., ± 1 log difference in cell counts or different architecture. 20 These results are 

not (solely) due to experimental errors, but also to minute but unavoidable differences in 

the initial cellular contents, physiology, and location, as well variations in the 

substrate/coupon. While generally these differences are considered for log density numbers 

in level 2 devices during ruggedness testing21, their effect on other aspects of biofilm 

growth is not. This might explain why a colony is not precisely located in a specific section 

of a coupon, and why these structures are not composed of the same compounds or have 

the same geometry, for apparently the same initial starting conditions.  
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As a conclusion to the story of aliens, let us consider that they had the technology to create 

an Earth-like planet to study the process of city building on Earth. After understanding, 

that humans are responsible for the creation of structures, they would take a sample of a 

human population and place it in the surface of the Earth-like planet.  To increase 

reproducibility, they would select the same number of humans to start a city, and the land 

provided would have same characteristics. Soon, humans would pick a spot to settle and 

start exploring the neighbouring natural resources in order to start building their city. While 

apparently aliens started with what was a homogeneous human population and surrounding 

environment, it would soon be apparent that cities would diverge in location and structure, 

sometimes in spectacular ways. Hence, it is not just selecting the same number of humans 

that is critical, but also selecting the humans with the right skill set to build a city.  

When we are trying to reproduce a biofilm, we are hoping that the structures will be 

forming themselves repeatedly in a similar fashion. Considering level 3 reproducibility, 

achieving a reproducible biofilm would mean that cells would form similar structures.  In 

order to achieve this, we control for different experimental conditions such as flow rate, 

temperature, microbe strains and type of material used. 22 If we consider one of these 

factors, say, type of material, what are perceived as small differences during fabrication, 

could lead to different outcomes. For instance, a city built on a flat surface will be 

completely different from one built on a hillslope. Considering relative sizes, a 100m hill 

for us corresponds roughly to a 0.1 mm surface irregularity for a bacterium. While we 

typically pay little attention to these details, common materials e.g., polystyrene, can have 

a different surface roughness coefficient as a result of variations in manufacturing. Among 

manufacturers of polystyrene microtiter plates, the RMS (Root Mean Square of measured 

microscopic peaks and valleys of a surface) can range from 1 to 6 µm. 23 These differences 

in roughness can affect bacterial adhesion which in turn affects biofilm formation and leads 

to different experimental outcomes. 24 

Moreover, “external” or global factors may contribute to the mix. Dust blown from the 

Sahara is known to help fertilize the Amazon, located more than 3000 km away. In the case 

of biofilms, usually overlooked factors such as light and sound exposure or uneven (albeit 

minute) distributions of oxygen and temperature in multi-well plates may lead to 

variability. 25 While standard laboratory practices are obviously followed, researchers 

should consider recording more variables and employing additional analytical methods to 

ensure variability is kept to a minimum.  
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2.5. The road to total reproducibility 
The analogy with aliens observing Earth was meant to illustrate how daunting the task to 

obtain totally reproducible biofilms is. Even at the planktonic state where cells supposedly 

face identical conditions (unlike biofilms), they are known to have bias towards each other, 

i.e., cellular noise. 26 Clearly, aiming for absolute control and prediction of biofilm 

formation is distant, but new strategies are being developed that might have the potential 

to generate more reproducible results.  

One approach to improve reproducibility is to focus on biofilm growth reactors. Most 

biofilm reactors only achieve level 2 reproducibility as shown in Figure 2.3. Many of them 

already have been validated for STMs by ASTM for specific microorganisms and 

applications, such as the CDC and drip flow reactors described in the previous chapter. 10,27 

However, in order to aim for level 3 reproducibility, the overall structure and architecture 

of the biofilm needs to be considered. As this is not a current criterion for STM validation 

by ASTM and other standard setting organizations, no tests have been performed to 

investigate the reproducibility of the structure and architecture of biofilms in any reactors. 

Hence, we do not have a current reproducibility standard for these criteria. Nonetheless, 

new reactors such as microfluidics devices, which allow for better control of the growth 

environment, conditions and surface, could potentially help reach level 3. 28 Recent 

advances in  surface modification technologies have also allowed for improved control on 

the initial site of cell attachment and can also potentially improve reproducibility. 29  

Another approach is to focus on biofilm characterisation methods. While some of these 

methods enable quantification of the biofilm as a single entity e.g., the plate count method, 

others look at one specific element of the biofilm. The former can only reach level 2 

reproducibility, as they provide no information on the composition and spatial location or 

arrangement of components within the biofilm. On the other hand, being able to 

characterise and quantify specific elements of the biofilm, coupled with microscopy, could 

help us get closer to level 3 reproducibility. Recent breakthroughs using these techniques 

in other fields provide insights on how they may be applied to biofilm research. For 

example, combining advanced microscopy techniques such as cryo-SMLM (Single-

molecule localization microscopy) and cryo-SEM (Scanning Electron Microscopy) has 

made it possible to image whole mammalian cells in 3D.30 This has allowed for the 

visualisation of cell ultrastructure to unprecedented details, down to the visualisation of 

individual proteins, their location within this structure and how they interact with the 

different organelles and each other. 30,31  
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Furthermore, we must not neglect the importance of data analysis. Regardless of how 

detailed or sophisticated a method is, if the data are not processed and interpreted correctly, 

we cannot evaluate ‘true’ reproducibility. While advances in microscopy have allowed us 

to visualise samples in greater detail, quantitative data analysis protocols are needed to 

fully take advantage of these new technologies. If we consider the requirements for level 3 

reproducibility, then the application of spatial statistics becomes paramount to biofilm 

reproducibility in 3D. For example, in the work described in chapter 1 by Shi et al.,32 an 

algorithm was developed which could extract each cell’s directional information, within 

the biofilm, in relation to neighbouring ones. This allowed them to calculate association 

matrices, a form of quantification for the spatial organisation of the biofilm that can be 

compared across different biofilms. 32 

Currently, none of the laboratory method described in chapter 1 can reach level 3 or 4 

reproducibility. The application of mathematical and computer modelling could be the way 

to achieve this seemingly impossible task. These models allow for the control of every 

aspect of the experimental set-up such as number of cells, area of growth, environmental 

conditions, nutrient molecules and many more. 33 While, at present, no models that are able 

to fully mimic what occurs in nature exist, data from totally reproducible models have been 

used to start understanding how altering one seemingly insignificant factor could affect 

biofilm growth and behaviour. The data obtained from these models can in turn be used to 

help us design better laboratory experiments with improved reproducibility. However, as 

most models rely on experimental data as a reference, they are dependent on the 

information available and its quality. 34 Moreover, since these models are computationally 

demanding and time-consuming, it is not feasible to model large scale systems. Hence, 

most models analyse a chosen subset of the biofilm which doesn’t account for everything 

in the system. 33 
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2.5.1. Alternative approaches for tackling reproducibility 
Advances in the methodologies mentioned above are not the only solution to the problem 

of reproducibility. Alternatives are available to address other issues pertaining 

reproducibility, such as poor reporting and unavailability of raw (untreated) experimental 

data. 3 For instance, existing initiatives such as the BiofOmics database can be used to store 

raw data from various biofilm studies, thereby improving accessibility. 35 

Furthermore, initiatives such as the minimum information about a biofilm experiment 

(MIABiE) guidelines can help improve reporting of biofilm experiments in the literature. 
36 To improve compliance with the guidelines, the information that MIABiE asks 

researchers to report is easily obtained by most labs working in this area. For instance, 

regarding the surface where the biofilm is grown, only the type of material and the 

manufacturer of the surface must be reported. However, to achieve level 3 reproducibility, 

a map of the surface showing both its topography and composition should be provided. 

While this is not achievable for most research groups, some publications already provide a 

Figure 2.3. Summary of various biofilm research tools in use based on their 
reproducibility level. Green – biofilm growth reactors. Blue – biofilm assessment methods. 
Red – Data analysis strategies. Created with BioRender.com  
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general term (e.g., roughness) as a topography indication. For example in the work by 

Borch, T et al., material composition and synthesis descriptions are provided in detail. 37 

Additionally, the new ontology initiative by the National Biofilms Innovation Centre 

(NBIC) (https://www.biofilms.ac.uk/biofilm-ontology/) can help in standardising the 

terminology used across different biofilm-related publications. This will help avoid 

ambiguity in the vocabulary used, thus increasing the effectiveness of minimum 

information guidelines.  

2.6. Concluding remarks 
Biofilms exhibit a chaotic behaviour popularly known as “the butterfly effect.” Small 

changes in initial conditions can lead to significantly different outcomes, affecting 

scientific conclusions. Hence, the ability to perform reproducible biofilm experiments is 

crucial. One can ask if it is necessary that biofilms achieve total reproducibility. The answer 

to this question depends on the aim of a study. For many applications, achieving level 2 or 

level 3 reproducibility will be sufficient. Nonetheless, achieving total reproducibility 

would enable us to study effects caused by miniscule changes in the system. The 

development of more reliable and reproducible biofilm methods is necessary to reach this 

goal. In the meantime, we can strive to minimize sources of variation and rely on statistical 

methods that enable us to quantify the chaotic behaviour of biofilms.
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information guideline for spectrophotometric and fluorometric methods to assess biofilm formation 

in microplates". Biofilm 2 (2020). 
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Abstract 
One of the major issues facing the scientific community today is the lack of reproducibility in 

published studies. One effective strategy against this complex problem is the use of minimum 

information guidelines. These provide a guide for authors and reviewers on the necessary 

information that a manuscript should include for the experiments in a study to be clearly interpreted 

and independently reproduced. The guideline on the spectrophotometric and fluorometric 

assessment of biofilm formation in microplates was built following several discussions between 

international groups working in the area of biofilms. This guideline has been divided into 5 main 

sections, each containing a comprehensive set of recommendations. The intention of the minimum 

information guideline is to improve the quality of scientific communication and thus enhance 

interlaboratory reproducibility in biofilm microplate assays.  
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3.1. Introduction 
A major challenge facing science today is the lack of reproducibility between published 

studies.1,2 Many factors contribute to this phenomenon, including the selective or 

insufficient reporting of experimental details in the published literature,  either in the 

methodology or data processing sections, which are essential for conducting the 

experiment.3 Furthermore, due to the rapid development of science, new terms are often 

introduced, or existing terminology is repurposed, which can create confusion when trying 

to understand a paper or reproduce a study.4  

Minimum information guidelines are an effective strategy for addressing the 

reproducibility crisis.5 These guidelines instruct authors and reviewers on the minimum 

information required for the experiments to be reproducible and the data to be comparable. 

They also allow the scientific community to standardise terminology leading to the 

development of ontology databases. However, they do not offer any information on 

whether a method is appropriate for a certain study nor endorse any specific protocols.  The 

Minimum Information for Biological and Biomedical Investigations (MIBBI) Project is a 

web based platform (www.mibbi.org) that gathers different minimum information 

guidelines in the biological and biomedical field, as well as any databases or standard 

ontologies related to them.4  

Minimum information about a biofilm experiment (MIABiE) (www.miabie.org) is one of 

the guidelines presented in MIBBI.6 It offers a broad view of the information necessary 

when conducting experiments related to biofilms. As discussed in chapter 1, biofilms are 

defined as a community of microorganisms embedded in an extracellular polymeric 

substance, often attached to a biotic or abiotic surface, which are essential in certain 

ecosystems but can also have detrimental effects in industry and healthcare.7 MIABiE 

includes several modules, each addressing specific parts of a biofilm study, and presents 

an initiative for a biofilm ontology guide.  

The present guideline will expand some of the MIABiE modules by focusing on 

spectrophotometric and fluorometric methods of biofilm assessment in microplate 

experiments. These are widely used biofilm assessment methods due to their versatile 

applications in medical, industrial and environmental biofilm research.8  They can serve as 

a generic test, which does not require overly specialised or expensive equipment, or 

training, and can generate high-throughput data because they are microplate compatible.  
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Although several options for photometric or fluorescence-based methods in microplates 

exist, this guideline will focus on those methods most frequently used. This includes 

spectrophotometric methods used to quantify total biofilm mass based on the binding of 

dyes, such as crystal violet and safranin, to cells and negatively-charged molecules (such 

as polysaccharides) in the biofilm matrix.9–11 Additionally, the guideline is applicable to 

fluorometric (or fluorescence-based) methods used to quantify the metabolic activity of 

cells within a biofilm, including those based on resazurin (also known as alamarBlueTM), 

fluorescein diacetate (FDA) and various tetrazolium salts like 2,3-bis-(2-methoxy-4-nitro-

5-sulfophenyl)-2H-tetrazolium-5-carboxanilide (XTT), 2-(4,5-dimethyl-2-thiazolyl)-3,5-

diphenyl-2H-tetrazolium bromide (MTT) and 2,3,5-triphenyl-tetrazolium chloride 

(TTC).8,12–15 Furthermore, methods that stain specific biofilm components such as SYTO 

9, which stains nucleic acids 8,16, and Wheat Germ Agglutinin (WGA), which stains the 

extracellular polymeric substances (EPS), are also compatible with the guideline.17 

3.2. Methodology 
To create the minimum information guideline, we conducted a literature review using three 

different databases: Pubmed, Google Scholar and Web of Science. The research was 

separated into literature related to the methods and literature related to biofilm properties 

and the various factors affecting them. For the former, very broad search terms such as, 

“Biofilm AND microtit* plate”, “Biofilm AND Spectro*” and “Biofilm AND Fluor*” 

were used as a starting point. These resulted in thousands of hits from all three databases, 

and to further refine this output more specific terms such as “Crystal violet”, “Resazurin 

Or Alamar Blue”, “XTT”, “TTC”, “MTT”, “FDA”, “Syto9” and “WGA” were used. The 

results were ordered according to number of citations (most to least) and publishing date 

(newest to oldest). 180 papers were selected to be used as references to write the guideline. 

These were categorised into papers evaluating the methods and highlighting critical factors 

or steps, and papers that used the method in a specific investigation. The latter were used 

to create an understanding of what is commonly reported in scientific articles. A list of the 

refences used in the research phase but not included in the chapter references can be found 

in Appendix S3.1. Approximately 30 of the papers in this category were discarded from 

the literature review, as the only description of the method was a reference to a previously 

published paper.  

When researching the literature on biofilm properties and what affects them, terms such as 

“impact”, “influence”, “effect or affect”, “changes or differences” were used. These helped 
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in creating an understanding of the different parameters that should be reported for a 

biofilm experiment. Additionally, other minimum information guidelines were used as 

templates in the initial drafting process.  

The final guidelines are the result of a dialog among biofilm experts familiar with 

microplate methods.  These experts are included in the consortium list on the MIABiE 

website http://miabie.org/consortia.php as well as the authors list of the publication related 

to this chapter.  

3.3 The Guideline   
This guideline focuses on spectrophotometric and fluorometric measurement of biofilm 

grown in microplates and is divided into 5 different sections labelled 01-05 (Figure 3.1). 

Although there may be minor differences between staining reagents and techniques, this 

outline is designed to follow the chronological order in which the assays are typically 

performed and described. Section 01 pertains to the experimental design. Here the 

investigators determine the research question and how they may answer it. Once the 

experiment is mapped out, the next step is to grow the biofilm (section 02). This step 

includes inoculum preparation as well as biofilm growth in the microplate. Subsequently 

the biofilm is typically quantified or assessed using a specific stain and this biofilm 

assessment method is detailed in section 03. This process allows for minor variations 

depending on the target and the stain; however, the main steps are generally the same: 

washing, drying, staining, elution of stain and/or measuring absorbance or fluorescence 

(Figure 3.1). Once the reading is concluded and the data are collected, the next step is to 

analyse them (04). Moreover, in the interest of data sharing and communication we propose 

that data should be submitted to biofilm databases in the future (05). 
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While developing the guideline, it became clear that methodological details that may be 

essential to achieve reproducibility of a biofilm experiment are often lacking critical 

information or omitted entirely. Therefore, in Table 3.1 we describe the most common 

omissions in reporting microplate methods and reflect on the potential impact of these 

omissions on the outcome of the experiment.  

 

 

 

 

Fig. 3.1. Schematic diagram of the guideline and critical steps for spectrophotometric and 
fluorometric methods of biofilm assessment. Schematic diagram of the different sections of this 
guideline, highlighting the various critical steps that can increase variability in biofilm experiments. 
Different approaches to washing were illustrated to showcase how variable these can be in different 
protocols. (Illustration courtesy of Jill Story). 
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Table 3.1. Common omissions in reporting spectrophotometric and fluorometric 
methods of biofilm assessment 
 
Omission Impact 

References  Often papers cited as containing the 
protocol followed in the study do not 
describe the full protocol and redirect you 
to another paper. This can create 
confusion when trying to understand the 
protocol that was followed.   

Replicates  The number of replicates within one 
experiment is not reported in the 
published paper. Furthermore, there are 
inconsistencies in the terminology used 
when describing replicates. For example, 
biological and technical replicates vs day-
to-day and within experiment.  

Controls  While controls are mostly mentioned in 
the published articles, their values are 
usually not reported. This makes it 
difficult to understand the variability 
associated with the method and how the 
raw data was processed.   

Inoculum preparation  Different culturing methods can affect the 
behaviour of microorganisms, their ability 
to attach to a surface, formation of 
aggregates, and response to different 
stimuli, chemicals, or other 
microorganisms.18 

Environmental factors In dry conditions, the microtiter plate 
wells easily dry out, which affects biofilm 
formation. Hence, investigators take 
certain measures to avoid the problem 
which are usually not addressed in the 
methodology section.  

Position of samples in the wells The layout of plates is often not reported, 
but the position of samples in the 
microtiter plate can affect the results. This 
is due to the fact that humidity and air 
distribution can differ in the inner wells 
compared to the outer ones, thus resulting 
in differences in biofilm formation.19 
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Orbital shaker settings Most papers only refer to the rpm settings 
on their orbital shaker and omit other 
details such as the orbital diameter which 
can affect the shear stress exerted in the 
wells.20 

Washing  Description of this step is often omitted or 
vague terms such as, “gently rinse” or 
“slowly tip over plate” are used, which 
leave it up to the reader to determine how 
to perform the step.11,21 

Drying  This step is very often omitted altogether 
from the method description or contains 
very little detail on how it was performed.  

Raw data  Most articles do not provide their raw data 
and omit information on how this was 
analysed.22 

Outliers  Outliers are very often not included in the 
paper or, if reported, their exclusion is 
simply mentioned with little 
argumentation for it and how the final 
data analysis was affected by their 
removal.  

At the end of the guideline requirements list, we provide examples of two hypothetical 

experiments related to biofilm formation using crystal violet (Table 3.2). 

01. Experimental design  

1. Describe the main question to be addressed in the study. This includes proposed main 

(and possibly secondary) hypothesis(es).  

2. Explain the experimental design for the study, in other words, what type of experiment 

is being conducted to test the hypothesis (es)? For example, a comparison between 

different treatments or factors; different microbial bacterial strains (i.e., reference 

“type” strains, mutant constructs, or clinical isolates) or different concentrations and 

exposure times?   

3. State the number of biological replicates, meaning independent repeats of the same 

experiment. Ideally, these should be day-to-day replicates to account for changes in 

humidity and room temperatures, for example.  Include the number of technical 

replicates within the experiment, meaning the number of replicates for each sample 

group in the experiment. If applicable state whether the technical replicates are within 

one plate or in separate ones.  
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4. Include the number of replicates for the controls used in the experiment.  Additionally, 

describe what these controls were and report their data to improve overall 

understanding of results. Depending on the test hypothesis they could be very 

straightforward, such as a growth check as a positive control and a sterility check as a 

negative control. On the other hand, they could be more complex. For example, if an 

antimicrobial agent is added and then rinsed off, an appropriate control is to use a mock 

carrier (e.g., saline) which accounts for the removal of microbes resulting from the 

exchange of fluids. Other appropriate controls for antimicrobial testing include solvent 

controls (e.g., DMSO) to verify that decrease in biofilm is due to the compound and 

not the solvent, and pre-treatment controls to verify that the effects observed are due to 

bactericidal not bacteriostatic activity. Furthermore, when biocide tests are performed, 

it is recommended to perform a neutralizer verification, as well as checking for 

interactions between the microplate material, biocide (e.g., bleach) and dye. It should 

be noted that controls are highly dependent on the experimental design, therefore it is 

important to report all the relevant controls.  

5. When applicable, provide reference to all published protocols followed, ideally to the 

original articles containing all the necessary information. Additionally, if any changes 

were made to these published protocols they need to be described in detail.  

6. Provide a link to any supplementary information or data not reported in the main body 

of the article, such as more detailed method descriptions, a metadata sheet containing 

raw data and layouts of microplate designs, etc.  

02. Biofilm formation  

1. Describe the microorganisms selected for the experiment. List the species and strain 

number, and if available the strain numbers assigned in international culture 

collections, e.g., ATCC, BCCM/LMG bacteria Collection, or DSMZ, or provide a 

reference in which the relevant details of the strains are reported. Alternatively, if 

clinical or environmental isolates are used, provide all available and relevant 

background and ethical information. Describe the stock preservation conditions, and 

any modifications made to the microorganism (plasmid insertions, gene knockouts, etc) 

using established genetic nomenclature.   

2. Describe the inoculum preparation protocol. Include information on incubation 

conditions such as concentration, growth phase, temperature, time, shaking (rpm and 

orbital diameter or static conditions) and growth media (ingredients, concentration, 

origin). Depending on the microorganism, include other applicable incubation 



 Chapter 3 / Minimum Information Guideline Development 

37 
 

conditions such as light, CO2 concentration, humidity, etc.  Additionally, if any 

washing steps were performed include detailed information on centrifugation 

conditions (g force, time, equipment) and the washing agent used (water, PBS, etc). 

Other important factors might be whether a culture was grown up then diluted to a 

specific concentration, and how this was measured, i.e., optical density is commonly 

used. 

