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Abstract

Introduction: The concept of biofilms in human health and disease is now widely accepted as cause of chronic infection. Typically, biofilms show remarkable tolerance to many forms of treatments and the host immune response. This has led to vast increase in research to identify new (and sometimes old) anti-biofilm strategies that demonstrate effectiveness against these tolerant phenotypes.

Areas covered: Unfortunately, a standardized methodological approach of biofilm models has not been adopted leading to a large disparity between testing conditions. This has made it almost impossible to compare data across multiple laboratories, leaving large gaps in the evidence.  Furthermore, many biofilm models testing anti-biofilm strategies aimed at the medical arena have not considered the matter of relevance to an intended application. This may explain why some in vitro models based on methodological designs that do not consider relevance to an intended application fail when applied in vivo at the clinical level.

Expert commentary: This review will explore the issues that need to be considered in developing performance standards for anti-biofilm therapeutics and provide a rationale for the need to standardize models/methods that are clinically relevant. We also provide some rational as to why no standards currently exist.


1. Introduction 

Since the early 1970’s, an explosion of research on the concept of biofilms and their involvement in human health and disease have appeared in the medical literature [1]. This new wealth of information, driven largely by advancements in emerging technologies and techniques applicable to the study of bacterial populations in situ, have advanced the understanding of “microbial biofilms”. The concept of biofilms in human health and disease is now universally accepted in chronic wounds [2, 3]periodontal disease and dental caries [4, 5], cystic fibrosis [6-8], in-dwelling medical device infection [9, 10], otitis media and other upper respiratory infections [11, 12], orthopaedic infections [13] and tuberculosis [14].  


Current definitions have described biofilms as microbes attached to surfaces or to each other in aggregates or clumps. They encapsulate in a self-produced extracellular polymeric substance (EPS) or matrix, that can also contain host derived components. As such biofilms show extreme tolerance to antimicrobials and host defenses [15-18]. A plethora of in vitro biofilm models have elucidated that bacterial biofilms are more tolerant to antiseptics and disinfectants [19] as well as withstanding antimicrobial concentrations 100 to 1000 times higher then that of planktonic counterparts [20-23]. In spite of the wealth of research undertaken to identify biofilm tolerance to antimicrobials, no single causative mechanism has been identified. Instead it has been suggested that a likely combination of factors contributes to biofilm tolerance [24, 25] with several areas of interest including but not limited to; slow or incomplete permeation of antimicrobials through extracellular polymeric substance (EPS) [20, 26], altered microenvironment and niches within biofilms promoting slow growth rates and adaptive stress response [27, 28], efflux pumps [29], and the role of low frequency dormant “persister” cells [30].


Regardless of whether researchers fully uncover the answers to the biofilm riddle of tolerance, the practical implications are that individual patients suffer with prolonged chronic infections that often require multiple rounds of antibiotics. [31].  The current treatment strategy for chronic infections comes at a high cost to the healthcare system and, more importantly, to the patient, both economically and in the potential loss in there quality of life.

2. Exploring the concept of what is a relevant reduction for medically relevant biofilms?

Antimicrobial therapies for acute infections based on minimum inhibitory concentrations (MIC) (planktonic microorganisms susceptibility to antibiotics) target rapidly multiplying planktonic microorganisms with high efficacy. Therapies based on MIC results employed against biofilm phenotype microorganisms that differ markedly in both their physiology and activity, typically fail to eradicate the problem, leading to a chronic infection for the patient. For some patients with in-dwelling medical devices for example who have failed anti-biofilm strategies, the infection cannot be resolved until the material is completely removed [32]. 

Further clarity is required in understanding if this lack of correlation between conventional susceptibility test results, and therapeutic success in chronic infections maybe reflective of biofilm presence. A recent Cochrane review on standard versus biofilm antimicrobial susceptibility testing to guide antibiotic therapy in cystic fibrosis, identified that biofilm susceptibility testing was not superior to conventional antimicrobial susceptibility testing for biofilm [33]. In fact the Cochrane review suggests that biofilm antimicrobial susceptibility testing may be more appropriate in the development of newer, more effective formulations of drugs that can be tested in clinical trials.

This aside, researchers have been driven to evaluate the efficacy of anti-biofilm strategies, using susceptibility test results based on assays that identify the minimum biofilm eradication concentration (MBEC assay) through in vitro models such as the Calgary biofilm device [34].  