3. Describe the compounds or conditions being tested. In case of antimicrobials, describe 

their concentration (molarity, g/L, or any other appropriate SI units), origin 

(manufacturers if purchased and catalogue numbers if allowed by the journal of 

choice), and time point in the experiment when they were added, and whether an agent 

was used to neutralize the active ingredient. If applicable, describe pH, any solvents 

used, activity corrections and whether agents were filtered prior to use.  

4. Provide information on microplates used. This includes type of plate (clear, white, or 

black), number of wells (6, 9, 24, 96 or 384 well), shape of the wells (flat, rounded, U-

shaped or V-shaped), the material and the manufacturing company, including catalogue 

numbers if allowed by the journal of choice. Report any modifications made to the 

manufactured microplate such as pre-coating of the wells or addition of coupons.  

5. Describe how the microplate was prepared. Provide information on the inoculum 

conditions at harvest such as growth phase, optical density (wavelength, zero solution, 

equipment) and concentration of microorganism (CFU/mL for bacteria or cells/mL for 

yeast) and growth media (if different from point 2).  If a biofilm prevention experiment 

is being conducted provide information on the antibiofilm agent used (concentration in 

relevant SI units, preparation, and origin).  

If possible, provide a short description of the layout of the microplate showing the 

position of controls and samples. Additionally, if applicable mention any extra steps 

taken such as adding water to the outer wells to avoid “edge effects”.  

6. Provide a description of incubation conditions for the microplate. Include information 

on temperature, time and shaking (rpm and orbital diameter or stationary). Similar to 

point 2 include a description of any other relevant conditions such as light, CO2 

concentration or humidity. Additionally, if applicable mention any extra steps such as 

sealing the plate with parafilm or other films or incubating within a humidified 

container.  
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03. Biofilm assessment method  

1. Describe the method followed to discard the planktonic suspension, e.g., pipetting, 

suction manifold.  

2. Describe all washing steps in detail. Provide information on the washing agent such as 

sterility, origin, concentration, and pH, if applicable. Additionally, describe the number 

of washes and method(s) used to add and remove the washing agent (immersion, 

rinsing or pipetting). When possible, avoid the sole use of vague terms such as “gently” 

which are subject to interpretation and include more detailed descriptions. For example, 

describing the angle and depth at which a pipette tip was inserted into the well or stating 

the number of times the plate was shaken to remove excess liquid when inverted. If 

automatic liquid handling devices are used provide information of equipment and 

settings.  

3. Describe the staining process.  This includes information on the stain: origin 

(manufacturer), stock and working solution concentrations, solvents used as well as 

information on the staining: time and incubation conditions (light, temperature, 

volumes, shaking etc.). If applicable, provide information on any standard curves 

performed with the experiment.  

4. In cases where extra steps such as fixation, drying and elution are required, describe 

how these were performed and any solvents or chemicals (origin, concentration) used.   

5. Describe how the spectrophotometric or fluorometric signal was measured. Provide 

information on the equipment (model number, company, software) used as well as its 

settings (excitation, emission and detection wavelengths, endpoint, or continuous read, 

shaking). When using fluorometric reading, provide information on the type of readout 

(top or bottom reading). If bottom reading is performed, provide information on the 

number and distribution of the points measured across each well.  

Furthermore, if imaging functions of the microplate reader were used, describe the 

settings (time, shaking, imaging mode, filters, camera).   

04. Statistical assessment and data presentation  

1. Describe how the raw data were processed and/or transformed. If possible, include raw 

data in the supplementary data section.  

2. Present all outliers. Argumentation should be given if they were removed from the 

analysis in the results and ideally how their removal affected the data.  
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3. Test the data for normality. Report if the data has been transformed or normalised for 

example, using a standard curve, log transformation, square root, or any other 

appropriate normalisation method.  

4. Describe statistical tests and rationale for use (i.e., parametric, non-parametric, small 

sample, paired etc.) performed and any post-hoc tests. Provide information on the test 

parameters, descriptive statistics such as significant differences, standard errors, 

standard deviation, variance, and confidence intervals. Additionally, include 

descriptive statistics for the controls used in the experiment.  If a high-throughput 

screening assay is being reported, it is recommended to include the calculation of the 

screening windows coefficient, or Z’. 23  

5. Ensure that the appropriate graph types and data visualizations are used. Figures should 

provide all the essential and relevant information necessary for a full understanding of 

the results.24 We suggest the use of scatter plots or box and whisker plots instead of 

line graphs or bar charts, which often do not portray all the necessary information in a 

dataset (Figure 3.2). For instance, many different normal, skewed or bimodal data 

distributions can lead to the same mean and standard deviation values. 24 Summarizing 

data as a mean with standard deviation can also conceal unequal sample sizes and 

outliers. 24,25 Plotting all measurements in tandem with means and standard deviations 

provides transparency and allows readers to evaluate data for themselves (Figure 3.2). 

6. Provide details of the statistical package used and its version. If more than one was 

used, they all need to be mentioned. Additionally, if any open-source systems such as 

R packages were used, provide a reference or a link to it.  
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05. Bioinformatics (Optional)  

1. Use standard terminology. In the coming years ontology guidelines for biofilm 

terminology are expected to be developed. A starting guide can be found on the 

MIABiE website.26    

2. The data should be formatted in a way that makes it easier to submit and extrapolate 

it to existing databases such as BiofOmics (http://www.biofomics.org/) or other 

databases currently in development.27   

 

 

 

 

 

 

Figure. 3.2. Show the dots on plots: scatter graphs allow readers to evaluate data distributions 
for themselves. Biofilm formation was measured for Pseudomonas aeruginosa strains CF39S and 
CF39, which express functional and mutant alleles of the thermosensory diguanylate cyclase (tdcA+ 
and tdcA-), respectively. Each condition has 48 replicates, representing sixteen technical replicates 
from each of three independent biological replicates. (a) Line graph. Datum points represent means 
and standard deviations. (b) Scatter plot. Each point denotes a replicate datum point and lines and 
bars represent means and standard deviations, respectively. (Data courtesy of Joe J. Harrison). 
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Table 3.2. Section by section description of two hypothetical experiments following 
the guideline requirements. Simple experiment on the study of the effect growth media 
on biofilm formation. Complex experiment on biofilm prevention efficacy testing.  

Section Simple experiment example Complex experiment example 

Experimental 
design 

This study investigated the effect of 
growth media concentration on 
Staphylococcus aureus biofilm 

formation in a microplate. Total 
biofilm mass formation after 24 hours 

for four different concentrations of 
Tryptic Soy Broth (TSB) was 

compared. Each experiment consisted 
of one plate that used 6 sample wells 

per TSB concentration, and 6 negative 
control wells containing only TSB for 
all four concentrations tested. Each 
experiment was repeated in three 

independent weeks. A more detailed 
description of the methodology 

together with a schematic illustration 
of the sample and negative control 

positions within the plate can be found 
in our supplementary data section 

[Link]. 

This study investigated the ability of 
tobramycin [Manufacturer, Catalogue 

nr.] to prevent biofilm formation on 
Pseudomonas aeruginosa biofilm. The 
metabolic activity of the biofilm was 
measured after 24 hours for seven 

different concentrations of tobramycin. 
Each experiment consisted of one plate 
that used 6 sample wells per tobramycin 
concentration. Furthermore, 6 sample 

wells were used for each of the following 
controls: sterility, solvent and growth. 
Each experiment was repeated in three 

independent weeks. A more detailed 
description of the methodology together 

with a schematic illustration of the 
sample and control positions within the 
plate can be found in our supplementary 

data section [Link]. 

Biofilm 
formation 

Staphylococcus aureus strain ATCC 
25923TM was used. To prepare the 

inoculum, -80 °C glycerol stocks were 
streaked out on Tryptic Soy Agar 

[Manufacturer] plates. One colony 
from the plate was transferred into 15 
ml TSB and incubated at 37 °C, 125 
rpm in a shaker incubator [Model 

number] with an orbital diameter of 
1.9 cm. After 18 hours a 1:100 dilution 

of the inoculum was incubated at 37 
°C, 125 rpm until it reached the 

exponential growth phase (OD=0.300 
[595nm; Model number]). Four 2 ml 
aliquots of the suspension were made 
and washed by centrifugation (2000 g 
for 15 minutes [Model number]) and 
resuspending the pellets in PBS [pH 

7.4; Manufacturer] twice. 
Subsequently, the pellets were 

resuspended in 4 different TSB broths 
(30 g/ml, 3 g/ml, 0.3 g/ml and 0.03 
g/ml) and 200 µl per well of each of 

these suspensions was added to a flat 
bottom polystyrene 96 well plate 

[Manufacturer] according to the layout 
in the supplementary data. The plate 
was incubated at 37 °C under static 

Pseudomonas aeruginosa strain ATCC 
15442TM was used. Tobramycin 

[Manufacturer, Catalogue nr.] stocks of 
1 g/L were prepared in sterile water and 

stored at -20 °C for a maximum of 4 
months. Seven concentrations of 

tobramycin were prepared in sterile 
water for use in the experiment: 20 

µg/mL, 10 µg/mL, 8 µg/mL, 4 µg/mL, 2 
µg/mL, 1 µg/mL and 0.5 µg/mL. 

To prepare the inoculum, -80 °C glycerol 
stocks were streaked out on R2-A agar 

[Manufacturer] plates. One colony from 
the plate was transferred into 15 ml TSB 

and incubated at 37 °C, 125 rpm in a 
shaker incubator [Model number] with 
an orbital diameter of 1.9 cm. After 18 
hours a 1:100 dilution of the inoculum 

was incubated at 37 °C, 125 rpm until it 
reached the exponential growth phase 
(OD=0.300 [595nm; Model number]). 

196 µl per well the suspension was 
added 48 wells of a flat bottom 

polystyrene 96 well plate 
[Manufacturer]. 4 µl per well of each 

tobramycin concentration were added to 
42 of these wells and 4 µl per well of 
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conditions in a non-humidified 
incubator for 24 hours. To prevent 
excess drying the outer wells were 

filled with 200 µl/well of sterile water. 

sterile was added to the other 6 as 
solvent control. 200 µl per well of 

suspension was added to 6 wells as 
growth control and 200 µl per well of 

TSB broth was added to 6 wells as 
sterility control. The plate was incubated 

at 37 °C under static conditions in a 
non-humidified incubator for 24 hours. 
To prevent excess drying the outer wells 

were filled with 200 µl/well of sterile 
water. 

Biofilm 
assessment 

The planktonic suspension was 
carefully removed using a multichannel 

pipette [Model, Manufacturer] fitted 
with a 300 µL tip inserted slowly at a 
45° angle while making sure to avoid 
touching the sides and bottom of the 

wells. The plate was washed twice with 
250 µl/well of PBS using a 

multichannel pipette fitted with a 300 
µL tip and left to air-dry for 15 min in 

under laminar flow at room 
temperature (RT, 20 ±5 °C). The 

biofilm was fixed for 15 min with 200 
µl/well of 99% v/v ethanol 

[Manufacturer] and then allowed to 
air-dry until fully dry, between 5 and 

10 minutes. The plate was stained with 
200 µL of 0.1 % v/v Crystal violet 
[Manufacturer] for 15 min at RT, 

under static conditions. After staining 
the plates were washed twice with 250 

µl/well of MilliQ water using a 
multichannel pipette and left to air-dry 
for 15 min in laminar flow. The stain 

was eluted with 200 µl/well of 99% v/v 
ethanol for 30 min at RT, no shaking. 

The eluted stain was mixed by pipetting 
up and down 4 times and 100 µl/well of 
it were transferred to an empty 96-well 
plate using a multichannel pipette. The 
absorbance was measured at 595 nm 
using a [Company; Model number] 

plate reader. 

 

After 24 hours the planktonic suspension 
was carefully removed using a 
multichannel pipette [Model, 

Manufacturer] fitted with a 300 µL tip 
inserted slowly at a 45° angle while 

making sure to avoid touching the sides 
and bottom of the wells. Tips were 

changed between different controls and 
tobramycin concentration. The plate was 

washed twice with 250 µl/well of PBS 
using a multichannel pipette fitted with a 
300 µL tip and left to air-dry for 15 min 

in under laminar flow at room 
temperature (RT, 20 ±5 °C). The plate 

was stained with 200 µL of 50 µg/mL v/v 
Resazurin [Manufacturer] prepared in 
sterile water, covered in foil for 45-60 
minutes RT, under static conditions. 
Colour change was monitored due to 

day-to-day differences in time needed for 
the reaction to start. The fluorescence 

was measured using a [Company; Model 
number] plate reader at λexcitation = 

560 nm; λemission = 590 nm. 

Statistical 
assessment 

Raw absorbance data can be found in 
our supplementary data section. To 
evaluate the within plate variability, 

the mean ± 1 standard deviation 
(STDEV) of all the technical replicates 
for each sample were calculated and 

are summarised in table [1]. The 
means of all the different samples were 

Raw fluorescence data can be found in 
our supplementary data section. To 

evaluate the within plate variability, the 
mean ± 1 standard deviation (STDEV) of 

all the technical replicates for each 
sample were calculated and are 

summarised in table [1]. The means of 
all the different samples were corrected 
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corrected by subtracting the 
corresponding negative control (TSB 
only) values. The data from all three 
replicate experiments were analysed 
using a one-way ANOVA test with a 

Levene’s post-hoc analysis to compare 
the absorbance values. These results 
were represented in Figure 1 and a 

more detailed description can be found 
in the figure legend. [Statistical 

Programme; version] was used to 
perform all tests. 

by subtracting the sterility control (TSB 
only) values. Furthermore, percent 

reduction in metabolic activity for each 
of the seven tobramycin concentrations 
and the solvent control were calculated 
by dividing their fluorescence with the 
growth control fluorescence. The data 

from all three replicate experiments were 
analysed using a one-way ANOVA test 
with a Levene’s post-hoc analysis to 

compare the absorbance values. These 
results were represented in Figure 1 and 
a more detailed description can be found 

in the figure legend. [Statistical 
Programme; version] was used to 

perform all tests. 

 
As illustrated above, the amount of information necessary to fully characterize a complex 

system such as a biofilm experiment is significant. Therefore, a simplified checklist of the 

guideline has been generated (Table 3.3). This checklist can assist authors during their 

writing process, as well as reviewers during the peer-review process. In fact, 

complementary fields such as ecology and evolution have very recently started to make 

checklists available in their field of knowledge.28 Moreover, certain sections of this 

guideline can be applied to other biofilm assessment methods in microplate experiments, 

such as when viable plate counts are used to assess biofilm density and treatment efficacy. 
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Table 3.3. Simplified checklist for minimum information guideline 
spectrophotometric 

methods of biofilm assessment. 

01. Experimental design  
Aim of the experiment/hypothesis presented  
Type of experiment  
Biological and technical replicates   
Positive and negative control replicates and description  
Reference to original article containing protocol (If applicable)    
Supplementary information (If applicable)   
02. Biofilm forming method 
Microorganism description  
Inoculum preparation protocol  
Treatment description (If applicable)   
Microtiter plate description    
Plate layout i.e. sample distribution (Optional)   
Incubation conditions for microtiter plate  
03. Biofilm assessment method 
Planktonic suspension removal   
Washing description  
Staining description   
Additional steps: fixing, drying, buffer solutions (if applicable)  
Absorbance / Fluorescence measurement   
04. Statistical assessment and data interpretation 
Raw data handling  
Outliers  
Normality testing   
Appropriate data presentation  
Statistical test with post-hoc and descriptive stats   
Statistical programme used  
05. Bioinformatics (Optional)  
Standardised terminology  
Data formatting according to data submission guidelines   
Submission to online database   
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3.4. Discussion 
Microplate-based spectrophotometric and fluorometric methods of biofilm assessment 

have led to the generation of a vast amount of data throughout the years. However, while 

these data have provided essential information on biofilm biology and experimental 

therapeutic strategies to tackle biofilms, biofilm experiments have often been difficult to 

reproduce.  Furthermore, most of the time it is not possible to compare data between 

studies, which means that attempting to draw conclusions by combining data from different 

studies is not feasible. To minimize this problem, we suggest that a minimum information 

guideline should be adopted by researchers.  

Lack of data comparability can in part be attributed to the high variability of protocols used 

for these types of methods. Table 3.4 illustrates this phenomenon of variability in protocols 

of the crystal violet assay for three common organisms: Staphylococcus aureus, 

Pseudomonas aeruginosa and Candida albicans. It contains the range of parameters (low 

to high) for different conditions of inoculum preparation, biofilm growth and biofilm 

assessment for each microorganism. Major differences in the inoculum preparation and 

biofilm growth parameters, are expected as the parameters of these steps are largely 

dictated by the physiology of the microorganism being investigated and the type of 

experiment being performed. However, table 3.4 shows that large differences are also 

present among the biofilm assessment parameters such as dye concentrations and 

absorbance wavelengths. Taken together, this information means that comparing different 

datasets at this stage is not possible for different studies and that the guidelines can only 

facilitate reproducibility and comparison to a certain degree. On the other hand, it is 

important to note that the variability in protocols used in the biofilm area is often due to 

the differences in the subject of the investigations. 
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Table 3.4. Example of the variability in protocol conditions of crystal violet assays 
for three different example microorganisms 
 

 

 

  
Condition  

Organism  
Staphylococcus aureus 
spp. 

Pseudomonas aeruginosa 
spp.   

Candida albicans  

Inoculum preparation    
Media TSB, TSB wS*, LBb**, 

Water 8,11,23,29–34 
TSB, TSB wS*, LBb**, 
LB**, BHI**, MHI**, T-
broth**, AB* 8,35–42 

YNB**, YPD**, 
RPMI-1640**, 
SDB** 8,43–50  

Inoculum incubation 
temperature (°C) 

35-37 8,11,23,29–34 25-37 8,35–42 30-37 8,43–50 

Incubation time (hours) 0***-24 8,11,23,29–34 0***-24 8,35–42 12-24 8,43–50 
Inoculum shaking conditions   0-200 rpm/min 8,11,23,29–34 0-250 rpm/min 8,35–42 0-200 rpm/min, 

Roller drum 8,43–50 
Inoculum concentration / OD / 
growth phase at harvest   

103-108 CFU/mL, 0.5 
McFarland, OD600nm=0.1 
8,11,23,29–34 

10-108 CFU/mL, 
OD600nm=0.0025, OD595=1.5 
8,35–42 

104-108 CFU/mL,  
OD600nm=1 8,43–50  

Biofilm growth    
Media TSB, LB**, BHI** 

8,11,23,29–34 
TSB, T-broth**, AB**, 
BHI**, MHI** 8,35–42 

YNB**, YPD**, 
RPMI-1640**, 
ASM**, SDB**, 
PBS**** 8,43–50 

Incubation temperature (°C) 35-37 8,11,23,29–34 25-37 8,35–42 37 8,43–50 
Incubation time (hours) 18-48 8,11,23,29–34 2-48 8,35–42 2-48 8,43–50 
Shaking conditions 0-200 rpm/min 8,11,23,29–34 0-180 rpm/min 8,35–42 0-120 rpm/min 8,43–

50 
Biofilm Assessment    
Washing agent Water, Saline, PBS****, 

MilliQ water 8,11,23,29–34 
Saline, Water, PBS*** 8,35–

42 
PBS****, Water, 
Saline 8,43–50 

Washing (x times) 1-3 8,11,23,29–34 1-3 8,35–42 1-3 8,43–50 
Crystal violet concentration 0.01-2.3 % 8,11,23,29–34 0.1-2 % 8,35–42 0.02-1 % 8,43–50 

Staining time 1-20 min 8,11,23,29–34 5-30 min 8,35–42 5-45 min 8,43–50 
Solubilisation agent 33 % acetic acid, 95-100 

% ethanol 8,11,23,29–34 
30-33 % acetic acid, 95-100 
% ethanol, DMSO**** 8,35–

42 

30-33% acetic acid, 
95 % ethanol, 0.1% 
Triton-X 8,43–50 

Absorbance wavelength (nm) 540-595 8,11,23,29–34 550-595 8,35–42 540-595 8,43–50 
*wS – with Supplement i.e. added yeast and/or glucose  
**TSB- Tryptic Soy Broth; LBb – Luria Bertani broth; BHI- Brain Heart Infusion; LB – Lysogeny broth; MHI 
– Mueller-Hinton broth; T-broth – Terrific broth; AB – minimal growth media; YNB – Yeast Nitrogen Base; 
YPD – Yeast Peptone Dextrose; SDB – Sabauraund Dextrose Broth; RPMI-1640 - Roswell Park Memorial 
Institute–1640 medium; ASM – Artificial Saliva Medium;  
***0 – Inoculum prepared directly from agar culture 
****PBS- Phosphate buffered saline; DMSO – Dimethyl sulfoxide  
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Hence, a consensus regarding certain aspects of the methodology is necessary to improve 

reproducibility. On this matter, there are already standardised biofilm methods approved 

by the ASTM which could serve as a starting point for this process, such as the E2647-08 

Standard Test Method for Quantification of a Pseudomonas aeruginosa Biofilm Grown 

Using a Drip Flow Biofilm Reactor with Low Shear and Continuous Flow51, the E2562-17 

Standard Test Method for Quantification of Pseudomonas aeruginosa Biofilm Grown with 

High Shear and Continuous Flow using CDC Biofilm Reactor52 and the E2799-17 Standard 

Test Method for Testing Disinfectant Efficacy against Pseudomonas aeruginosa Biofilm 

using the MBEC Assay. 53 They can also provide an excellent example on how to identify 

critical steps and describe the methodology to ensure reproducibility.  

In addition, many investigations aim at optimising and modifying spectrophotometric and 

fluorometric methods to increase their efficiency, reliability, and their applications. For 

example, Junka et al, developed a way to assess wound dressing effectiveness in 24-well 

plates using crystal violet and TTC analysis.54 This means that with time, as new steps are 

introduced or more robust ways of performing certain steps are developed, the methods 

will evolve. Minimum information guidelines have the advantage of remaining applicable 

to the methods despite these changes.  

Moreover, as science evolves, we will be able to measure new parameters and conditions 

which affect reproducibility. As discussed in chapter 2, even when manufactured from the 

same base polymer, microplates can have different surface properties depending on the 

production process, resulting in differences in cell adhesion. 55  As the methods used to 

characterise surface properties become more accessible, parameters such as surface 

roughness might be used in the future. Since guidelines are often part of an online database 

such as MIBBI, they can be updated when necessary and evolve together with the methods.   

3.5. Guideline implementation and dissemination  
 
As is the case with compliance to MIABiE and other guidelines, compliance to the new 

guideline presented here will be difficult as it needs to be endorsed by both authors and 

journals.56,57 To improve compliance a balance needs to be obtained between the level of 

detail asked, and the ability of most labs to be able to provide such data. As an example, 

many studies have shown that oxygen availability influences biofilm formation and can 

lead to different physiological features being expressed.58 Therefore, understanding the 

oxygen availability within a well and across different wells in a microplate might be useful. 
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However, most laboratories lack the kind of system needed to assess this environmental 

parameter and it would be very difficult to implement this reading routinely. Hence, the 

oxygen profile within the microplate is not a requirement in the guideline.  

In order to increase awareness, various strategies were employed to disseminate the 

guideline and encourage members of the biofilm community to apply it to their research. 

The first step was ensuring the guideline availability on the MIABiE website 

http://miabie.org/introduction.php, including some accompanying documents like the 

terminology clarification text box included in Appendix S3.2.  

The guideline was presented in several academic conferences, examples of these can be 

found on the MIABiE website (http://miabie.org/contacts.php) as well. Moreover, since its 

publication in November 2019 the guideline has been cited by 22 publications, a majority 

of which are research papers adopting the guideline requirements. A breakdown of these 

citations can be found on Table 3.5. Additionally, to further increase guideline 

implementation in the biofilm community, a future aim of the consortium is to include the 

guideline in the authors requirements of a biofilm journal, as well as continued 

dissemination in various conferences and gatherings.  

Table 3.5. Implementation of the minimum information guideline in the literature  
 
Publication type Number of citations* 
Research paper 17 59–75 
Review or Opinion paper 3 76–78 
Thesis dissertation 2 79,80 
Total 22 
*Number of citations as of September 2021 

 

3.6. Concluding remarks 
In conclusion, microplate-based methods of biofilm assessment remain among the more 

widely used methods in biofilm studies, and as such it is important for the field that we 

consider their reproducibility and try to improve it. We are convinced that the 

implementation of minimum information guidelines will contribute to solving the 

reproducibility crisis and thus improve the use that the research community makes of data 

and ultimately advance science.
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Chapter 4.  

Evaluation of single species 
biofilm methods 

 
Parts of this chapter are included in the following publication: Allkja, J., van Charante, F., Aizawa, 

J. et al. Interlaboratory study for the evaluation of three microtiter plate-based biofilm 

quantification methods. Sci Rep 11, 13779 (2021).  

https://doi.org/10.1038/s41598-021-93115-w  
 
 
 

Abstract 
Microplate methods are commonly used for biofilm assessment. However, results obtained with 

these methods have often been difficult to reproduce. Hence, it is important to obtain a better 

understanding of the repeatability and reproducibility of these methods. An interlaboratory study 

was performed in five different laboratories to evaluate the reproducibility and responsiveness of 

three methods to quantify Staphylococcus aureus biofilm formation in 96-well microplates: crystal 

violet, resazurin, and plate counts. An inter-lab protocol was developed for the study. The protocol 

was separated into three steps: biofilm growth, biofilm challenge, biofilm assessment. For control 

experiments participants performed the growth and assessment steps only. For treatment 

experiments, all three steps were performed and the efficacy of sodium hypochlorite (NaOCl) in 

killing S. aureus biofilms was evaluated. In control experiments, on the log-scale, the 

reproducibility SD was 0.44 for crystal violet, 0.53 for resazurin, and 0.92 for the plate counts. In 

the treatment experiments, plate counts had the best responsiveness to different levels of efficacy 

and the best reproducibility with respect to responsiveness (Slope/SR = 1.02), making it the more 

reliable method to use in an antimicrobial efficacy test. This study showed that the microplate is a 

versatile and easy-to-use biofilm reactor, which exhibits good repeatability and reproducibility for 

different types of assessment methods, if suitable experimental design and statistical analysis are 

applied.         

 

Keywords  
Biofilm, microplate, ring trial, plate count, crystal violet, resazurin 
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4.1. Introduction  
The lack of reproducibility among published studies has become one of the bigger concerns 

across different scientific research areas and biofilm research is certainly no exception. 1,2 

This is due to many different factors, including selective or incomplete reporting of the 

experiments performed and lack of robust methods. 3,4 

Microplate-based methods are some of the more widely used methods in biofilm research. 

They are inexpensive, easy to use, versatile and adaptable for high-throughput screening. 
5,6 However, little is known about their repeatability (within lab variation) and there are 

currently no reports on their reproducibility (among lab variation).7,8 The microplate is a 

batch system in which the biofilm is grown in a small volume and then assessed using a 

variety of methods. Most assessment methods rely on the use of dyes (e.g. crystal violet 

and resazurin) to stain the biofilm or some of its components; colony forming unit (CFU) 

counts are also used.9 The variety of assessment methods available has led to many possible 

applications for microplate-based methods such as antimicrobial compound screening, 

assessing biofilm forming ability of different microorganisms, and evaluating the effect of 

various factors on biofilm formation.10–13  

Considering the widespread use of microplate methods in the field, the evaluation of their 

reproducibility is of a clear interest to the biofilm community as it would provide an insight 

into the potential of microplates for standardisation, which could be useful for 

antimicrobial screening tests.14 Additionally, it could serve as a starting point for making 

microplate data comparable across research groups and also help us better understand what 

factors might affect the performance of microplate experiments.    

As outlined in the previous chapter, efforts to improve the reporting of microplate 

experiments, through the implementation of minimum information guidelines on reporting 

biofilm experiments (www.miabie.org) have started.15,16 Moreover, the repeatability and 

reproducibility of methods using other biofilm reactors have been evaluated, which can 

serve as a reference for evaluating microplate methods. Devices such as the MBEC, the 

CDC Biofilm Reactor and drip-flow reactors were assessed through interlaboratory studies, 

where 6-8 different laboratories perform the same protocol. 17–19 As a result of these tests, 

several standard methods protocols for the use of these devices in antimicrobial testing 

have been approved.20–22 In order for a protocol to be accepted as a standard method, the 

standard deviation (SD) of the reproducibility needs to be “small”, often determined by 

standard methods societies, e.g., ASTM.  
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In the present chapter, we aim to evaluate the reproducibility and responsiveness of three 

different biofilm assessment methods (crystal violet, resazurin and plate counts) applied to 

microplates through a ring trial, performed across five different laboratories located in the 

US and Europe. The study reports on the repeatability in each lab and the reproducibility 

across different labs of each of these three assessment methods. Additionally, it evaluates 

the responsiveness and reproducibility of these methods in assessing an antimicrobial 

efficacy test.  

4.2. Materials and Methods  
The description provided in this materials and methods section complies with the recently-

published guideline on reporting spectrophotometric and fluorometric methods to assess 

biofilms in microplates (Chapter 3). 16  

4.2.1. Protocol optimisation  
To design the inter-lab protocol (ILP) for the ring trial, we used protocols from all the 

participating labs together with the information acquired during the guideline development 

process on chapter 3. Our first challenge was deciding on the incubation method for the 

microplate. As the protocol was optimised in Montana, which has a very dry climate, the 

outside wells in the plate were drying out completely. Thus, we had to adapt the biofilm 

growth step to overcome this issue. Furthermore, considering that all participants were in 

very different climates we had to find the simplest incubation method that could work for 

all. For this purpose, we decided that shaking the plate would not be a suitable option, as 

in dry climates it would increase evaporation rates and standardizing the settings on orbital 

shakers would be difficult to achieve. Additionally, we noticed that if we sealed the plate 

with parafilm this prevented evaporation. However, due to humidity levels in Montana our 

plates would create a lot of condensation on the lid, which in turn led to cross 

contamination. Therefore, we decided to adjust the humidity in the incubator by adding a 

tray of water at the bottom. This part would only be applied in laboratories with dry 

climates.  

Another challenge was deciding on the plate count protocol. Most of the protocols we 

received, as well as most of the literature use sonication to detach the biofilm from the 

wells. We tested the efficacy of sonication by staining the wells pre and post sonication 

and some of the biofilm was left behind in the wells (Figure S4.1.1). Furthermore, 

standardizing the settings on all the different sonicator baths used by the trial participants 

would be very difficult and time consuming. Thus, we decided to test an alternative method 
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and scrape the biofilm to remove it. We tried different scraping tools such as, a dental pick 

tool (Figure S4.1.2) and a wooden applicator stick (Figure S4.1.3). The wooden applicator 

sticks were very effective in removing the biofilm and the plate count test results showed 

good repeatability within experiment and among experiments (Table S4.1.1). Furthermore, 

we quantified the Log CFU/well left behind on the wooden applicator sticks post scraping 

and when we added those results to the plate count there was an average increase of 0.03 

Log CFU/well to the final values (Table S4.1.2). Hence, we decided this method was 

appropriate to use for the study.  

Moreover, we needed to consider the variability of plate readers used throughout the study. 

Each plate reader processes the information differently and will usually give different 

output values especially for fluorescence intensity readings. This makes comparing the 

results from different laboratories difficult, thus we decided to create a test for every 

participant to conduct so we can correlate all the outputs from the different plate readers. 

The complete optimised ILP and all the protocols collected from the participating labs can 

be found in Appendix S4.2.  

4.2.2. Study design  
The ring trial investigated three different biofilm assessment methods in flat bottom, 

untreated, polystyrene, 96-well microplates: plate counts, resazurin and crystal violet. Six 

laboratories initially took part and are identified by numerical Lab IDs between 1 and 6. 

One participant from each laboratory performed the experiments. The participants were 

provided with the optimised ILP and a list of supplies (Appendix S4.2). ILP was divided 

into three distinct steps: biofilm growth, biofilm challenge and biofilm assessment. For the 

latter, separate protocols for each assessment method were provided. Participants were 

instructed to find closest substitute/match for materials in the supply list (Appendix S4.2) 

when possible, hence there is a difference in supplier between labs.  

The data collected from Lab 5 have been removed from all data analysis. An initial analysis 

identified their control data as severe outliers.  Subsequent inquiries revealed that their 

treatment experiments data were also unusable due to deviations from performing the 

protocols and a lack of documentation. Results of control data analysis with Lab 5 data 

included can be found in Appendix S4.3. 

4.2.2.1. Biofilm growth  
Staphylococcus aureus subsp. aureus (ATCC 25923) was used for the ring trial. Briefly, 

stocks were streak plated on Tryptic Soy Agar (TSA) at 37 ± 2 °C for 24 hrs. One or two 
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colonies were transferred into 15 mL Tryptic Soy Broth (TSB) and incubated at 37 ± 2 °C, 

125 rpm, overnight. An aliquot was sub-inoculated in fresh TSB at 37 ± 2 °C, 125 rpm 

until exponential growth phase [OD = 0.300 (595 nm) or 7.5 ± 0.5 Log CFU/mL] was 

achieved. This inoculum was diluted to a concentration of 5.5 ± 0.5 Log CFU/mL. 200 

µL/well was transferred to a 96-well plate for biofilm formation at 37 ± 2 °C, no shaking 

for 24 hrs in a humidified incubator. Wells containing only TSB were used as negative 

controls to check for contamination. The full biofilm growth protocol can be found in 

Appendix S4.2 

4.2.2.2. Plate reader tests  
Crystal violet and resazurin require calibration curves were performed by each laboratory. 

For crystal violet different concentrations of the dye were added to the wells of a microplate 

(starting from 0.01 g/L) and their absorbance at λ=595 nm was measured. For resazurin, 

the participants chemically reduced resazurin into resorufin and added different 

concentrations to a microplate (starting from 5 µg/mL) and measured fluorescence at 

λexcitation = 560 nm; λemission = 590 nm. The detailed protocol can be found in Appendix S4.2. 

4.2.2.3. Control experiments 
For the control experiments, only the biofilm growth and biofilm assessment parts of the 

protocol were performed. One 96-well plate was used per assessment method, per 

experimental day, two experimental days in total.  Due to the nature of the methods for 

plate counts only 15 wells/plate were quantified, whereas for crystal violet and resazurin 

the entire plate (minus control wells) was assessed. Laboratories with their own in-house 

protocols (IHP) for the assessment methods prepared an extra plate and performed their 

own assessment protocol in parallel with the ILP used for the ring trial. For both plates the 

biofilm was prepared using the ILP biofilm growth protocol. The detailed protocols are 

found in Appendix S4.2. 

4.2.2.4. Treatment experiments 
For the treatment experiment, all three steps of the ILP were performed. For the biofilm 

challenge step, sodium hypochlorite (NaOCl), i.e., bleach, was used to challenge the 

biofilm. Half of one 96-well plate was used per method, per experimental day, with three 

experimental days in total. Titration tests were used to measure the total concentration of 

chlorine (Cl). The antimicrobial was then diluted to four different concentrations of Cl in 

NaOCl reported as NaOCl concentrations (1000 mg/L, 500 mg/L, 100 mg/L and 10 mg/L) 

which, were added to the biofilm (200 µl/well) for 10 minutes and neutralised by washing 
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twice with PBS. Ultra-pure water was added to the controls to account for the effect of the 

fluid exchange on biofilm removal. All concentrations were tested on the same day, 8 wells 

per treatment. For plate counts only 3 wells per concentration per plate were quantified, for 

crystal violet and resazurin 8 wells per concentration per plate were assessed. No IHP 

treatment data were generated; IHP data were generated only for control experiments. 

Detailed protocols are found in Appendix S4.2.  

4.2.3. Statistical analysis 

4.2.3.1. Plate count data treatment  
The colonies formed were counted on each plate, averaged across plates, multiplied by the 

dilution factor 10d, divided by the drop volume (10 µL), multiplied by the total volume 

(200 µL) and then converted to a log density (LD) per well using the following equation:  

LD = log (CFU / well) = log [(10d × (average CFU) / 10 µL) × 200 µL] 

For the treatment experiments when no colonies were present on agar plates, a value of 0.5 

CFU/well was assigned to a single plate at the lowest dilution counted in the previous 

formula. The antimicrobial’s effect was quantified as a log reduction (LR). A single LR 

value was calculated for each chlorine concentration used, for each experimental day. The 

LR is equal to the mean of the treated log density (LD) for each treatment concentration 

subtracted from the mean of the control LD. 

4.2.3.2. Crystal violet and resazurin data transformation 
“Raw” data collected from the plate reader tests were used to generate calibration curves 

for each method and each lab. Equations were generated for these curves by linear 

regression analysis and they were used to transform the data. Based on the regression 

analysis, log fluorescence vs log resorufin was chosen as the calibration curve for the 

resazurin data as it better fit the initial calibration data and allowed for better prediction for 

resazurin/resorufin concentrations from the later part of the study that fell outside the range 

of the calibration curve.  This extrapolation occurred because the resazurin was chemically 

reduced for the calibration phase of the study making it difficult to ensure that the 

fluorescence values used to generate the calibration curve contained the values measured 

during the later biofilm experimentation phase.  This extrapolation is a potential weakness 

of our results.  Hence, “raw” fluorescence data were transformed to log fluorescence and 

further to log resorufin concentration (µg/mL) based on the calibration curve equation for 

each lab.  
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For crystal violet, absorbance vs crystal violet concentration was chosen as the calibration 

curve. Hence, “raw” optical density data were transformed to crystal violet concentrations 

(µg/mL) based on the calibration curve equation for each lab. Although initial experiments 

were performed at a single lab to estimate the CFUs corresponding to crystal violet 

concentrations at that lab, each lab did not generate such a calibration curve, so it is not 

possible to transform the ODs or crystal violet concentrations to CFU densities.  

For both methods, negative control values (wells containing TSB only, no bacteria) were 

not taken into consideration as, there were no negative controls in the plate reader test, so 

the calibration curves do not account for negative controls. Calibration curve plots and 

equations can be found in Appendix S4.4. 

4.2.3.3. Repeatability and reproducibility assessment  
To investigate the repeatability (day-to-day variability) and reproducibility (lab-to-lab 

variability) for the control data generated by the methods were first log-transformed: LD 

for plate counts, log resorufin or log crystal violet concentration. A mixed effects ANOVA 

model was then fit to the log-transformed responses for each of the 3 methods separately. 

‘Lab ID’ and ‘day’ were assigned as random factors, with ‘day’ nested within ‘Lab ID’, 

meaning the levels of the factor ‘day’ are different for each lab. The model estimates the 

variability in the response for three different sources: error (well-to-well), day (day-to-day) 

and lab (lab-to-lab). The repeatability variance of the method is represented by the error + 

day variance. The repeatability standard deviation (Sr) is the square root of this variance. 

The reproducibility variance of the method is represented by the sum of all variance 

components and the reproducibility SD (SR) is the square root of this variance.23  It is 

common to report the variance components as percentages of the “total” reproducibility 

variance (see e.g. ASTM E691) calculated by dividing each variance component by the 

reproducibility variance. 

For the treatment experiments, the reproducibility of LRs was estimated for each NaOCl 

concentration separately by fitting a mixed effects ANOVA to the LRs for each method 

separately with a random factor for Lab ID.  

4.2.3.4. ILP versus IHP comparison 
To evaluate the effect that the change of protocol (ILP vs IHP) had on the control data we 

fit a mixed effects ANOVA to the log responses for all 3 methods where Day and Lab ID 

were assigned as random factors and protocol was assigned as a fixed factor. The ANOVA 

was followed by Tukeys test (95% CI) to determine statistical equivalence at 97.5% 
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confidence for the median responses for ILP and IHP (CFU density for plate counts, 

resorufin concentration, and crystal violet). For the plate count method the equivalency 

margin of 0.5 logs was chosen based on previous examples in the literature.24,25 On the 

other hand, no previous reference was found for establishing an equivalency margin for 

resazurin and crystal violet method, so the equivalency margin of 0.5 log was used for these 

methods as well.   When comparing IHP vs ILP for each of the 3 methods, the equivalency 

margin of 0.5 applied on the log scale means that differences in means of the log-

transformed responses up to 0.5 log are negligible and not of practical importance. When 

antilogging, the conclusion is that differences up to a 70% decrease (1 - 10-0.5) or a 3-fold 

increase (100.5) in the median response for the IHP compared to median response for the 

ILP are negligible and not of practical importance.      

4.2.3.5. Responsiveness assessment  
To assess the responsiveness of the methods to NaOCl treatment we constructed dose-

response curves using the mean LR concentrations per NaOCl concentration, per day, per 

lab. A mixed effects ANOVA with a random factor for Lab ID and Log NaOCl as a 

covariate was fit to the LRs for all concentrations to assess the responsiveness of the 

method and to assess the reproducibility pooled across all concentrations.   

Furthermore, mixed effects ANOVA analyses were performed for each NaOCl 

concentration separately and the resulting SR values were fit to a parabola as a function of 

LR. To enforce our prior belief that the parabola should be concave, the leading term was 

constrained to be non-positive.26 This constraint only had to be enforced for crystal violet 

data, where the leading term was set to zero. 

4.2.3.6. Model assessment and Software    
The choice to log-transform the responses (CFU density for the plate count data, resorufin 

concentration for the resazurin data, crystal violet concentration) is crucial. Initially, for 

control and efficacy responses each of the 3 methods, the log-transform was required to 

satisfy the ANOVA assumptions of normality and constant variance. Checking these 

assumptions was based on “normal probability” and “residual vs fits” plots of the residuals.   

Just as importantly, having all responses on the log-scale made method comparisons 

straightforward. Because SDs of log responses are invariant to a change in units, here we 

directly compare the SDs from the different methods. Furthermore, because a difference in 

log responses such as a LR is unitless, we directly compare slopes and the mean LR values 

when assessing the responsiveness of the methods. 
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All statistical assessments were performed using Minitab v.18® [Minitab 18 Statistical 

Software (2019). State College, PA: Minitab, Inc. (www.minitab.com)] Mixed Effects 

Models Functionality that allows the user to specify (as described above): the response 

(control or LR), fixed effects (e.g., ILP vs IHP), random effects (lab and day nested in lab) 

and covariate (e.g., time).  From the full data set supplied via the link in the Supplementary 

Materials, the Minitab’s Mixed Effects Model function, with the inputs just described, 

could be used to reproduce the results that we present here.  Minitab was also used to 

generate all the figures.  Horizontal jitter has been applied to the points in graphs to better 

visualise overlapping datapoints.  

4.3. Results  

4.3.1. Control  

4.3.1.1. Interlaboratory protocol analysis 
To investigate the repeatability and reproducibility of the control experiments for the ILP 

protocols, the data collected for each lab, across two experimental days, have been included 

in Figure 4.1. A summary of the results can be found in Table 4.1. From Figure 4.1A and 

Table 4.1 we can see that most of the variability is due to lab-to-lab differences. Similar to 

the plate count method, the variability of resazurin method (Figure 4.1B) and crystal violet 

method (Figure 4.1C) is mostly due to lab-to-lab differences. The trend of the data is similar 

across all three methods (Figure 4.1), meaning labs that respond lower for one method do 

so for the other two as well e.g., lab 3 has the lower values on average for all 3 methods 
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compared to the rest of the labs. Likewise, the labs with higher responses for one method, 
have higher responses for the other methods as well e.g., lab 6.  

When comparing the repeatability and reproducibility across all three methods based on 

the SD values in Table 4.1, the crystal violet method is most repeatable and the most 

reproducible of the three, followed by resazurin and finally the plate count method. As 

discussed in the Methods, it is possible to directly compare the SDs for the different 

methods in Table 4.1 because SDs of log responses are invariant to a change in units. 

 

 

 

 

 

 

 

Figure 4.1. Control experiment data for the ILP protocol. Along the horizontal axis are 
listed the lab IDs and the two experimental days within each lab. Horizontal jitter has been 
applied to better visualize data points. A. Plate count - Each point in the graph is the log 
density (LD=log (CFU/well)) of biofilm bacteria grown on a single well. B. Resazurin - Each 
point in the graph is the log resorufin concentration (µg/mL) of biofilm bacteria grown on a 
single well. C. Crystal violet - Each point in the graph is the log crystal violet concentration 
(µg/mL) of biofilm bacteria grown on a single well. 
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Table 4.1. Summary of statistical analysis for the ILP control data for each method.  
The table shows the main conclusions (mean Log values ± Standard Error (SE), variance 
and standard deviations for repeatability and reproducibility) for the control data using the 
ILP protocols only for all participating labs, excluding lab 5. Recall from the glossary and 
methods section that the Repeatability SD is the square root of the “Day + Error” variance, 
and the Reproducibility SD is the square root of the “total variance”. 
 

 

4.3.1.2. Interlaboratory protocol vs in-house protocol  

One of the questions we wanted to answer in the present study was whether the protocol 

used for the assessment method made a difference in method outcomes. For this purpose, 

some of the labs, with established in-house protocols (IHP), performed them in parallel to 

the ILP protocol. For the plate count method only labs 2 and 6 performed IHPs (Figure 

S4.5.1). For the resazurin method, labs 4 and 6 performed IHPs (Figure S4.5.2) and for the 

crystal violet method labs 2, 4, and 6 performed IHPs (Figure S4.5.3).  

A summary of the statistical comparison of ILP vs IHP for each three methods is given in 

Table 4.2. For each method, the ILP protocol has a better (smaller) reproducibility SR. 

However, the mean LDs, log res and log CV between the ILP and IHP for each of the three 

methods were statistically significantly equivalent.27  

 

 

 

 

 

 

 

 

 

Method 
Mean Log 

response ± SE 
Units 

Variance 
components 

 
Standard deviation 

Day + 
Error 

Lab 
 
Repeatability Reproducibility 

Plate count 7.32 ± 0.40 CFU/well 8.82% 91.18%  0.27 0.92 

Resazurin 0.71 ± 0.22 µg/mL 15.89% 84.11%  0.21 0.53 

Crystal 
Violet 

1.13 ± 0.19 µg/mL 10.18% 89.82% 
 

0.14 0.44 
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Table 4.2. Comparison of the ILP and IHP control data for each method. The table 
shows the main conclusions (mean Log values ± Standard Error (SE), and standard 
deviations for repeatability and reproducibility, difference between means, and 
equivalency testing at 97.5% confidence with an equivalency margin of 0.5 logs) for the 
control experiments data using the ILP and IHP protocols. 

 

Method Protocol Mean Log 
response ± SE Units 

Standard deviation ILP - 
IHP Result 

Repeatability Reproducibility 

Plate count 
ILP 8.20 ± 0.33 CFU/well 0.13 0.49 

0.035 Equivalent 
IHP 8.17 ± 0.42 CFU/well 0.17 0.60 

Resazurin 
ILP 1.15 ± 0.04 µg/mL 0.11 0.11 

0.105 Equivalent 
IHP 1.05 ± 0.04 µg/mL 0.16 0.16 

Crystal 
Violet 

ILP 1.42 ± 0.08 µg/mL 0.14 0.18 
-0.095 Equivalent 

IHP 1.52 ± 0.23 µg/mL 0.19 0.42 
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4.3.2. Treatment  
The dose response curves with respect to the LRs are shown per lab in Figures S4.5.4, 

S4.5.5 and S4.5.6. The dose-response curves pooled over all labs are shown in Figure 4.2.  

 

A summary of the analysis is shown in Table 4.3. Based solely on the reproducibility SR values 

from the table, crystal violet is the most reproducible method with an SR = 0.28, followed by 

resazurin (SR = 0.36) and plate counts (SR = 1.79).  

 

 

 

 

 

 

 

 

 

 

Figure 4.2. Dose response curves for treatment data. Each data point represents the 
mean LR per experimental day, per lab.  The red curve indicates the regression line. 
A. Plate count B. Resazurin C. Crystal violet 
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Table 4.3 Summary of the treatment data for each method. The table shows the SR values for 
the LRs pooled over all concentrations of the NaOCl treatment when applying the ILP protocols 
only. In addition, the equation of the regression line (shown in Figure 4.2) that quantifies the dose 
response curve for each method.   The slope in each equation quantifies responsiveness of each 
method, hence the column SR/ Slope is a measure of the reproducibility of each method relative to 
the responsiveness.  
  

 

Method SR Equation Slope/SR 

Plate count 1.79 LR = -1.196 + 1.823Log NaOCl 1.02 

Resazurin 0.36 LR = -1.406 + 0.3132Log NaOCl 0.87 

Crystal Violet 0.28 LR = -0.2186 + 0.08669Log NaOCl 0.31 

 

However, the dose-response for the crystal violet method (Figure 4.2C) is quite different 

compared to the other two. Furthermore, in some instances crystal violet showed negative 

LR values for the treatment experiments (Figure 4.2C and Figure S4.5.6), which means 

that the treated biofilms had higher crystal violet concentrations than the side-by-side 

controls which suggests that there was an issue with the method despite the low SR value. 

From the dose response relationship for each method in Table 4.3, the responsiveness of 

the method was evaluated based on the slope of regression line. The larger the slope, the 

more responsive the method is. Hence, the plate count method is the most responsive of 

the three, and crystal violet was the least responsive. As discussed in the Methods, it is 

possible to directly compare the mean LRs, SDs and slopes for the different methods 

because LRs, SDs and slopes of log responses are invariant to a change in units.  

The reproducibility for all three methods is further illustrated in Figure 4.3. In these graphs 

the reproducibility SD was plotted as a frown shaped function of the mean LR for each 

NaOCl concentration for the cumulative data from all 5 labs. This is in contrast to the 

reproducibility SD presented in Table 4.3 that was calculated by pooling the data over all 

of the concentration of NaOCl. For the plate count method (Figure 4.3A), a similar 

relationship has been found for other antimicrobial tests methods and micoorganisms.26 

Figures 4.3B and 4.3C show, for the first time in the literature, that the reproducibility SDs 

for resazurin and crystal violet appear to have this same frown shaped pattern. This 

suggests that microbial LRs, whether from CFUs, resazurin or crystal violet, are most 

reproducible for ineffective and highly effective antimicrobials.  
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To provide a comparison between the three methods that accounts for both responsiveness 

and reproducibility, we divided the slope of the dose-response curve by the reproducibility 

SR (Slope/SR), analogous to the signal to noise ratio (and inversely related to the relative 

standard error and the limit of quantitation) 28. The higher this unitless value the better the 

method is at evaluating the effect of different concentrations of treatment. The plate count 

method performs best, even though it had the worst reproducibility SD, because of the large 

change in LRs as the concentration of NaOCl was changed (i.e., because of the steep slope).   

The crystal violet method performs the worst in spite of having the best reproducibility 

because of poor responsiveness; thus, in our setup it is not suitable for differentiating 

antimicrobials with different efficacy. A potential reason for this poor responsiveness may 

be a peculiar interaction noticed between the bleach, the plastic material of the microplate 

and the crystal violet dye (Figure S4.5.7). In follow up experiments, when bleach at 

different NaOCl concentrations (2% vol/vol and 0.1% vol/vol) was added to an empty 

microplate for 10 mins and the plate was subsequently stained with 0.1% vol/vol crystal 

violet, the stain bound to the wells, despite the lack of biofilm. One reason for this could 

Figure 4.3. Reproducibility curves. Reproducibility SD (SR) calculated as a 
function of the mean log reduction (LR) for all 4 concentrations of NaOCl across all 
5 labs. A. Plate count B. Resazurin C. Crystal violet 
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be that the bleach is corroding the surface of the wells and creates a rougher surface where 

the crystal violet can bind. Another possible explanation could be due to the redox reaction 

between crystal violet and bleach, which results in crystal violet losing colour. If any bleach 

is left behind following neutralisation, then it might be affecting the crystal violet dye. 

Hence, when choosing a suitable method, it is important to take into consideration any 

chemical interactions between the antimicrobial agent, the material used to grow the 

biofilm and any staining agents used in the assessment method.  

Moreover, from the dose-response curves for the plate count method in Figure S4.5.4, it 

can be seen that for lab 3 the differences between the 4 NaOCl concentrations are not as 

pronounced. One reason for this difference in response was thought to be the relationship 

between the starting LD of the biofilm and the resulting LR, as biofilms with a lower 

starting LD are overall easier to kill by antimicrobial agents. 29 This can be seen in the 

graphs in Figure S4.5.8, where the Mean LR for each lab was plotted as a function of the 

mean LD. All 4 graphs show that for labs with lower mean LDs, the mean LR values are 

also lower. Hence, since lab 3 has overall lower LD values, the biofilm might be easier to 

kill with lower concentrations of NaOCl and saturation is reached, leading to no difference 

in LR between different treatments.   

4.4. Discussion  
Despite the extensive use of microplate methods in the biofilm research, little is known 

about their comparability, limitations, repeatability, and reproducibility. Due to this lack 

of information data collected from microplate methods often have little use outside of an 

individual study, or outside studies performed in the same laboratory. With this 

interlaboratory study we aimed to answer some of these questions: Is it possible to compare 

microplate data across different labs? How repeatable and reproducible are crystal violet, 

resazurin and plate counts in microplate experiments? How does the change in protocol for 

the assessment step affect reproducibility? How responsive and reproducible are these 

methods when performing an antimicrobial efficacy test?  

First, our results clearly show that comparability between different labs is achievable. For 

the plate count method, this is very straightforward, however for resazurin and crystal 

violet extra steps and data transformations are necessary. Due to differences in plate reader 

outputs, to compare resazurin and crystal violet data across labs it was imperative that each 

lab calculate their own calibration curves. An attempt was made to compare “raw” data 

without the use of calibration curves, and the repeatability and reproducibility were 
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adversely affected [raw data available in Zenodo repository, 

https://doi.org/10.5281/zenodo.4450073]. The implementation of calibration curves 

enabled us to report the data as log10 concentration of crystal violet and resorufin, as 

opposed to the more commonly used optical density (OD) and fluorescence emission data. 

This is not common practice when using these methods and as such it is not possible to 

compare any published data from different research groups on these methods even if their 

protocols are similar or the same. Hence, the way in which scientific community treats and 

reports such data needs to change.  

Once we were able to make the data comparable, we examined how repeatable and 

reproducible each of these three assessment methods were in microplates. If we focus 

solely on our study, the control experiment results showed that the crystal violet method is 

the most repeatable and reproducible method of the three, while plate counts were the least. 

However, previous studies on the repeatability of microplate methods seem to be in 

contradiction with our results. In the study by Jorge, et al., 2015, they evaluated the 

repeatability of the crystal violet, plate counts and XTT methods in assessing Pseudomonas 

aeruginosa biofilms. Their results showed issues with repeatability for all three methods, 

most noticeably for the crystal violet method.7 Similarly, in the study by Kragh, et al., 2019 

they report better repeatability for the plate count method when compared to crystal violet 

for 24 hr biofilms of P. aeruginosa. 8 The most probable explanation for these differences 

could be the way the data were treated. The studies mentioned above do not use calibration 

curves for the crystal violet data and instead report them as OD values and they also do not 

log transform their plate count data. These observed differences in repeatability could also 

be due to differences in the bacterial species used, as our study was performed on S. aureus 

biofilms, not P. aeruginosa. Moreover, they could also be attributable to differences in the 

biofilm growth protocol and assessment methods protocols.  

As the plate count method is extensively used in previously validated standard methods, 

we can compare the reproducibility of our ILP protocol to that observed for other biofilm 

growing devices.17,18,22 For example, the MBEC device which has been accepted as a 

standard method for antimicrobial testing on P. aeruginosa biofilms20 is a modified 

microplate where the biofilm grows on pegs attached to the microplate lid. As such the 

environment and growth conditions within the MBEC device are similar to the microplate. 

For the MBEC device the ring trial results showed a control SR = 0.67 and Mean Log 

CFU/mm2 = 5.48.17 If we convert our data to Log CFU/ mm2, the Mean Log CFU/mm2 = 

5.14 and the control SR remains the same at 0.92. Hence, our control data are not as 
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reproducible as the MBEC device. Nevertheless, acceptable repeatability and 

reproducibility SDs for plate counts from controls are < 0.5 and < 0.7, respectively.30 In 

our case, the plate count method has very repeatable control data with an SD = 0.27, but 

less reproducible control data with an SR = 0.92. No references are available for acceptable 

SD values for control data from the crystal violet and resazurin methods.   

To compare the reproducibility of the LRs between microplates and the MBEC, we can 

compare the reproducibility curve in Figure 4.3A to the similar frown shaped curve 

showing reproducibility for the MBEC.26,29  The reproducibility SD curve in Figure 4.3A 

is higher than for the MBEC over the same range of LRs, peaking at about SR= 2 for the 

microtiter method compared to SR= 1.5 for the MBEC. This indicates that LRs generated 

from CFUs from the 96-well microplate method are more variable than the MBEC when 

testing antimicrobials with a wide range of efficacy. One possible explanation for this could 

be the difference in the biofilm harvesting protocol. While the MBEC device relies on a 

mostly automated process by using sonication to remove the biofilm from the pegs, for the 

microplate the biofilm is removed by scrapping each well individually, which may increase 

the chance for human error. Moreover, as the ILP protocol did not go through the 

ruggedness testing that the MBEC device and other standard methods go through, further 

optimisation could help improve the reproducibility of the method.17,31 Nonetheless, as 

these tests were performed for different species of bacteria, it is not certain if this difference 

in reproducibility is due to the different bacteria or the protocols used or the device itself.  

Another question we wanted to explore was whether using a standardised protocol for the 

assessment method made a difference in results. For this purpose, groups with established 

in-house protocols performed them in parallel to our ILP. For all three methods, the results 

showed that the mean response was statistically significantly equivalent between the 

different protocols but that the reproducibility for the ILP was better (i.e., the SR values for 

the ILP were smaller). One interesting detail to consider is that the biofilm growth protocol 

and the inoculum used was the same for both the ILP and the IHP protocols. This suggests 

that what contributes the most to variability is how the biofilm is grown and how the 

inoculum is prepared, rather than how the assessment of the biofilm is performed, an 

observation that is in agreement with previous research. 32    

Finally, we wanted to evaluate which assessment method would be the most appropriate to 

use for a treatment efficacy test. For this purpose, we chose an antimicrobial treatment and 

we evaluated NaOCl contact killing at four different NaOCl concentrations. An initial look 

at the results seemed to suggest that once again the crystal violet method was the most 
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reproducible and as such the better method to use. However, when performing treatment 

efficacy testing, the responsiveness of the method is crucial. Responsiveness indicates the 

ability of the method to differentiate between different concentrations of the treatment and 

evaluate it as a dose-response. The plate count method was the most responsive method of 

the three. Furthermore, when we looked at their reproducibility with respect to 

responsiveness, the plate count method performed the best out of the three. Unexpectedly, 

the resazurin method which measures the metabolic activity of the biofilm showed poor 

responsiveness compared to plate counts. This could be due to a high presence of viable 

but dormant cells in the treated wells or an unknown interaction of resazurin with the 

antimicrobial used. Another possibility is that the observed responsiveness of the plate 

counting method is artificially too high due to a large number of viable but non-culturable 

survivors on treated carriers.  

In conclusion, the microplate is a versatile and easy-to-use biofilm reactor which shows 

good repeatability and reproducibility for different types of assessment methods. It can also 

allow for comparison of data between different labs. However, for comparisons across labs 

to be possible calibration curves are essential, hence there needs to be a change in the way 

we report microplate experiment data, especially for spectrophotometric and fluorometric 

type assays. This combined with more detailed reporting based on minimum information 

guidelines could add more value to results obtained from microplate experiments and open 

the possibility for comparison across studies and data mining applications
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Chapter 5.  

Evaluation of multispecies 
biofilm methods 

 

 
 
 
 
 
 
 
 

Abstract 
Biofilms are often polymicrobial in nature, which can impact their behaviour and overall structure, 

often resulting in an increase in biomass and enhanced antimicrobial resistance. Microplate-based 

methods have often been used as a model for the study of CAUTI biofilms, hence we evaluated the 

repeatability of the plate count method in a microplate multispecies CAUTI model. Four species 

were selected: Enterococcus faecalis, Escherichia coli, Candida albicans and Proteus mirabilis. 

Eleven combinations of biofilms were grown on silicone coupons placed in 24-well plates for 24 

hrs, 37 ºC, in AUM. The three bacterial species showed overall good repeatability (Sr values 0.1 - 

0.54) in all combinations tested, whereas C. albicans had higher repeatability SD (Sr) values. To 

investigate the structure of these biofilms, fluorescence in situ hybridisation (FISH) was applied. 

The results showed that species undetected with the plate count method, could be seen within the 

biofilm and that despite the antagonistic relationship between the species, they were often co-

aggregated. The images also showed that biofilm structures could differ depending on the position 

on the coupon. The study showed that the plate count method exhibits good repeatability overall, 

and that more sensitive, visual techniques can provide a qualitative analysis of biofilm structures 

which complement the plate count data and provide further information on spatial organisation.  

 

Keywords  
Biofilm, CAUTI, microplate, repeatability, FISH 
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5.1. Introduction  
Biofilms are often polymicrobial in nature, i.e., more than one species of microorganism is 

present within the biofilm at the same time.1 This can impact how the biofilm is formed, 

its properties, behaviour and overall structure, often resulting in an increase in biomass and 

enhanced capabilities.2,3  An example of this, are multispecies biofilms in catheter 

associated urinary tract infections (CAUTIs), where microorganisms attach to the catheter 

surface both inside and outside the lumen causing infections in the urethra and bladder, or 

catheter blockage.4–6 Through metagenomic and metaproteomic analysis we have been able 

to understand the composition of these multispecies biofilms. The most commonly found 

species in the consortia are Escherichia coli and Enterbacter spp. 7 Other prevalent 

microorganisms include Pseudomonas aeruginosa, Klebsiella spp., Proteus spp., Candida 

spp. and Enterococcus spp.6,8–10  

Studies using dual or multi-species models of CAUTIs have shown the impact of these 

consortia in the growth and behaviour of the biofilm, as well as the challenge they can pose 

to treatment strategies. Polymicrobial interactions have been shown to facilitate biofilm 

growth, boost its matrix production and enhance virulence factors leading to a more severe 

form of infection. 11–13 For example, in the study by Tien et al. 14,  the dual species 

Enterococcus faecalis - E. coli CAUTI model showed that the presence of E. faecalis 

increased the virulence of E. coli by facilitating tissue colonisation.14 Additionally, 

polymicrobial consortia are inherently more resistant to treatment, thanks not only to the 

increase in biofilm formation which acts as a physical barrier but also the facilitated transfer 

of resistance genes between microorganisms. 15–18 Hence, the study of CAUTIs in 

multispecies models is important to ensure a better understanding of the biofilms and 

instruct more effective treatment strategies against them.  

As discussed in previous chapters, the microplate is one of the more commonly used 

reactors for biofilm studies. Over the years it has also been employed for the study of 

CAUTI biofilms, where a coupon (generally made of a material commonly used in 

catheters e.g., silicone), or a piece of catheter tubing is placed inside the wells of the 

microplate reactor and biofilm formation on the coupon is assessed.13,15,19–23 Similarly to 

single species microplate-based methods, the repeatability and reproducibility of 

multispecies models utilising these reactors are poorly described. 

 In this chapter we evaluate and report on the repeatability of the plate count method in a 

microplate system, for multispecies biofilms. As polymicrobial biofilms play a major role 
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in CAUTIs, we chose this as our model system. Four species were selected based on their 

recorded prevalence in CAUTIs and their diversity. Gram-positive (E. faecalis) and Gram-

negative (E. coli and Proteus mirabilis) bacteria, as well as a yeast (Candida albicans) 

were selected. Per our definitions in chapter 2, methods like plate counts can only reach 

level 2 reproducibility. Investigating biofilm structure is crucial if we are to achieve the 

next level of reproducibility. As such, we applied fluorescence in situ hybridisation (FISH) 

in combination with confocal laser scanning microscopy (CLSM) to our biofilms to gain 

more insight into their spatial organisation and 3D structures. 

5.2. Materials and Methods  
The descriptions provided in this materials and methods section complies with the recently 

published guideline on reporting spectrophotometric and fluorometric methods to assess 

biofilms in microplates (Chapter 3). 24 

5.2.1. Biofilm formation 

5.2.1.1. Culture maintenance and inoculum preparation 
E. coli CECT 434 and E. faecalis CECT 184 were streak plated from -80 ºC glycerol stocks 

onto Tryptic soy agar (TSA) [Merck, 1.00550 (Broth) and VWR Chemicals USBIA0950 

(Agar)] and grown overnight at 37 ºC ± 2 °C.  P. mirabilis SGSC 3360 was streak plated 

from -80 ºC glycerol stocks onto CLED agar [VWR Chemicals, 84668] and grown 

overnight at 37 ºC ± 2 °C. C. albicans SC5314 was streak plated from -80 ºC glycerol 

stocks onto Seaboard’s Dextrose Agar (SDA) [VWR Chemicals, 84685] and grown 

overnight at 37 ºC ± 2 °C.  

One or two colonies from each plate were transferred into 15 mL Tryptic Soy Broth (TSB) 

[Merck, 1.00550] for the bacteria or 15 mL Yeast-extract peptone dextrose (YPD) [Edge 

BD Difco™, 242820] for the Candida and incubated at 37 ± 2 °C, 120 rpm, overnight. An 

aliquot was sub-inoculated in the respective fresh media at 37 ± 2 °C, 120 rpm until 

exponential growth phase was achieved [OD = 0.100 (620 nm) or 7.5 ± 0.5 Log CFU/mL 

for the bacteria], [OD = 1.400 (620 nm) or 7.5 ± 0.5 Log CFU/mL for Candida]. The 

inocula were centrifuged at 3000 g for 10 mins and resuspended in artificial urine medium 

(AUM) [According to the recipe Brooks and Keevil25] twice to ensure the previous media 

was removed. The resuspended inocula were diluted in AUM to a concentration of 5.5 ± 

0.5 Log CFU/mL.    
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5.2.1.2. Biofilm growth 

For the study, 11 different types of combinations were performed, including single species, 

dual species, three species and four species biofilms. ID designations for each combination 

can be found in Table 5.1.  

Table 5.1. ID designation and description for each combination  

Combination ID Species 
C1 E. coli 
C2 P. mirabilis 
C3 E. faecalis 
C4 C. albicans 
C5 E. coli and P. mirabilis  
C6 E. coli and E. faecalis 
C7 E. coli and C. albicans 
C8 E. coli and P. mirabilis and E. faecalis 
C9 E. coli and P. mirabilis and C. albicans 
C10 E. coli and E. faecalis and C. albicans 
C11 All 4 

 

Silicone coupons, 1x1 cm [Neves & Neves Lda, Portugal] were cleaned and sterilised 

according to the procedure described by Allkja and Azevedo 26. Briefly, coupons were 

cleaned for 30 mins with gentle stirring in warm water with detergent, subsequently washed 

5x in ultra-pure water, then submerged in 90% ethanol with gentle stirring for 30 mins and 

finally washed with ultra-pure water and left to air dry. The coupons were then placed at 

the bottom of the wells in a flat bottom 24-well tissue culture plate [Orange Scientific, 

4430300N] and sterilised in a flow chamber under ultraviolet (UV) light for 30 mins.  

The inocula prepared at a concentration of 5.5 ± 0.5 Log CFU/mL were used for biofilm 

formation. From this, 1.5 mL/well were added to the plate, which was parafilmed and 

incubated at 37 ± 2 °C, no shaking for 24 hrs. In the case of multispecies biofilms, the 

inocula were mixed in equal parts according to the combinations in Table 5.1 prior to being 

added to the plate. Six coupons/combination were prepared, and three technical repeats 

were performed per combination. An additional coupon per experiment was prepared with 

AUM only to check for sterility. Extra coupons of C3 and C11 were prepared for the FISH 

method testing. 
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5.2.2. Plate count method 

5.2.2.1. Selective media optimisation  
For the mixed biofilms, selective media were created to be able to differentiate the plate 

counts for each species. In the case of C. albicans, 100 µg/mL of ampicillin [AppliChem 

GmbH, A0839] was incorporated into SDA which prevented bacterial growth for all three 

species (Figure S5.1.1). The presence of ampicillin did not impact plate count numbers for 

C. albicans (Table S5.1.1). For E. faecalis both bacterial and fungal growth needed to be 

supressed. Kanamycin [Eurobio Scientific, GABKAN00-6Z] at 50 µg/mL in TSA was 

selected to inhibit bacterial growth as it only affects Gram negative bacteria (Figure 

S5.1.2). To inhibit C. albicans, fluconazole was initially tested but was unsuccessful 

(Figure S5.1.2B). Amphotericin B [Sigma-Aldrich, A2942] at 10 µg/mL in TSA was tested 

as an alternative and it successfully inhibited C. albicans growth (Figure S5.1.3). The 

presence of both antibiotic and antifungal compounds did not impact E. faecalis growth 

(Table S5.1.2). E. coli and P. mirabilis media able to separate them into distinct colonies 

was necessary as selective inhibition using antibiotics would not be possible. While they 

grow different colonies in CLED agar when cultured separately, in a mixed culture the 

colonies were not distinguishable (Figure S5.1.4A). Subsequently, Chromocult® Coliform 

agar acc.to ISO 9308-1 [Merck, MERC1.10426.0500] was tested and could successfully 

separate the colonies. E. coli grew blue-purple colonies, while P. mirabilis grew white-

orange colonies (Figure S5.1.4B). Plate counts in coliform agar were compared to the 

standard media, TSA for E. coli and CLED for P. mirabilis, and no changes were noticed 

(Table S5.1.3). The media was also successful in inhibiting E. faecalis and C. albicans 

growth without the need for antibiotic and antifungal addition (Figure S5.1.4 C and D). 

5.2.2.2. Single tube method 
The single tube method as described by Goeres et al 27 was adapted to harvest the biofilm 

from the coupons for each combination. Briefly, following 24-hr growth the supernatant 

was removed from the wells and coupons were washed once in 1.5 mL of 0.85% saline 

(vol/vol). They were then transferred to a falcon tube containing 10 mL of 0.85% saline 

(vol/vol).  During initial testing it was observed that some C. albicans biofilm was left 

behind on the coupon, so 0.01 % Tween®80 (vol/vol) [Sigma-Aldrich, P1754] was added 

to the 10 mL of 0.85% saline (vol/vol) as a surfactant to ensure complete biofilm removal. 

The tubes underwent vortex/sonicate cycles of 30 seconds each, 5 steps in total beginning 

with vortex. The sonicator bath [VWR USC-1700T Ultrasonic cleaner, 142-0101] was 

degassed prior to use by turning it on for 5 minutes as advised in the STM protocol. The 
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suspensions were then serially diluted and 100 µL was spread plated (2x plates/sample) 

onto the respective selective media depending on the combination and species. The plates 

were incubated for 24 hrs at 37 ºC. Resulting colonies were counted, averaged across 

plates, multiplied by the dilution factor 10d, divided by the spread plate volume (0.1 mL) 

and multiplied by the total volume (10 mL) divided by the coupon surface area (1 cm2). 

This was then converted to a log density (LD) Log CFU/cm2 following the formula (1) 

below: 

(1) LD = Log CFU/cm2 = log [(10d × (average colonies) / 0.1 mL) × (10 mL/1 cm2)]   

In the case of no colony growth, a value of 0.5 per plate was assigned at the lowest dilution 

counted in the previous formula. This resulted in our limit of detection (LOD) value, 1.699 

Log CFU/cm2.  

5.2.3. Fluorescence in situ hybridisation  

5.2.3.1. Probe testing  
Four LNA/2’OMe probes [BioPortugal Lda, PT] targeting specific rRNA sequences on 

each species were used (Table 5.2). Each probe contained a different fluorochrome 

attached to it, selected to minimise spectral overlap (Figure S5.2.1). The E. coli and E. 

faecalis probes were provided by Andreia S. Azevedo. They were previously used and 

tested in mixed species cultures [Unpublished work]. The P. mirabilis and C. albicans 

probes were designed to match the hybridisation conditions of the existing probes as 

described in the work by Teixera et al. 28 Probe specificity and channel separation was 

tested in mixed suspensions containing all four species (Figure S5.2.1).  

Table 5.2. List of LNA/2’OMe probes 
Target rRNA Probe LNA/2´OMe (5´-

3´) 
Base 
pairs 

Tag 5´ 

E. coli 16S AcGTcAAtGAgCAaAGg 17 ATTO™ 655 
E. faecalis 23S gTTcTCtGCgTCtACcTC 18 Alexa Fluor™ 

594 
C. albicans 18S cCCGcAtATcTacAa 15 Alexa Fluor™ 

488 
P. mirabilis 16-23S cGGaTaTcAtCGGg 14 ATTO™ 550 
LNA- lower case designation 
2’OMe - upper case designation 
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5.2.3.2. FISH in biofilms 
The FISH in biofilms protocol as described by Allkja and Azevedo 26 was adapted for use 

in this study. Following 24-hr growth the supernatant was removed from the wells and 

coupons were washed once in 1.5 mL of 0.85% saline (vol/vol).  The biofilm wax fixed 

and permeabilised by drying for 15 mins at 60 ºC, followed by 15-min immersion in 4 % 

(vol/vol) paraformaldehyde [Acros Organics, 30525-89-4], then 15 mins in 50 % (vol/vol) 

Ethanol and finally air drying at room temperature. The fixed biofilms were kept at +4 ºC 

until hybridisation. For the hybridisation, working solutions of the probes at 200 nM 

concentration were prepared in hybridisation buffer (0.5 M of urea [Merck, 1.08487], 50 

mM Tris-HCl [Fisher BioReagents, BP153], 0.9 M NaCl [VWR Chemicals, 27808.297]; 

pH 7.5). In the case of multispecies biofilms, working solutions of probe mixtures at 200 

nM according to the specific combination were prepared. 25 µL of the corresponding 

working solution was added to each coupon, covered with a coverslip, and incubated in a 

humidified container, at 60 ºC for 90 mins, in the dark. The coverslip was removed, and 

the coupons were immersed in pre-warmed wash buffer (5 mM Tris Base [Fisher 

BioReagents, BP152], 15 mM NaCl [VWR Chemicals, 27808.297] and 1% Triton X 

[Panreac, A9778]; pH 10) for 30 mins at hybridisation temperature. A negative control 

sample was performed containing only hybridisation buffer with no probe, to check 

autofluorescence (Figure S5.3.1). Moreover, DAPI staining was performed to verify that 

the probes were penetrating inside of the biofilm (Figure S5.3.2). For this, a drop of DAPI 

[Sigma-Aldrich, 165344] solution at 0.1 mg/mL was added to the coupon for 10 min in the 

dark, at room temperature following hybridisation, prior to washing. The coupons were left 

to air dry and transferred onto a 35 mm imaging dish [ibidi®, 81151] containing glycerol 

based mounting medium [ibidi®, 50001] ready for microscopy. Three biological and three 

technical replicated were performed per combination. Samples were stored for a maximum 

of 4 hrs at +4 ºC, prior to imaging.  

5.2.3.3. Confocal Laser Scanning Microscopy 
A Laser Scanning Confocal Leica SP5 microscope was used for image acquisition. 
Biofilms were observed under a 63x/1.30 glycerol immersion objective. Acquisition 
mode: XYZ; image format: 1024 x 1024 pixels; zoom factor of 1 or 2.5 or 4; pinhole 
size:1 Airy unit; line average: 6; Z-step of 1 µm. Five Z-stack images were acquired 
per coupon, per zoom factor (1 and 2.5). Sequential scanning was used for mixed 
species samples. Sequence one: ALEXA Fluor™488 (PMT detector, 488 nm laser, 
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emission range 498-553 nm) and ATTO™ 655 (PMT detector, 633 nm laser, 
emission range 665-741 nm) were detected. Sequence two: ATTO™ 550 (PMT 
detector, 561 nm laser, emission range 570-601 nm) and Alexa Fluor™ 594 (HyD 
detector, 561 nm laser, emission range 611-656 nm) were detected. The positions 

within the coupon were randomly selected to avoid bias. 3D projections and 
orthogonal views were generated using Imaris Viewer 9.7.2 [Bitplane AG] and 
LEICA Application Suite X (LASX).  

5.2.4. Statistical analysis 
To assess the repeatability of the plate count method for each species per combination, the 

LD data from all combination for each species was fit to a One-way ANOVA model 

comparing LD vs combination. This generated the Mean LDs and repeatability standard 

deviations (Sr) for each combination. Additionally, to investigate the variance components 

affecting the repeatability within each combination, the LD data was fit to a One-way 

ANOVA model comparing LD vs Day. The ANOVA was followed by Tukeys test (95% 

CI) to determine statistical equivalence at 97.5% confidence for the mean LDs between 

experimental days. The equivalency margin of 0.5 logs was chosen based on previous 

examples in the literature.29,30 All statistical assessments were performed using Minitab 

v20® [Minitab 20.3 Statistical Software (2021). State College, PA: Minitab, Inc. 

(www.minitab.com)]. Graphs were generated using GraphPad Prism v9® [GraphPad 

Software, LLC Version 9.2.0 (2021)].  

5.3. Results  

5.3.1. Repeatability assessment of the plate count method 
To investigate the repeatability of the plate count method for each species, per combination, 

the data collected across three experimental days, have been included in Figure 5.1. A 

summary of the statistical analysis results can be found in Table 5.3. Combinations IDs can 

be found in Table 5.1. 
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Figure 5.1. Plate count method data for each species per combination. Along the 
horizontal axis are listed the three experimental days within each combination. Each point in 
the graph is the log density (Log CFU/cm2) on a single coupon. Error bars (Mean LD ± SD) 
have been plotted for each experimental day. LOD (1.699 Log CFU/cm2) represented by the 
red line. A. E. coli B. P. mirabilis C. E. faecalis D. C. albicans  
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Table 5.3. Summary of statistical analysis for the plate count method for each species 
per combination. The table shows the main conclusions (Mean Log CFU/cm2, Sr, variance 
components and equivalency of means testing at 97.5% confidence with an equivalency 
margin of 0.5 logs) for each species by combination. 
 

 

From Figure 5.1 and Table 5.3 we can see that the plate count method shows overall good 

repeatability for the three bacterial species in all the different combinations tested. Higher 

Sr values were observed for C. albicans overall compared to the bacteria, apart from 

combinations C9 and C11 where its growth was below the LOD, resulting in an Sr value 

of 0. The latter was also observed for E. coli in combinations C10 and C11. For P. mirabilis 

we can see that plate counts are not affected by the combination and the Sr values are low 

for all combinations. Whereas, if we look at the other three, we can see that the Log 

CFU/cm2 values differ depending on the biofilm combination. In the case of E. faecalis, 

for the four species biofilms the repeatability is also affected. Moreover, we can see that in 

the majority of cases, the variability is mostly due to day-to-day sources rather than within 

Species Combination Mean Log 
CFU/cm2 Sr Equivalence 

of means* 
Variance components 

Day Within plate 

E. coli 

C1 7.517 0.25 Yes 94.74% 5.26% 
C5 1.719 0.06 Yes 25.00% 75.00% 
C6 7.085 0.10 Yes 67.28% 32.72% 
C7 6.653 0.12 Yes 74.22% 25.78% 
C8 6.816 0.35 No 83.22% 16.78% 
C9 1.719 0.06 Yes 25.00% 75.00% 
C10 1.699 0 Yes 0% 0% 
C11 1.699 0 Yes 0% 0% 

P. 
mirabilis 

C2 7.209 0.20 Yes 60.57% 39.43% 
C5 7.497 0.09 Yes 73.48% 26.52% 
C8 7.405 0.18 Yes 52.37% 47.63% 
C9 7.570 0.24 Yes 78.78% 21.22% 
C11 7.287 0.12 Yes 24.73% 75.27% 

E. 
faecalis 

C3 7.184 0.28 No 83.87% 16.13% 
C6 5.859 0.19 Yes 48.62% 51.38% 
C8 5.859 0.18 Yes 43.38% 56.62% 
C10 6.797 0.31 No 92.32% 7.68% 
C11 6.400 0.54 No 93.42% 6.58% 

C. 
albicans 

C4 6.664 0.36 No 94.73% 5.27% 
C7 2.021 0.48 No 99.48% 0.52% 
C9 1.699 0 Yes 0% 0% 
C10 2.823 1.18 No 89.02% 10.98% 
C11 1.699 0 Yes 0% 0% 
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plate ones. We also evaluated the difference in means for each combination using a Tukeys 

test and overwhelmingly the means were statistically significantly equivalent.7 

From the data, we can infer that P. mirabilis and E. coli have an antagonistic relationship 

where P. mirabilis inhibits E. coli growth within the biofilm. A similar relationship can be 

observed for C. albicans and E. coli, where the latter is more dominant. On the other hand, 

E. faecalis appears to have a mutualistic relationship as it grows well in all the different 

combinations, although overall Log CFU/cm2 values are decreased in comparison its single 

species biofilm.    
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5.3.2. Application of FISH for the assessment of multispecies biofilms 

5.3.2.1. Application of FISH in multispecies biofilms  
To further investigate the biofilms for the 11 combinations tested, the FISH method was 

applied. Figure 5.2 illustrates the spatial organisation of one representative Z-stack 

collected from each combination.  

 

We can see that for single species biofilms (Figure 5.2 C1-4), the biofilms appear to have 

similar structures, in terms of heights and density. In the case of C. albicans (C4) biofilms, 

an interesting trend was observed during imaging. In the days with lower plate count 

values, more hyphae formation could be seen in the biofilm (Figure S5.3.3). For the dual-

species biofilms (Figure 5.2 C5-7) we can see that the species are well mixed within the 

biofilm. For C5 this correlates to the plate count data as P. mirabilis is the dominant 

Figure 5.2. Spatial organization of biofilms per combination. Each species was tagged with a 
specific colour: E. coli (green), P. mirabilis (white), E. faecalis (red) and C. albicans (purple). 
Images were acquired using Laser Scanning Confocal Leica SP5 microscope, 63x/1.30 glycerol 
immersion objective. Speed: 400Hz; image format: 1024 x 1024 pixels; zoom factor of 1; line 
average: 6. 3D projections generated with IMARIS viewer 9.7.2.  
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species, however unlike the plate count method, with FISH we can detect a few E. coli 

cells dispersed within the biofilm (Figure S5.3.4). The C6 biofilm projection also correlates 

to the plate count data, as both species are abundant within the biofilm and appear well 

mixed in co-aggregated structures typical of a cooperative relationship. On the other hand, 

in the case of C7, we can see a lot more C. albicans presence within the biofilm than what 

the plate counts suggested. The species are also co-aggregated which is not typical for an 

antagonistic relationship.32 Similar observations can be made for the three species and four 

species biofilms as well. These interactions are also reflected in the orthogonal view 

projections of the XY, XZ and YZ planes for each biofilm in Figure S5.3.5. The 3D 

structures also show an increase in biofilm density as the number of species increases.   

5.3.2.2. Repeatability of biofilm architecture 
As we saw in the case of C. albicans, the same biofilm can form very different structures 

depending on the experimental day. We wanted to investigate if we could see obvious 

structural differences between images acquired from the same coupon. Figure 5.3 below 

shows 3D projections and orthogonal views of C9 biofilm taken from 5 different locations 

within the coupon.  
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Figure 5.3. Repeatability of the 
structural organisation of the C9 
biofilm within one coupon. A. 3D 
projection-position 1. B. Orthogonal 
views-position 1. C. 3D projection-
position 2. D. Orthogonal views-
position 2. E. 3D projection-position 3. 
F. Orthogonal views-position 3. G. 3D 
projection-position 4. H. Orthogonal 
views-position 4. I. 3D projection-
position 5. J. Orthogonal views-
position 5. E. coli (green), P. mirabilis 
(white), and C. albicans (purple). 
Images were acquired using Laser 
Scanning Confocal Leica SP5 
microscope, 63x/1.30 glycerol 
immersion objective. Speed: 400Hz; 
image format: 1024 x 1024 pixels; 
zoom factor of 1; line average: 6. 3D 
and orthogonal view projections 
generated with IMARIS viewer 9.7.2.  
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We can see that biofilm structure and species abundance differ within the coupon. 
For example, in positions 1, 2 and 4 (Figure 5.3A-D and G-H) there are few C. 

albicans cells present, while in positions 3 and 5 they are more abundant (Figure 
5.3E-F and I-J). Another difference is the presence of noticeable peaks, e.g., 

position 1 (Figure 5.3A-B) appears flatter compared to position 2 (Figure 5.3C-D). 

5.3.2.3. Proof of concept for dye separation multispecies biofilm samples 

During the imaging we also observed some issues with autofluorescence (Figure S5.3.1), 

especially with regards to C. albicans which would appear on all four channels (Figure 

S5.3.6). Upon further investigation, we found that the E. coli probe could weakly bind to 

the Candida cells as some of the probe sequence could recognise them. This meant that 

Candida cells would often appear white on the merged images. Moreover, due to the 

closeness in spectrum between E. faecalis and P. mirabilis, they were not always easily 

distinguishable from one another. We attempted to correct these issues by using the manual 

dye separation tool in the LASX suite (Figure 5.4 and Figure S5.3.7).     

 

The tool allows you to select your region of interest (ROI) for each species and it calculates 

the florescence intensity values per channel, for the selected regions. This generates a 

Figure 5.4. Manual dye separation of C11 biofilm staining. A. Raw image B. Dye 
separated image. Each species was tagged with a specific colour: E. coli (green), P. mirabilis 
(white), E. faecalis (red) and C. albicans (purple). Images were acquired using Laser 
Scanning Confocal Leica SP5 microscope, 63x/1.30 glycerol immersion objective. Speed: 
400Hz; image format: 1024 x 1024 pixels; zoom factor of 1; line average: 6. Images 
generated with LEICA Application Suite X (LASX).  
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reference matrix that can then separate the dyes based on the values in the matrix, using 

them as a threshold for exclusion. We performed this separation as proof of concept on the 

C11 biofilm. As it can be seen in Figure 5.4A, it is very difficult to distinguish between the 

four different species in the original image, however in the dye separated image (Figure 

5.4B) we can clearly distinguish the E. faecalis cells (red), P. mirabilis (white) and C. 

albicans (purple) cells from one another. There were no E. coli cells present in this region, 

but they can be seen in Figure S5.3.7.  

5.4. Discussion  
In recent years, the importance of studying multispecies biofilms has become increasingly 

evident.2 Microplate reactors are simple and easy to use, hence they can serve as a quick 

way to investigate interactions in simple multispecies models. They can also be adapted to 

create basic models to study biofilm formation on various materials e.g., silicone from 

catheters. With this study we wanted to evaluate the repeatability of the plate count method 

in a microplate based CAUTI model for four different species of microorganisms. Eleven 

different combinations of biofilms were tested, ranging from single to four species. This 

would allow us to investigate differences in repeatability for each species when increasing 

biofilm diversity. E. coli was used in all eleven combinations as it is the most commonly 

associated species with CAUTI. 7  

Our results showed good repeatability for all three bacterial species in all combinations. 

The recorded Sr values were comparable to the one for the plate count method control data 

in the interlaboratory study performed in chapter 4 (Sr=0.27). In contrast, the repeatability 

was not as good for C. albicans, with the highest Sr value being 1.18 for the C10 biofilm. 

From the plate count data, we can also see that the mean Log CFU/cm2 values for P. 

mirabilis do not differ much between combinations, less than 0.5 log difference between 

the lowest and highest values. On the other hand, Log CFU/cm2 values differed a lot 

depending on the combination, and for certain combinations the Sr values were higher e.g., 

E. faecalis in C11 and E. coli in C8.  

These differences could be due to the interactions between the different species. P. 

mirabilis appears to be the more dominant species of the four. It inhibits the growth of E. 

coli and potentially C. albicans to below the LOD. The inhibitory effect of P. mirabilis on 

C. albicans has been previously observed in dual species biofilm models. 33 On the other 

hand, a co-culture study of P. mirabilis and E. coli in vivo showed an increase in biofilm 

formation by both species.34 However, in vitro studies of P. mirabilis and urease negative 
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bacteria such as, Klebsiella pneumoniae, have shown that P. mirabilis inhibits the growth 

of these bacteria.35 Considering that E. coli is also urease negative, a similar interaction 

might be occurring in this scenario as well. Another antagonistic interaction observed is 

the inhibitory effect of E. coli on C. albicans which has not been previously studied in a 

urinary catheter system. E. faecalis appears to have a more cooperative relationship with 

both E. coli and P. mirabilis, yet in C8 and C11 its presence does not affect the inhibition 

of E. coli by P. mirabilis.  

While plate count data can provide information on the composition of the biofilm and 

overall abundance of each species within the biofilm, it cannot provide any information on 

the architecture of the biofilm or the spatial arrangement of the different species. For this 

purpose, the FISH method was used in combination with CLSM on all 11 biofilm 

combinations. As previously reported in the literature, the FISH method is more sensitive 

compared to traditional culture methods.36,37 This was reflected in our results, as E. coli 

and C. albicans presence was observed in combinations with undetectable plate counts. 

The images also showed that despite the antagonistic relationship inferred by the plate 

count values, the species were co-aggregated which is not a typical presentation.32 

Additionally, the 3D projections indicate an increase in biofilm density as the number of 

species within the biofilm increases, which is consistent with polymicrobial biofilm 

descriptions in the literature.38  

As the main objective of this study is to evaluate repeatability, we wanted to see what 

insights the biofilm images could offer on the plate count repeatability. Interestingly, we 

could see that for single species C. albicans biofilms the day-to-day variability might have 

been in part due to hyphae formation (Figure S5.3.3). In days with lower Log CFU/cm2 

values, hyphae formation was increased. In vitro studies of C. albicans CAUTI biofilms 

have shown that growth in urine media promotes hyphae formation.39 In our study, we 

could see that this was not consistent from day-to-day. Since, microscopy allowed us to 

image different parts of the coupon we could also see that biofilm structures were different 

in different locations (Figure 5.3). This means that using microscopy we could potentially 

assess the intra-coupon repeatability for biofilm structures, which could help us understand 

how to get closer to level 3 reproducibility as defined in chapter 2. In figure 5.3 we could 

also see that the abundance of different species would vary depending on location. This 

means that if we were to use microscopy to quantify cell numbers, our results would be 

dependent on where the images were acquired, and the number of images acquired.  
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During the imaging we also observed some issues with regards to C. albicans which would 

appear on all four channels (Figure S5.3.6), and experienced difficulties distinguishing E. 

faecalis and P. mirabilis from one another due to the closeness in spectrum between their 

respective fluorochromes (Figure S5.2.1). These issues were not observed in the 

experiments performed in suspension (Figure S5.2.2) which suggests that the nature of the 

LNA/2’OMe probes might be a contributing factor. As the probes are negatively charged, 

their diffusion could be affected by the negatively charged biofilm matrix and lead to 

binding issues.15,40 While this might not impact our ability to collect qualitative data from 

the biofilms, if we were to perform any quantification on the images it would impact the 

results. To correct these issues, we performed manual dye separation using the tool 

available in the LASX suite. We were able to successfully separate the dyes and could 

easily distinguish between the different species in a C11 biofilm. However, when the 

process was attempted using the automatic dye separation options in the LASX suite, it 

could not correctly separate the dyes [Data not shown]. This means that we would need to 

perform the dye separation process manually for each stack, which would be a very long 

and time-consuming process. Hence, to be able to quantify species specific parameters for 

the biofilm, a reliable automated dye separation tool, would need to be developed.  

In conclusion, the microplate-based plate count method shows overall good repeatability 

for all the species tested, apart from C. albicans. It is a quick method for quantifying species 

abundance in multispecies biofilms, but it offers no information on the spatial distribution 

of these species and the overall structural organisation of the biofilm. The use of FISH and 

microscopy provided insights into the structural and organisational repeatability of our 

biofilm experiments. In the future, these techniques could help get us closer to level 3 

reproducibility
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perspectives  

 

 

 

 

 

 

 

 

 

 

 

This chapter provides a summary of the main findings and conclusions drawn from this thesis. 

Subsequently, proposals for future works that could be performed are also discussed. Further steps 

on how to increase the effectiveness of the minimum information guideline are considered, as well 

as how we could expand on it. The section also discusses new work that could be performed with 

respect to the reproducibility assessment of microplate methods. Finally, it deliberates the various 

approaches we can take to make the most use of our microscopy data, and how this could help us 

get closer to level 3 reproducibility.  
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6.1. Concluding remarks 
The main aim of this thesis was to investigate different methods of addressing the 

reproducibility issue within the biofilm field and improve upon it. The lack of 

reproducibility among published studies is one of the major issues we are facing in science 

today. It is a multifactorial problem; hence different strategies are necessary to tackle it.  

In Chapter 2 we defined reproducibility within the context of biofilm research and 

proposed a new classification system. Level 1, represents no reproducibility, meaning that 

the biofilm varies significantly in the number of cells, structure, and EPS components 

between experiments and among different labs. Level 2 represents standard reproducibility, 

as currently defined by regulatory agencies and standard setting bodies and requires 

consistent numbers of viable cells. Level 3 represents a potential standard reproducibility 

and encompasses similarity in viable cell numbers, the concentration of EPS components 

and overall architecture of the biofilm (shape, structure). Level 4 refers to total 

reproducibility where, all biofilm elements (cells, architecture, EPS components, etc.) are 

present at the same number and location within the biofilm when the experiment is repeated 

within a single laboratory and in different laboratories. Both Level 3 and Level 4 have not 

yet been reached experimentally. It is also important to keep in mind that reproducible 

biofilms will have different meanings for different scientists and/or applications. Thus, it 

is important to consider which level of reproducibility is appropriate for your goals.  

Microplate-based methods are by far the most widely used methods in the field, however 

little is reported on their repeatability and reproducibility. Additionally, there are many 

gaps in information when these types of experiments are reported in the literature, which 

makes it more difficult to reproduce the results. Thus, in Chapter 3 we tackle this issue by 

introducing the “Minimum information guideline for spectrophotometric and fluorometric 

methods to assess biofilm formation in microplates”. Guidelines instruct authors and 

reviewers on the necessary information that a manuscript should include for the 

experiments in a study to be clearly interpreted and independently reproduced. The 

guideline was built following several discussions between international groups working 

with these methods as well as an extensive review of the literature. This guideline was 

divided into 5 main sections, each containing a comprehensive set of recommendations: 

Experimental design, biofilm formation, biofilm assessment, statistical assessment, and 

bioinformatics. It also involves a guide on the appropriate data visualisation to be used for 

a full understanding of the results by the reader. The level of detail asked in the guideline 



 Chapter 6 / Concluding Remarks and Future Perspectives 

107 
 

was selected based on the ability of most labs to be able to provide such data. This can help 

increase compliance with the requirements. Moreover, for ease of use the guideline and all 

its accompanying documents were made available online on the MIABiE website 

(http://miabie.org/introduction.php). 

While improving reporting can help reproducibility, we also need to understand the 

methods, their repeatability and reproducibility, and their limitations. In Chapter 4, we 

performed the first interlaboratory study for microplate-based methods. The study included 

5 different laboratories and evaluated the reproducibility of three different biofilm methods 

for single species S. aureus biofilms: plate counts, crystal violet and resazurin. The protocol 

was separated into three steps: biofilm growth, biofilm challenge, biofilm assessment. For 

control experiments participants performed the growth and assessment steps only. In 

control experiments, on the log10-scale, the reproducibility SD was 0.44 for crystal violet, 

0.53 for resazurin, and 0.92 for the plate counts. The study also evaluated whether different 

protocols for the assessment part of the experiment would majorly affect the reproducibility 

of the methods, by having the participants perform their in-house protocols in parallel to 

the protocol developed for the trial. For all three methods, the results showed that the mean 

response was statistically significantly equivalent between the different protocols but that 

the reproducibility for the ILP was better.  

For treatment experiments, all three steps were performed and the efficacy of sodium 

hypochlorite (NaOCl) in killing S. aureus biofilms was evaluated. Plate counts had the best 

responsiveness to different levels of efficacy and the best reproducibility with respect to 

responsiveness (Slope/SR = 1.02), making it the more reliable method to use in an 

antimicrobial efficacy test. One crucial finding of the study was that data comparison for 

spectrophotometric and fluorometric type assays between different labs is possible, if 

calibration curves are performed. Hence, there needs to be a change in the way we report 

microplate experiment data for these types of assays. 

The interlaboratory study provided a lot of information on single species biofilm methods, 

however we know that biofilms are often multispecies. These can play a major role in 

infections such as CAUTI, so being able to reliably study these types of biofilms in crucial. 

As such, in Chapter 5 we investigated the repeatability of the plate count method for 

different multispecies biofilms. The study uses the urinary catheter as model system. Four 

species of microorganisms often associated with CAUTI were selected: Escherichia coli, 

Proteus mirabilis, Enterococcus faecalis and Candida albicans. Eleven combinations of 

biofilms were grown on silicone coupons embedded in 24-well plates for 24 hours, 37 ºC, 
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in AUM. The three bacterial species showed overall good repeatability in all combinations 

tested, whereas C. albicans had higher repeatability SD values. The data also showed that 

in most cases, the variability was mainly due to day-to-day sources rather than within plate, 

and that the day-to-day differences in means were mostly statistically significantly 

equivalent. To characterise the structure of these biofilms, fluorescence in situ 

hybridisation (FISH) was applied. The results showed that species undetected with the plate 

count method, could be seen within the biofilm and that despite the antagonistic 

relationship between the species they were often co-aggregated. The images also showed 

that, when evaluating biofilms, the position on the coupon where the images were acquired 

could result in different biofilm structures. During the imaging we also observed some 

issues with regards to dye separation as C. albicans would appear on all four channels, and 

E. faecalis and P. mirabilis were not easily distinguishable from one another due to the 

closeness in spectrum between their respective fluorochromes. We were able to 

successfully separate the dyes using the manual dye separation tool in the LASX suite and 

could easily distinguish between the different species in a C11 biofilm. However as this is 

a manual process it would not be feasible on a large scale. Hence, there is a need for a 

reliable automated dye separation tool.  

In conclusion, biofilm reproducibility is a complex issue with no simple solution, but many 

different strategies can help us alleviate the problem. Minimum information guidelines can 

help us improve reporting of biofilm methods, ensuring a better understanding of how 

experiments were performed and their data. Microplate-based methods are among the most 

widely used methods in biofilm studies, and they show potential for standardisation as 

demonstrated by their good repeatability and reproducibility in the ring trial. The plate 

count method also showed good repeatability in assessing multispecies biofilms in a 

microplate-based system. Moreover, the application of the FISH method showed the 

potential of microscopy in assessing the spatial organisation and structure of the biofilm. 

This demonstrates the wealth of information we can obtain from microscopy and how it 

could help us understand and reach a new level of reproducibility.  

6.2. Future perspectives   
Minimum information guidelines are an effective tool for improving reporting, but their 

effectiveness is overly reliant on compliance by the scientific community.1 A look into 

guideline compliance for metabolomic experiments, showed that reporting standards were 

followed when enforced by a repository or journal. 2 As such, dissemination and acceptance 
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by the biofilm community is very important in ensuring success. Moreover, while 

microplate-based methods are widely used, they are not the only biofilm methods being 

reported on. So, it necessary for new guidelines to be added to the MIABiE platform. These 

could expand on other MIABiE modules such as stirred flow reactors, in vivo models and 

even microscopy.3  

Similar to guidelines, standard methods are validated for a specific use in a select reactor 

for a specific species. For example, ASTM protocols have been validated for P. aeruginosa 

disinfectant testing in the MBEC4, CDC5 and drip flow6 reactors. To use these reactors for 

a different species, they were validated again using a ring trial e.g., S. aureus.7 This means 

that while our interlaboratory study provides information on the repeatability and 

reproducibility of microplate methods for S. aureus, new studies need to be formed for 

other species. In broad terms these could be one study for a Gram-negative e.g., P. 

aeruginosa, and one study for a fungus e.g., C. albicans. Additionally, while acceptable 

reproducibility SD values have been defined for the plate count8, there is no such standard 

for dye based methods like crystal violet and resazurin. So, further discussions are 

necessary in the field to reach a consensus on this topic.  

Another area that currently has no defined standards for reproducibility is microscopy, 

which is essential in our quest for level 3 reproducibility. As we saw in our study, 

microscopy data can help us assess many different aspects of the biofilm structure, however 

quantifying these is not straightforward. First, we would need to decide on the parameter 

to be quantified. If we were to choose cell numbers, then the dye separation issue discussed 

in chapter 5 becomes essential. For this, attempts could be made to optimise the FISH 

probes to avoid channel overlap. An approach would be performing CLASI-FISH which 

could help in creating a unique tag for each species in a polymicrobial biofilm.9 However, 

considering that some of the issues might be due to the biofilm matrix, bioinformatics tools 

are needed. In our experiments we showed the possibility of applying manual dye 

separation, but this would be impossible in a large-scale study. Existing image analysis 

software such as BiofilmQ could be adapted for this purpose. 10 This platform uses Matlab 

script and allows users to develop their own personalised script, hence it could be a viable 

option to explore. Another issue with cell number calculations is the question of C. 

albicans. As we have seen, they form hyphae in all the biofilms we tested. These structures 

are not easily quantifiable like bacterial cells. In most cases, a qualitative assessment of 

their morphology is performed. Quantifiable parameters include hyphal length and number 

of hyphae tips, which cannot be easily correlated to cell numbers.11  
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If we decide on quantifying spatial organisation, there are many possible parameters that 

could be selected. An example would be association matrices, where the directional 

information of each cell within the biofilm in relation to its neighbours is extracted.12 

Another parameter could be to adapt geo-statistics to map the abundance of 

microorganisms in various sections of the biofilm.13 Finally, we could decide to quantify 

biofilm structure or architecture. This could be interpreted to mean many things, as 

discussed by Beyenal et al., we could quantify biofilm texture which could quantify the 

structural heterogeneity of the biofilm.14 Another approach would be to quantify structural 

parameters related to function, such as areal porosity and average diffusion distances.14,15 

Bioinformatics tools e.g., BiofilmQ also allow for other parameter calculations such as 

aspect ratios of height-to-width, height-to-length and width-to-length which could be used 

as measures for biofilm shape.10 Once parameters have been selected, the repeatability 

needs to be tested for biofilm images. This would then need to be followed by an 

interlaboratory study to determine their reproducibility. Nonetheless, as previously 

discussed for resazurin and crystal violet, currently no agreed upon reproducibility 

standards exist for image quantification of biofilms so consensus within the field will be 

necessary.
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S3.2. Terminology definitions text box  
 
Extra guideline content available on MIABiE website.  

DISTINCTION BETWEEN TECHNICAL, INDEPENDENT & BIOLOGICAL 
REPLICATES 

 
TECHNICAL replication means samples representing the same test condition for an experiment 
were collected from the same microtiter plate. Concurrent controls should be included in every 
plate. 
 
INDEPENDENT replication means that the experiment was performed on different days. 
 
BIOLOGICAL replicates use a different inoculum, although the experiment may be performed 
on the same day. 
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Chapter 4. Evaluation of single species 
biofilm methods 

 
S4.1. Protocol optimisation  
 

 
 
 
 
 
 

Figure S4.1.1. Sonication test. A. Wells stained with 0.05% (v/v) crystal 
violet pre-sonication. B. Wells stained with 0.05% (v/v) crystal violet post 
sonication. C. Microtiter plate in sonication bath. Microscopy images 
courtesy of L. Lorenz.    
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Figure S4.1.2. Scraping test (Dental tool). A. Wells stained with 0.05% (v/v) 

crystal violet pre-scraping. B. Wells stained with 0.05% (v/v) crystal violet post 

scraping. Microscopy images courtesy of L. Lorenz. 

 

C 

Figure S4.1.3. Scraping test (Wooden Applicator stick). A. Wells stained with 

0.05% (v/v) crystal violet pre-scraping. B. Wells stained with 0.05% (v/v) crystal 

violet post scraping. C. Scraping method. Microscopy images courtesy of L. Lorenz. 



Appendix 

 132 

 
  

 Wells only Wells + stick Difference 

Mean Log CFU/well 7.08 7.11 0.03 

STDEV 0.30 0.28 0.03 

Day Mean Log CFU/well STDEV 

1 7.48 0.22 

2 7.34 0.31 

Table S4.1.1 Plate count method day to day variability test. The experiments were 

performed in 2 separate days. For each day 15 individual wells were scraped and counted. The 

values have been converted to a log scale. The mean and standard deviation of all 15 counts 

are represented in the table.  

 

Table S4.1.2 Plate count wooden applicator stick efficacy. For this experiment the contents 
of 6 individual wells were scraped and counted. Additionally, the amount of biofilm left 
behind on their respective wooden applicator sticks were quantified and added to their values 
before log conversion. The mean and standard deviation of the log values are represented in 
the table.  
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S4.2. Collection of protocols used in interlaboratory study  
Detailed description of the ILP protocols developed and used in the ring trial study, as well as 
in-house protocols from participating laboratories.  
 
S4.2.1. Inter-lab Protocols  
 
Prior to performing the experiments for the interlaboratory study, conduct the following 

tests:  

1- Crystal violet: Make 0.001% crystal violet in laboratory grade (deionized water) and 

serially dilute by a factor of 2. Add 200 µL/well of each dilution to a microtiter plate using 

the following layout:  

 1 2 3 4 5 6 7 8 9 10 11 12 
A                         
B                         
C                         
D                         
E                         
F                         
G                         
H                         

  

  0.001% Crystal violet 
  0.001% Crystal violet / 2 
  0.001% Crystal violet / 4 
  0.001% Crystal violet / 8 
  0.001% Crystal violet / 16 
  0.001% Crystal violet / 32 
  0.001% Crystal violet / 64 
  0.001% Crystal violet / 128 

 
Read the plate at 595 nm and record the data in the spreadsheet provided.  

 

2- Resorufin: Make 5 µg/mL resorufin solution. Resorufin can be made by reducing resazurin 

using sodium dithionite (also known as sodium hydrosulfite) [Sigma Aldrich; #7775-14-6] 

or by using commercially available resorufin powder [Sigma Aldrich; #34994-50-8].  

 

To reduce resazurin we suggest making a stock of 1 g/L resazurin in MilliQ water and 

adding sodium dithionite one grain at a time until the solution turn dark pink or red (Using 

stocks of lower concentrations will increase chances of over-reducing the resazurin until it 
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becomes colorless). To keep this compound stable, it should be prepared in anaerobic 

conditions and autoclaved.   

 

Serially dilute by a factor of 2 in MilliQ water and add 200 µL/well of each dilution to a 

microtiter plate using the following layout: 

 
 1 2 3 4 5 6 7 8 9 10 11 12 
A                         
B                         
C                         
D                         
E                         
F                         
G                         
H                         

 
 

 
 
 

 
 

 
Measure fluorescence at λexcitation = 560 nm; λemission = 590 nm and record the data in the 

spreadsheet provided.  
Experimental design  

Each laboratory needs to perform 3 different biofilm assessment protocols: crystal violet, 

resazurin and CFU count. All experiments must be performed by only one person per lab. For 

each protocol 2 different plate layouts will be tested. A control plate to assess the variability 

within the plate and a treatment plate to be used for a disinfectant activity test, to assess the 

sensitivity of the methods. Each protocol lasts 4 days, expect for the CFU count which lasts for 

5 days. The first three days are the biofilm formation part of the protocol and as such they will 

be the same for all methods. When performing the control plate experiments, we ask that each 

laboratory uses their own protocol (IHP) on the 4th day (data collection day) in parallel with 

the inter-lab protocol (ILP), if available. Repeat the experiments twice for the control plates 

  5 µg/mL resorufin 
  2.5 µg/mL resorufin 
  1.25 µg/mL resorufin 
  0.625 µg/mL resorufin 
  0.313 µg/mL resorufin 
  0.156 µg/mL resorufin 
 Water 
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and 3 times for the treatment plates. Below you can find a suggested timeline for the ring trial. 

In total all experiments should take 6 weeks to be completed.  

 

 
  
 
 
 
 
 

 
 

 
Disinfectant preparation protocol  

Sodium hypochlorite (NaOCl) or bleach will be used to challenge the biofilm. The disinfectant 

will be diluted to 1000 mg/L fresh every day, no more than 2 hours prior to use. Additionally, 

a titration test needs to be performed to make sure the total concentration of chlorine within 

your solution is 1000 ±10 mg/L. To perform the titration test you can use a digital titrator 

[Hach; Mfr. No. 1690001] or any commercially available total chlorine test that falls within 

this range.  

Dilution  

Bleach [Pure Bright] stock concentration 6 % i.e. 60000 mg/L. Calculate amount of stock 

needed to make 30 mL of 1000 mg/L solution using C1V1=C2V2 formula. Dilute 0.5 mL of 

stock bleach solution into 29.5 mL of filter sterilized MilliQ water. Make sure the container 

Monday  Tuesday  Wednesday Thursday Friday 

Day 1  Day 2  Day 3 

Data 
collection 
day    

  Day 1  Day 2  Day 3 

Data 
collection 
day  

Data 
collecti
on day 

1 

Data 
collecti
on day 

2 

Data 
collecti
on day 

3 

Data 
collecti
on day 

4 

Data 
collecti
on day 

5 

Data 
collecti
on day 

6 

Data 
collecti
on day 

7 

Data 
collecti
on day 

8 

Data 
collecti
on day 

9 

Data 
collecti
on day 

10 

Data 
collecti
on day 

11 

Data 
collecti
on day 

12 

Control 
plate 

Crystal 
violet    
ILP + 
IHP 

Control 
plate 

Resazur
in    

ILP + 
IHP 

Control 
plate 
CFU 
count    
ILP + 
IHP 

Control 
plate 

Crystal 
violet    
ILP + 
IHP 

Control 
plate 
CFU 
count    
ILP + 
IHP 

Control 
plate 

Resazur
in    

ILP + 
IHP 

Treated 
plate 
CFU 

count + 
Crystal 
violet 

Treated 
plate 

Resazur
in 

Treated 
plate 
CFU 

count + 
Crystal 
violet 

Treated 
plate 

Resazur
in 

Treated 
plate 
CFU 

count + 
Crystal 
violet 

Treated 
plate 

Resazur
in 

Table S4.2.1. Model week layout  

Table S4.2.2. Suggested ring trial timeline  
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used is sterile and try to avoid plastic containers. Perform a titration test to confirm the 

solution is within the 10 % range as described above.  

Perform the following dilutions: 

• 5 mL of 1000 mg/L + 5 mL of sterile MilliQ water = 500 mg/L 

• 1 mL of 1000 mg/L + 9 mL of sterile MilliQ water = 100 mg/L  

• 0.1 mL of 1000 mg/L + 9.9 mL of sterile MilliQ water = 10 mg/L  

• Keep an extra 15 mL of sterile MilliQ water to use for the experiment 

 
Biofilm growth Protocol  
Day 1  
Materials: Tryptic Soy Agar (TSA) [Difco, Cat #236290] plate.  

   Staphylococcus aureus subsp. aureus (ATCC® 25923™) glycerol stock, stored at -80 

°C. 

Protocol: Using a sterile inoculation loop pick up some of the Staphylococcus aureus subsp. 

aureus (ATCC® 25923™) glycerol stock and streak it on a TSA plate. Incubate the plate at 37 

± 2 °C for 24 hours. The colonies should be round, smooth, slightly raised and light 

yellow/creamy white in colour. Typical colony appearance and size is shown in Figure S4.2.1. 

If colonies formed are too small, too large, or drastically different in appearance and 

morphology, use fresh stock.  

 
 
 
 

 
 
 
 

Figure S4.2.1. Staphylococcus aureus subsp. aureus 
(ATCC® 25923™) colony morphology  

Make sure to adjust the calculations depending on the concentration stated on the label 
of your bleach bottle and perform the titration test every day.  
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Day 2 
Materials and equipment: Tryptic Soy Broth (TSB) [Difco, Cat # 211822] conc. 30 g/L.  

                                          Sterile 50 mL Falcon tube  

         Orbital shaker  

Protocol:   Prefill falcon tube with 15 mL of TSB.  

                  Using a sterile inoculation loop pick one colony from the day 1 streak plate and 

transfer it into the falcon tube. Incubate the inoculum at 37 ± 2 °C, 125 rpm, 1.9 cm orbital 

diameter for 18 hours. (Suggested time to incubate 15:00)  

Day 3  

Materials and Equipment: Tryptic Soy Broth (TSB) [Difco, Cat # 211822] conc. 30 g/L.  

                               Sterile 50 mL Falcon tube 

                                   Thermo Scientific Nunc Flat bottom sterile 96 well plate (Cat # 12-566-

202) 

                     Dilution tubes  

       Spectrophotometer  

       Vortexer 

                    Orbital shaker  

Protocol: Prefill 14 dilution tubes with 9 mL of TSB and 1 falcon tube with 9.9 mL TSB. 

                  Remove the day 2 inoculum from incubation and vortex to mix. Pipette 100 µL of 

the inoculum into 9.9 mL of TSB. Incubate at 37 ± 2 °C, 125 rpm, 1.9 cm orbital diameter for 

approx. 3 hours or until optical density at 595 nm reaches 0.300 ± 0.020 (Use TSB as blank). 

Dilute the new inoculum 1:100 (total volume/plate = 20 mL) in fresh TSB and vortex to mix. 

Pipette 200 µL/well of the 1:100 dilution into two microtiter plates, following layout 1 for the 

control plate. Alternatively, for the treatment plate follow layouts 2 or 3 (depending on the 

assessment method to be performed) and only prepare 1 microtiter plate.   

 
  
 
 

If possible use stocks only once per experiment. Alternatively, if stocks are re-used 

make sure that no contamination is present and colony morphology is consistent.  
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  TSB only  

  S. aureus only  

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

A                         

B                         

C                         

D                         

E                         

F                         

G                         

H                         

 CFU count Crystal violet  
 1 2 3 4 5 6 7 8 9 10 11 12 

A                         
B                         
C                         
D                         
E                         
F                         
G                         
H                         
              
              

  TSB only  
  S. aureus only  
 Water 

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

A                         
B                         
C                         
D                         
E                         
F                         
G                         
H                         
              
              

Layout 2 

Layout 3 

Layout 1  
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Serially dilute both inoculums by a factor of 10 up to 10-7, and drop plate (10 µL/drop), 5 drops/ 

concentration, 2 plates per concentration as shown on TSA plates below:  

                                                                                                                                                
Incubate TSA plates at 37 ± 2 °C for 24 hours and count colonies the next day. Input the colony 

count numbers in the spreadsheet provided. Resulting CFUs for the OD592 = 0.300 inoculums 

should be in the range of 7.5 ± 0.5 Log CFU/mL and the 1:100 dilutions should be in the range 

of 5.5 ± 0.5 Log CFU/mL. 

For the control plates: Incubate one microtiter plate following your own laboratory’s protocol. 

For the second microtiter plate, parafilm the sides and incubate at 37 ± 2 °C, no shaking for 24 

hours.   

For the treatment plates: Parafilm the sides of the plate and incubate at 37 ± 2 °C, no shaking 

for 24 hours. 

If you notice condensation on your plates or if the climate in your location is very dry, put a 

tray of water at the bottom of the incubator. 

Day 4 (Data collection day) Control plate   

For microtiter plate 1 if applicable use your own laboratory’s protocol and run parallel to the 

corresponding ILP protocol. Run the protocols according to the plan in table 2.  

CFU count ILP 

Materials:  Thermo Scientific Nunc Flat bottom sterile 96 well plates (Cat # 12-566-202) 

       Tryptic Soy Broth (TSB) [Difco, Cat # 211822] conc. 30 g/L. 

                  Sterile wooden applicator sticks [Fisher brand, Cat # 01-340] 

     Phosphate Buffered Saline (PBS) [pH 7.4, 8 g/L NaCl, 0.2 g/L KCl, 1.44 g/L 

Na2HPO4 and 0.24 g/L KH2PO4] 

Protocol: Prefill 96 well plates with fresh TSB (yellow wells), 180 µL/well according to the 

following layout: 
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Remove planktonic suspension from the microtiter plate by pipetting. Do not tilt plate and 

insert the pipette tip at a 45° angle making sure not to touch the sides or the bottom of the well. 

(If any contaminated control wells are present discard the plate!) 

Wash the plate twice with 250 µL/well of PBS. Pipette the PBS in and out making sure not to 

disturb the biofilm. Leave the plates to dry for 10-15 mins (lid off, in laminar flow).  

Add 200 µL/well of fresh TSB to each well. Use a wooden applicator stick to scrape the 

biofilm. Scrape the sides of the well and the bottom (3x each), shake the stick in the well after 

scraping to remove some of the biofilm left behind on the stick. (Video guide available at: 

Training video)  

Scrape 15 wells/plate using the layouts below:  

 
Pattern 
1            
 1 2 3 4 5 6 7 8 9 10 11 12 
A                         
B                         
C                         
D                         
E                         
F                         
G                         
H                         
             
 
 
 
           

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

A                         

B                         

C                         

D                         

E                         

F                         

G                         

H                         

  
180 µL 
TSB 
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Pattern 
2 
 1 2 3 4 5 6 7 8 9 10 11 12 
A                         
B                         
C                         
D                         
E                         
F                         
G                         
H                         

 
Mix the samples by pipetting and transfer to the top row of the prefilled plate. Serially dilute 

each sample by a factor of 10 going from row A (100) to row H (10-7). Drop plate (10 µL/drop) 

on TSA plates using the following layout:  

 
Incubate the plates at 37 ± 2 °C, for 24 hours. Count colonies the next day and input values in 

the spreadsheet provided.   

Crystal violet ILP 

Materials and equipment: PBS  

3.5 g/L (vol/vol) Aqueous Crystal violet [Millipore Sigma; Cat  

#65092A-95] 

                                          100 % Ethanol  

                                           Sterile water 

                                           Plate reader 
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Protocol: Remove planktonic suspension from the microtiter plate by pipetting. Do not tilt plate 

and insert the pipette tip at a 45° angle making sure not to touch the sides or the bottom of the 

well. (If any contaminated control wells are present discard the plate!) 

Wash the plate twice with 250 µL/well of PBS. Pipette the PBS in and out making sure not to 

disturb the biofilm. Leave the plates to dry for 10-15 mins (lid off, in laminar flow). 

Add 200 µL/well of 99-100 % Ethanol to the plate and incubate for 15 mins at room 

temperature (20 ± 5 °C), no shaking. Then remove the ethanol by pipetting. (Do not tilt plate 

and insert the pipette tip at a 45° angle making sure not to touch the sides or the bottom of the 

well.) 

Leave the plates to dry fully (lid off, in laminar flow) until no more ethanol is present in the 

wells.   

Add 200 µL/well of 0.1 % (vol/vol) Crystal violet solution (diluted from stock in deionized 

water) and incubate at room temperature (20 ± 5 °C), no shaking for 15 min. Then remove the 

stain by pipetting. (Do not tilt plate and insert the pipette tip at a 45° angle making sure not to 

touch the sides or the bottom of the well.) 

 
 Alternative Crystal violet stocks may be used. Make sure they are diluted 
to 0.1 % in deionized water! 

 
Wash the plate twice with 250 µL/well of sterile water. Pipette the water in and out making 

sure not to disturb the biofilm. (Make sure no drops of crystal violet are left behind on the 

sides or rims of the wells!) Leave the plates to dry for 10-15 mins (lid off, in laminar flow). 

Add 200 µL/well of 99-100 % Ethanol to the plate and incubate for 30 mins at room 

temperature (20 ± 5 °C), 125 rpm. Read the absorbance at 595 nm and input raw data in the 

spreadsheet provided. If values are above 1.300 dilute in 99-100 % ethanol and provide dilution 

factor with the data.             

Resazurin ILP  

Materials and equipment: PBS  

                                        MilliQ water  

                                        Resazurin (stock 0.1 mg/mL) [BTC; Cat #214215-1G] 

Protocol: Remove planktonic suspension from the microtiter plate by pipetting. Do not tilt plate 

and insert the pipette tip at a 45° angle making sure not to touch the sides or the bottom of the 

well. (If any contaminated control wells are present discard the plate!) 
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Wash the plate twice with 250 µL/well of PBS. Pipette the PBS in and out making sure not to 

disturb the biofilm. Leave the plates to dry for 10-15 mins (lid off, in laminar flow).  

Make a 1:20 dilution (working solution = 5 µg/mL) of Resazurin stock in MilliQ water or 

sterile PBS, under sterile conditions and keep away from light.  

Add 200 µL/well of working solution to the microtiter plate. Cover the plate in foil and incubate 

at room temperature (20 ±5 °C) for 60-90 minutes (Depending on lab conditions this might 

take less or more time. Monitor color change and adjust time accordingly!), 125 rpm.  
Measure fluorescence λexcitation = 560 nm; λemission = 590 nm. Input the raw data into the 

spreadsheet provided.  
 Other resazurin solutions can be used if the concentration of resazurin or 
the recommended fluorescence are the same as above.  

 
Day 4 (Data collection day) Treatment plate   

CFU count / Crystal violet  

Materials and equipment: PBS  

3.5 g/L (vol/vol) Aqueous Crystal violet [Millipore Sigma; Cat  

#65092A-95] 

                                          100 % Ethanol  

                                          TSB  

                                          Wooden applicator sticks 

                                           Bleach  

                                          MilliQ water  

                                           Sterile water 

                                           Plate reader 

Protocol: Prefill 96 well plates with 180 µL/well as on page 11.  

Start on the crystal violet side of the plate (Columns 7 to 12). 

Remove planktonic suspension from the microtiter plate by pipetting. Do not tilt plate and 

insert the pipette tip at a 45° angle making sure not to touch the sides or the bottom of the well. 

(If any contaminated control wells are present discard the plate!) 

Wash the plate once with 250 µL/well of PBS. Pipette the PBS in and out making sure not to 

disturb the biofilm.  

Repeat the process on the CFU count side (Columns 1-6).   

Starting on the Crystal violet side add 250 µL/well of disinfectant following the layout below:  
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Use a multichannel pipette and add each solution 2 minutes apart. When exactly 10 minutes 

have passed remove the disinfectant and wash twice with 250 µL/well of PBS. (If you find 

that 2-minute intervals are too short you can also increase it to 3 minutes apart.)   

Leave the crystal violet side of the plate to dry with the lid off while you repeat the process on 

the CFU count side. Once done add 200 µL/well of 99-100 % ethanol to columns 7-12 and 

incubate on the bench for 15 minutes. Then remove the ethanol by pipetting. 

While the ethanol dries add 200 µL/well of TSB to the wells in column (1-6) following the 

patterns below: 

 
 
 
 
 
 
 
 
 

             
 CFU count Crystal violet  
 1 2 3 4 5 6 7 8 9 10 11 12 

A                         
B                         
C                         
D                         
E                         
F                         
G                         
H                         

  MilliQ 
  MilliQ 

  
1000 mg/L 
Chlorine 

  
500 mg/L 
Chlorine 

  
100 mg/L 
Chlorine 

  10 mg/L Chlorine 
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 Pattern 1    
 1 2 3 4 5 6 
A             
B             
C             
D             
E             
F             
G             
H             

 
  

 
 
Pattern 3    

 1 2 3 4 5 6 
A             
B             
C             
D             
E             
F             
G             
H             

 
Scrape the wells, serially dilute and drop plate using the same technique described on pages 

11-12. Counts the plates the next day and record the data in the spreadsheet provided.  

When done with the CFU counts, add 200 µL/well of 0.1 % (vol/vol) Crystal violet solution 

(diluted from stock in deionized water) and incubate at room temperature (20 ± 5 °C), no 

shaking for 15 min. Then remove the stain by pipetting. (Do not tilt plate and insert the pipette 

tip at a 45° angle making sure not to touch the sides or the bottom of the well.) 

Wash the plate twice with 250 µL/well of sterile water. Pipette the water in and out making 

sure not to disturb the biofilm. (Make sure no drops of crystal violet are left behind on the 

sides or rims of the wells!) Leave the plates to dry for 10-15 mins (lid off, in laminar flow). 

 Pattern 2    
 1 2 3 4 5 6 
A             
B             
C             
D             
E             
F             
G             
H             

  
Wells to 
scrape 
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Add 200 µL/well of 99-100 % Ethanol to the entire plate and incubate for 30 mins at room 

temperature (20 ± 5 °C), 125 rpm. Read the absorbance at 595 nm and input raw data in the 

spreadsheet provided. If absorbance values are above 1.300 dilute in 99-100 % ethanol and 

provide dilution factor with the data.             

 
Resazurin 

Materials and equipment: PBS  

                                        MilliQ water  

                                        Bleach 

                                        Resazurin (stock 0.1 mg/mL) [BTC; Cat #214215-1G] 

                                        Plate reader  

Protocol: Remove planktonic suspension from columns 1-6 of the microtiter plate by pipetting. 

Do not tilt plate and insert the pipette tip at a 45° angle making sure not to touch the sides or 

the bottom of the well. (If any contaminated control wells are present discard the plate!) 

Wash the plate once with 250 µL/well of PBS. Pipette the PBS in and out making sure not to 

disturb the biofilm.  

Add 250 µL/well of disinfectant following the layout below:                                     

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

A                         
B                         
C                         
D                         
E                         
F                         
G                         
H                         

 
Use a multichannel pipette and add each solution 2 minutes apart. When exactly 10 minutes 

have passed remove the disinfectant and wash twice with 250 µL/well of PBS. Leave to dry 

for 10-15 with the lid off under laminar flow. (If you find that 2-minute intervals are too 

short you can also increase it to 3 minutes apart.) 

Make a 1:20 dilution (working solution = 5 µg/mL) of Resazurin stock in MilliQ water or 

sterile PBS, under sterile conditions and keep away from light.  

  MilliQ 
  MilliQ 

  
1000 mg/L 
Chlorine 

  
500 mg/L 
Chlorine 

  
100 mg/L 
Chlorine 

  10 mg/L Chlorine 
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Add 200 µL/well of working solution to the microtiter plate. Cover the plate in foil and incubate 

at room temperature (20 ±5 °C) for 1-2 hours (Depending on lab conditions this might take 

less or more time. Monitor color change and adjust time accordingly!), 125 rpm.  

Measure fluorescence λexcitation = 560 nm; λemission = 590 nm. Input the raw data into the 

spreadsheet provided. 

 
Supply list  
 
Item  Supplier / Brand Concentration Storage  

Bleach Pure Bright 6 % NaOCl v/v Shelf, Room 
temperature  

Crystal violet  Millipore Sigma; Cat 
#65092A-95 

3.5 g/L 
(0.35%) v/v 

Shelf, Room 
temperature  

Deionized water  Laboratory water 
system 

N/A N/A 

Ethanol  Decon™ Labs, Cat # 
2705HC 

200 Proof 
(100%)  

Shelf, Room 
temperature 

Flat bottom, sterile, 

polystyrene, 96 well 
plates  

Thermo Scientific, Cat # 
12-566-202 

N/A Shelf, Room 
temperature 

MilliQ water  Laboratory water 
system 

N/A N/A 

Phosphate buffered 

Saline 
Made in-house  
Sterilize by autoclaving 
or filtration 

137 mM NaCl; 
2.7 mM KCl; 
10 mM 
Na2HPO4; 
1.8 mM 
KH2PO4.  
pH 7.4 

Shelf, Room 
temperature 

Resazurin BTC; Cat #214215-1G Stocks made 
at 0.1 mg/mL 
in PBS  

Powder (Shelf) 
Stock (+ 4 °C; 
dark) 

Sodium dithionite Sigma Aldrich; Cat 
#7775-14-6 

N/A Shelf 
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Staphylococcus aureus 

subsp. aureus 
ATCC® 25923™ Glycerol stocks -80 °C 

Syringe filters, Sterile   Corning, Cat # 431224 0.22 µm Nylon 
pore  

Shelf 

Tryptic Soy Agar  Difco, Cat #236290 40 g/L Shelf 

Tryptic Soy Broth  Difco, Cat # 211822 30 g/L Shelf 

Wooden applicator sticks  Fisher brand, Cat # 
01-340 

N/A Drawer 

 
S4.2.2. Protocols UGhent 

 
Crystal violet staining  

After growing a biofilm in a 96-well microtiter plate: 

• Remove the supernatant 

• Wash with 100 µL physiological saline 

• Add 100 µL 99% methanol to each well (denaturation and dehydration of the 

cells => fixation) 

• After 15 min, remove the methanol by turning the plate upside down above the 

special container in the sink 

• Dry plates in the incubator (37°C) until all methanol is evaporated (place 

microtiter plate without lid in an incubator) 

• Add 100 µL of a 0.1% crystal violet solution to each well (stock solution is 

0.5%) 

• Let stand on the bench for 20 min 

• After 20 min, put on gloves and remove the crystal violet solution by turning 

the plate above the container in the sink 

• Wash under running tap water and dry plates by placing them on absorbent 

paper 

• Add 150 µL of a 33% acetic acid solution  

• Incubate the microtiter plate on a rotator (450 rpm) for at least 20 minutes (all 

crystal violet should be in solution) 

• Measure the absorbance of all wells at 590 nm  ( EnVision protocol for round 

bottomed plates: KV abs @ 590 nm) 

Comments: 
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It is not necessary to work sterile!  

Average absorbances at 590 nm are calculated and the net absorbances are determined by 

taking into account the absorbance values of the negative growth controls (=blanc values). 

Resazurin staining  

After growing a biofilm in a 96-well microtiterplate: 

• Remove the supernatant 

• Wash with 100 µL physiological saline 

• Prepare a resazurin solution by adding 10.5 mL physiological saline to  2.1 

mL aliqots of  resazurin stored in the freezer (-20°C) (1/6 dilution of 

commercial available CTB solution Promega) 

• Add  120 µL resazurin solution to each well (first the blanks) 

• Incubate 1 hour (or more depending on the strain using) at 37°C (also strain 

dependent) protected from light 

(time: 20min for P. acnes, 30min for S. aureus, 1h for B. cenocepacia) 

• Measure fluorescence (lex: 560 nm and lem: 590 nm (Nvision: CTB Heleen) 

Calculate the mean of different wells and correct for blank fluorescence values 

 

Work sterile! 

 

CFU count for biofilms from 96 well plate 

 

After growing/treating biofilm 

 

• Remove supernatant 

• Wash biofilms with 100 µL physiological saline 

• Add 100 µL physiological saline to each well 

• Replace the lid with a sealing film  

• Vortex the 96 well plate for 5 min at 900 rpm 

• Place the 96 well plate in the sonificator (42 Hz ± 6%) for 5 min 

• Pipette the 100 µL out of the wells and add to 1.8 mL physiological saline 

• Add 100 µL physiological saline to each well 

• Vortex the 96 well plate for 5 min at 900 rpm 

• Place the 96 well plate in the sonificator (42 Hz ± 6%) for 5 min 
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• Pipette the 100 µL out of the wells and add to the same 1.8 mL physiological saline 

• Pipette 1 mL from the now 2 mL physiological saline (10^-1) and add to 9mL 

physiological saline (10^-2) 

• Repeat until desired dilution(s) 

• Pipette 1 mL of desired dilution(s) into petri dish 

• Add 15-20 mL of agar to petri dish and mix to distribute cells (MHA for S. aureus)  

 
S4.2.3. Protocols UMC, Amsterdam 
 
Culturing; 96 wells plate Biofilm dispersion by sonication 

 

- Sonicate the micro titer plate for 5 minutes in a ultrasonic water bath (Elma; 

Transsonic 460; 35 Hz): 

o  Use a sealing film (Greiner; easy seal) to cover the micro titer plate (press 

carefully on each well), put a lid on the plate and seal it with parafilm. Put the 

micro titer plate in a plastic bag, which must also be sealed to prevent 

contamination during sonication. (This construction can float in the ultrasonic 

water bath.) 

 

- After sonication pipet several times check visually (microscopically if necessary) if 

the biofilm has been dispersed properly. 

- Take ~100 μl from the sonicated biofilm plate and add it to the first column of a fresh 

plate to make dilutions.  

- Plate dilutions on blood agar plates (for example 2 x 10 µ). 

  

96 wells plate Biofilm detection using Crystal violet staining 

 

- Wash the biofilm very carefully 2x (or more depending on you assay) by pipetting off 

the supernatant (only in the corner with your tip) and adding PBS. Repeat once, 

second wash only remove the PBS. 

- Stain adherent bacteria with 125 μl of 1% crystal violet for 10 min at RT. 

- Wash wells 4x with water and dry plate on paper towels. 

- Add 150 μl 96% ethanol to each well to dissolve crystal violet. Incubate 10 min at RT. 
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- Transfer 100 μl from each well to a new 96-wells flat bottom plate. Measure optical 

density at 595 nm. 

S4.2.4. Protocols UHelsinki 
 
B1. Resazurin staining 

• Make a 1:20 dilution of the resazurin stock in PBS 

• Wash the biofilms once with 200 µL PBS (or MQ-water), carefully to avoid harming 

the biofilms 

• Add 200 µL of the resazurin diluted solution per well 

• Incubate in RT, darkness, 200 rpm for about 45 min (for S. aureus 25923 but P. 

aeruginosa needs about 1h30) 

• Measure fluorescence at λexcitation = 560nm and λemission = 590nm 

 

B2. Crystal violet staining 

• Remove the resazurin stain from the plate 

• Fix the biofilms with EtOH by adding 200 µL per well 

• Incubate 15 min, RT, no shaking 

• Remove the ethanol carefully and let the wells dry COMPLETELY (remove lid, takes 

about 30 min) 

• Add 190 µL crystal violet (100X diluted) stain carefully without touching the walls of 

the wells 

• Stain for 5 min, RT, no shaking 

• Remove the stain carefully 

• Wash the wells 2 times with MQ-water 

• Let air dry (for 5-10 min) 

• Solubilize the stain in 100% ethanol and incubate in RT for at least 1h (but no more 

than 3h) (I do 1h30) 

• Measure absorbance at 595 nm 

 
 
S4.2.5. Protocols UAntwerp 
 
Resazurin assay Staphylococcus Biofilms in 96-well plates 
Keywords 

S. aureus,S. epidermidis, biofilm, resazurin 
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Materials 

- 96-well plates, polystyrene, flat bottom (greiner bio-one BVBA, 655182) with 
Staphylococcus biofilm 

- Automatic multichannel pipette 
- Vacusafe 8-channel Vacuum pump system adapted for 96-well plates (afzuigtoestel 

bacterio) 
- E.p. tips 2-200 µL, order number 0030.000.870 (= tips Vacusafe) 
- E.p. tips 50-1250 µL, order number 0030.000.935 (= tips automatic multichannel 

pipette) 
- Tecan 
- Multistep pipette (eppendorf) 

 
Reference 
number 

Firm product LMPH 
number 

14190-094 Gibco, 
lifetechnologies 

PBS (sterile)  

  Resazurin   
Lab M, 
Lab 004 

International 
medical 
products 

Trypton Soy Broth (TSB)  

    
    

 
Methods 

- Discard the medium using the Vacusafe system (be careful you don’t touch 
the bottom of the wells in order to avoid disruption of the biofilm) 

- Add 100 µL PBS to each well using an automatic 8-channel pipette 
- Discard the PBS using the Vacusafe system (be careful you don’t touch 

the bottom of the wells in order to avoid disruption of the biofilm) 
- Add 100 µL PBS to each well using an automatic 8-channel pipette 
- Discard the PBS using the Vacusafe system (be careful you don’t touch 

the bottom of the wells in order to avoid disruption of the biofilm) 
- Add 200 µL TSB to each well using an automatic 8-channel pipette 
- Add 10 µL Resazurin to each well using a multistep pipette 
- Incubate for 30 minutes at 37°C in the dark 
- Measure fluorescence (λex 550nm – λem 590nm) 

 
Remarks 

For 24-well plates use 1mL PBS/well, 2mL TSB/well and 100 µL Resazurin/well 
 
 
Crystal Violet assay Staphylococcus Biofilms in 96-well plates 
 
Keywords 

Staphylococcus, biofilm, crystal violet 
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Materials 

- 96-well plates, polystyrene, flat bottom (greiner bio-one BVBA, 655182) with 
Staphylococcus biofilm 

- Automatic multichannel pipette 
- Vacusafe 8-channel Vacuum pump system adapted for 96-well plates (afzuigtoestel 

bacterio) 
- E.p. tips 2-200 µL, order number 0030.000.870 (= tips Vacusafe) 
- E.p. tips 50-1250 µL, order number 0030.000.935 (= tips automatic multichannel 

pipette) 
- Telix (Multiskan MCC 340 Microplate reader, Labsystems) 
- Chemical Fume hood 

 
Reference 
number 

Firm product LMPH 
number 

  PBS (non-sterile)  
20903.368 VWR 

international 
Technical Methanol  202 

94448- 
2.5L-F 

Merck Gram's Crystal Violet solution 185 

MERC1.0
00 
63.2500 

Merck, VWR Glacial Acetic Acid 443 

  DemiQ (non-sterile)  
 
Methods 

- Discard the medium using the Vacusafe system (be careful you don’t touch 
the bottom of the wells in order to avoid disruption of the biofilm) 

- Add 100 µL PBS to each well using an automatic 8-channel pipette 
- Discard the PBS using the Vacusafe system (be careful you don’t touch 

the bottom of the wells in order to avoid disruption of the biofilm) 
- Add 100 µL PBS to each well using an automatic 8-channel pipette 
- Discard the PBS using the Vacusafe system (be careful you don’t touch 

the bottom of the wells in order to avoid disruption of the biofilm) 
- Add 150 µL methanol to each well using an automatic 8-channel 

pipette (in chemical fume hood polyvalent lab) 
- Incubate for 15 minutes at room temperature 
- Remove the methanol by turning upside down the plate above a suitable 

box in order to collect the methanol 
- Remove the residual methanol by gently dabbing the plate on a green tissue 
- Air dry plates in chemical fume hood 
- In the meantime, you can prepare the 33% (v/v) Glacial Acetic Acid and 0,005% 

crystal violet solution 
- Add 200 µL 0,005% crystal violet to each well using an automatic 8-

channel pipette in chemical fume hood 

- Incubate for 5 minutes at room temperature 
- Remove the crystal violet by turning upside down the plate above a suitable 
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box in order to collect the crystal violet 
- rinse the plate under running tap water and collect the crystal violet 

through a funnel in an appropriate waste recipient 
- Remove the residual crystal violet by gently dabbing the plate on a green tissue 
- Air dry plates (the wells have to be dry completely) 
- Add 250 µL 33% Glacial Acetic Acid to each well using an automatic 8-channel 

pipette 
- Incubate for 15 minutes at room temperature 
- Measure OD570nm with telix (mix 45 seconds before measuring) 

Preparation of 0,005% (v/v) Crystal violet (fume hood): 
 

Dilute Gram's Crystal Violet solution 1:200 
in non-sterile DemiQ Protect it from light 
by wrapping the bottle in tinfoil 

 
Preparation of 33% (v/v) Glacial Acetic Acid (fume hood): 

 
Add 330 mL Glacial Acetic Acid to 670 mL non-sterile DemiQ 

 
Remarks 
You can perform this assay in a non-sterile way 
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S4.3. Control experiments data with Lab 5  
 
Data analysis was not performed for the treatment experiments as there was missing data 
necessary for the analysis. Including lab 5 data in the statistical analysis increases the 
reproducibility SD for all three methods. The biggest effect is observed for the plate count 
method, where the lab 5 dataset stands out as an outlier (~ 2.25 log difference from the mean). 
It was not possible to verify if the data was properly input in the datasheet due to lack of lab 
book records.  
Summary of the control experiments results when data collected by Lab 5 were included.  
 
Table S4.3.1 Summary of analysis of the control data for the interlab protocol (ILP) 
with Lab 5 data included.  

   

Figure S4.3.1. Individual value plot of control experiment results for the plate count 
method with Lab 5 data included Along the horizontal axis are listed the lab IDs and the two 
experimental days within each lab. Horizontal jitter has been applied to better visualize data 
points. 
 

Method Mean Log ± SE Units 
Variance components Standard deviation 

Day + Error Lab Repeatability Reproducibility 

Plate count 7.77 ± 0.56 CFU/well 3.3% 96.7% 0.25 1.37 

Resazurin 0.56 ± 0.24 µg/mL 10.5% 89.5% 0.19 0.61 

Crystal Violet 1.24 ± 0.19 µg/mL 7.7% 92.3% 0.13 0.48 
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Figure S4.3.2 Individual value plot of control experiment results for the resazurin method 
with Lab 5 data included Along the horizontal axis are listed the lab IDs and the two 
experimental days within each lab. Horizontal jitter has been applied to better visualize data 
points. 
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Figure S4.3.3. Individual value plot of control experiment results for the crystal violet 

method with Lab 5 data included Along the horizontal axis are listed the lab IDs and the two 

experimental days within each lab. Horizontal jitter has been applied to better visualize data 

points. 

 
S4.4. Plate reader test results 
 
Summary of the results for plate reader tests performed for crystal violet and resazurin. 
Standard curves and equations are shown for each individual laboratory.  
 
S4.4.1. Resazurin  
 
The fluorescence data collected from the plate reader test with the chemically reduced resazurin 
was used to plot the standard curves for each laboratory. Based on this data, a regression 
analysis was performed for the following:  

• Fluorescence vs Resorufin concentration  
• Log Fluorescence vs Log Resorufin concentration  

• Log Fluorescence vs Resorufin concentration  

• Fluorescence vs Log Resorufin concentration  

Based on the regression analysis, Log Fluorescence vs Log Resorufin was chosen as the 
standard curve for the resazurin data. The residual plots (not shown) from the regression 
analysis indicated better fit of the Log vs Log model to the data, and better adherence to the 
modelling assumptions (normality and constant variance). This allows for better prediction of 
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data points outside the range of the standard curve, which was necessary in the next steps of 
the statistical analysis.  

Figure S4.4.1. Scatter plot of Log Fluorescence vs Log Resorufin concentration for all 6 
participating laboratories. 
 
The equations for each lab were generated by linear regression analysis and they were used to 
transform the fluorescence outputs into log resorufin concentration. 
 
Equations per Lab 
Lab ID    
1 Log Fluorescence = 5.0866 + 1.2650 Log Concentration 
2 Log Fluorescence = 5.2335 + 0.7284 Log Concentration 
3 Log Fluorescence = 3.1730 + 1.2260 Log Concentration 
4 Log Fluorescence = 2.3248 + 0.6157 Log Concentration 
5 Log Fluorescence = 4.9561 + 1.1667 Log Concentration 
6 Log Fluorescence = 3.8140 + 0.9248 Log Concentration 

 
S4.4.2. Crystal Violet 
 
The optical density (OD) data collected from the plate reader test was used to plot the standard 
curves as a function of crystal violet concentration for each lab. Regression analysis for the 
Absorbance vs Crystal violet concentration was performed.  
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Figure S4.4.2. Scatter plot of OD vs Crystal violet concentration for all 6 participating 
laboratories. 
 
The equations for each lab were generated by linear regression analysis and were then used to 
transform the absorbance data to crystal violet concentrations. The crystal violet concentrations 
were further transformed from g/L to µg/mL. 
 
Equations per Lab 
Lab ID    
1 OD = 0.00485 + 106.70 Concentration 
2 OD = -0.01042 + 145.04 Concentration 
3 OD = 0.01581 + 108.60 Concentration 
4 OD = 0.02924 + 82.41 Concentration 
5 OD = 0.09051 + 119.00 Concentration 
6 OD = 0.00662 + 84.23 Concentration 
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S4.5. Supplementary figures.  
 

 
Figure S4.5.1. Control experiment data comparing ILP and IHP protocols. Each point in 

the graph is the log density (LD=log(CFU/well)) of biofilm bacteria grown on a single well. 

Along the horizontal axis are listed the lab IDs, the two experimental days within each lab and 

the two protocols within each experimental day.  
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Figure S4.5.2. Control experiment data comparing IHP and ILP protocols. Each point in 

the graph is the log resorufin concentration (µg/mL) of biofilm bacteria grown on a single well. 

Along the horizontal axis are listed the lab IDs, the two experimental days within each lab and 

the two protocols within each experimental day.  

 
Figure S4.5.3. Control experiment data comparing IHP and ILP protocols. Each point in 

the graph is the log crystal violet concentration (µg/mL) of biofilm bacteria grown on a single 

well. Along the horizontal axis are listed the lab IDs, the two experimental days within each 

lab and the two protocols within each experimental day.  

 

 



Appendix 

 162 

 
Figure S4.5.4. Treatment experiment data for the plate count method. Log reductions (LR) 

for the NaOCl treatment in the multi-lab study. The horizontal axis lists all lab IDs, the three 

experimental days and the 4 NaOCl concentrations tested. Each point in the figure is the mean 

LR for a single concentration of disinfectant in a single experiment. 
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Figure S4.5.5. Treatment experiment data for the resazurin method. Log reductions (LR) 

for the NaOCl treatment in the multi-lab study. The horizontal axis lists all lab IDs, the three 

experimental days and the 4 NaOCl concentrations tested. Each point in the figure is the mean 

LR for a single concentration of disinfectant in a single experiment. 

 
Figure S4.5.6. Treatment experiment data for the crystal violet method. Log reductions 

(LR) for the NaOCl treatment in the multi-lab study. The horizontal axis lists all lab IDs, the 

three experimental days and the 4 NaOCl concentrations tested. Each point in the figure is the 

mean LR for a single concentration of disinfectant in a single experiment. 

 



Appendix 

 164 

 
Figure S4.5.7. Interaction between NaOCl and crystal violet. Crystal violet staining of 96-

well plates post incubation with different concentrations of NaOCl measured as Cl A. 2% 

vol/vol; B. 0.1 % vol/vol.       
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Figure S4.5.8. Relationship between LR and LD in the treatment experiments for the 
plate count method. Each data point represents the Mean LR and corresponding Mean LD for 
each lab at different concentrations of NaOCl: A. 10 mg/L B. 100 mg/L C. 500 mg/L D. 1000 
mg/L 
 
 
 
 
 
 
 
  

A B 

C D 
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Chapter 5. Evaluation of multispecies 
biofilm methods 

 
S5.1. Selective media optimisation  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table S5.1.1. C. albicans plate count comparison in SDA with and without ampicillin 

Media Log CFU/mL 

SDA 6.34 

SDA + Amp 6.30 

 

 

 

Figure S5.1.1. Selective growth of C. albicans in SDA with 100 µg/mL of 
ampicillin. A. C. albicans B. P. mirabilis C. E. faecalis D. E. coli 
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Table S5.1.2. E. faecalis plate count comparison in TSA with and without kanamycin 

and Amphotericin B 

 

 
 
 
 
 
 

Media Log CFU/mL 

TSA 7.70 

TSA + Kan + AmpB 7.64 

Figure S5.1.2. Selective growth of E. faecalis in TSA with 50 µg/mL of kanamycin 
and 150 µg/mL of fluconazole. A. E. faecalis B. C. albicans C. P. mirabilis D. E. coli 

Figure S5.1.3. Inhibition of C. albicans growth in TSA with 10 µg/mL of 
Amphotericin B 
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Figure S5.1.4. Selective growth of E. coli and P. mirabilis A. E. coli and P. mirabilis 
mixed suspension in CLED agar B. E. coli and P. mirabilis mixed suspension in 
coliform agar C. E. faecalis in coliform agar D. C. albicans in coliform agar 
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Table S5.1.3. E. coli and P. mirabilis plate count comparison in TSA, CLED and coliform 

agar 

Media Species Log CFU/mL Mean Log Difference 

TSA E. coli 7.17 0.05 

TSA E. coli 7.20 
 

Coliform E. coli 7.21 
 

Coliform E. coli 7.25 
 

CLED P. mirabilis 7.89 0.19 

CLED P. mirabilis 7.83 
 

Coliform P. mirabilis 8.06 
 

Coliform P. mirabilis 8.05 
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S5.2. Probe testing 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure S5.2.1. Spectral overlap of selected fluorochromes. Generated with AAT 
Biorequest Spectra Viewer tool.  

Figure S5.2.2. FISH in mixed suspension of E. coli, C. albicans, P. mirabilis and E. 
faecalis. E. coli cells tagged green. C. albicans cells tagged purple. P. mirabilis cells 
tagged white. E. faecalis cells tagged red. Image acquired using Laser Scanning 
Confocal Leica SP5 microscope, 63x/1.30 glycerol immersion objective. Speed: 400Hz; 
image format: 1024 x 1024 pixels; zoom factor of 1; line average: 6.  
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S5.3. FISH in biofilm 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

Figure S5.3.1. Negative control FISH in C11 combination. Image acquired using 
Laser Scanning Confocal Leica SP5 microscope, 63x/1.30 glycerol immersion objective. 
Speed: 400Hz; image format: 1024 x 1024 pixels; zoom factor of 1; line average: 6.  

Figure S5.3.2. DAPI counterstain E. faecalis biofilm. A. Widefield view of central 
slice, zoom factor: 4. B. Orthogonal projection of XZ plane, zoom factor:1. Image 
acquired using Laser Scanning Confocal Leica SP5 microscope, 63x/1.30 glycerol 
immersion objective. Speed: 400Hz; image format: 1024 x 1024 pixels; line average: 6. 
Orthogonal projection generated in LEICA Application Suite X (LASX).   
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Figure S5.3.4. Widefield view of C5 biofilm. Each species was tagged with a specific 
colour: E. coli (green) and P. mirabilis (white). E. coli cells highlighted by arrows. Images 
were acquired using Laser Scanning Confocal Leica SP5 microscope, 63x/1.30 glycerol 
immersion objective. Speed: 400Hz; image format: 1024 x 1024 pixels; zoom factor of 4; 
line average: 6.  

Figure S5.3.3. Differences in C. albicans biofilms between experimental days. A. Day 
1- 3D projection B. Day 1 – Orthogonal views. C. Day 2- 3D projection D. Day 2 – 
Orthogonal views. For orthogonal views: Central view shows XY plane, bottom view shows 
XZ plane and Right-side view represents YZ plane. Images were acquired using Laser 
Scanning Confocal Leica SP5 microscope, 63x/1.30 glycerol immersion objective. Speed: 
400Hz; image format: 1024 x 1024 pixels; zoom factor of 1; line average: 6. Projections 
generated with IMARIS viewer 9.7.2.  
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Figure S5.3.5. Orthogonal views of each biofilm per combination. Central view shows 
XY plane, bottom view shows XZ plane and Right-side view represents YZ plane. Each 
species was tagged with a specific colour: E. coli (green), P. mirabilis (white), E. faecalis 
(red) and C. albicans (purple). Images were acquired using Laser Scanning Confocal Leica 
SP5 microscope, 63x/1.30 glycerol immersion objective. Speed: 400Hz; image format: 
1024 x 1024 pixels; zoom factor of 1; line average: 6. Orthogonal projections generated 
with IMARIS viewer 9.7.2.  
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Figure S5.3.6. FISH staining of C11 biofilm separated by channel. Each species was 
tagged with a specific colour: E. coli (green), P. mirabilis (white), E. faecalis (red) and C. 
albicans (purple). Images were acquired using Laser Scanning Confocal Leica SP5 
microscope, 63x/1.30 glycerol immersion objective. Speed: 400Hz; image format: 1024 x 
1024 pixels; zoom factor of 4; line average: 6.  
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Figure S5.3.7. Manual dye separation of FISH stained C11 biofilm separated by 
channel. Each species was tagged with a specific colour: E. coli (green), P. mirabilis 
(white), E. faecalis (red) and C. albicans (purple). Images were acquired using Laser 
Scanning Confocal Leica SP5 microscope, 63x/1.30 glycerol immersion objective. Speed: 
400Hz; image format: 1024 x 1024 pixels; zoom factor of 4; line average: 6.  
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