In addition to antibiotics, various alternate agents have also been explored for anti-biofilm strategies. These have included peptides, antiseptics and oral and topical antimicrobials. How these agents are delivered to the biofilm have also varied greatly with mechanisms including coatings, drug eluting, wound gels, nanoparticles, irrigations and solutions, all being explored. To further complicate the picture several alternate techniques have been developed to quantify outcome measures of these agents in vitro Biofilm biomass has been explored most typically in 96-well microtiter plates and flow systems using staining methods (crystal violet, Syto9 staining) with optical density (ODnm) or confocal laser scanning microscopy (CLSM) to detect live/dead cells (expressed as percentages or ODnm) [35, 36]. Plate counts to enumerate viable cells that calculate antimicrobial efficacy expressed as cfu/ml, cfu/surface area, cfu/per mg tissue have also been utilised. 

Adding to the conundrum is the absence of a “target” reference value required to ascertain the “effectiveness” of anti-biofilm strategies in aiding the host immune response to clear infective microorganisms is profound. This has important consequences at a treatment level where clinicians often seek guidance from laboratory-based studies (often due the lack of in-vivo data) in directing them to choose the most relevant and effective agent to reduce microbial colonization/infection. Granted these decisions have historically been based around managing infections using planktonic paradigms, further highlights the requirement for data on the efficacy of anti-biofilm strategies. 

Importantly when deciphering what may be a “target reference” there are two sides of the fence to consider when posing questions around the performance standards of an agent that cites claims on “effectiveness” or “efficacy”. Firstly there is a regulatory perspective that looks to determine a “target reference” based on standardized approaches using statistical attributes in determining the repeatability standard deviation and type I and type II error associated with an agent [37, 38]. Undertaking this enhances statistical confidence in the outcome that an agent is efficacious.   Secondly, is how well in vitro or ex vivo results translate to clinical efficacy and if those target references correlate to improvements in clinical symptoms and resolution of chronic infections.

With respect to the consideration of what would be a potential target value, no suggestions in the literature have been cited, and there are no data to support what a reasonable figure would be. This question in itself is complex given that a target reference value may move depending on the type of infection, the infecting strain or the immune status of the patient. For example, data to support a reasonable target reference value for in vitro testing, must take into consideration, that any changes in infectivity when bacteria are expressing biofilm phenotype in vivo may alter drastically. Until a clear pathexists, then the most conservative approach is that the drug or device must demonstrate complete eradication of the biofilm in in vitro testing.”  The obvious approach to determine a reference value would be to transition from in vitro testing to in vivo clinical trails, as this would allow direct observations of what worked and what did not. In many cases however, it maybe not be possible (an unethical) to obtain biofilm data directly from patients.  

How the United States Environmental Protection Agency (EPA) addressed this concern for human health biofilm disinfection claims is they are proposing a 6-log reduction in biofilm. The statistics tells us that if industry wants to be “highly confident that they will achieve this target log reduction, then they need to formulate the biocide to completely kill the biofilm.  What we are missing is data, and until that data is collected, the conservative approach would be to kill everything.  

3. How should we approach assessing the “effectiveness” of anti-biofilm therapies based on in vitro models in order to predict clinical results

Through out this article the discussion of biofilm infections in patients has been purposefully over-simplified, given the complexity and breathes of discussing all concepts relating to how they contribute to human infection. Biofilms exist in many niches and vary significantly. This in it self, likely restricts the ability to develop an assay that closely mimics the exact architecture of an in vivo biofilm that could be used universally. Conversely, it is unlikely that an assay for every infection will be developed, given the large variation in biofilm architecture from in vitro to in vivo.  Whether one is evaluating biocides for use against biofilm in toilets, or antibiotics to treat chronic wounds, it is virtually impossible to perfectly mimic an actual infection or environment in the laboratory.  

A potential way forward for performance testing could be to develop a simplified biofilm assay that allows standardized adaptations (calibrated) to test parameters allowing the performance of a product to aid in predicting successful in vivo outcomes. Whilst no in vitro test will provide a direct answer to this, it does provide confidence to move forward with a very costly clinical trial.

Furthermore, it is not uncommon for researchers or testing laboratories to use standard methods beyond its original intended use.  For instance, a method designed and validated to test antimicrobial urinary catheters should not be used to study venous catheters without some significant modifications. This is similar to using a standard curve developed for chlorine to determine bromine concentrations – similar but not quite the same.  Sometimes labs use the method because that is all they have available, this may exemplified with 96 well-assays or the CDC reactor.  Once a laboratory starts using microtiter plates or CDC reactor, often they will just keep reapplying the same method to other applications. This raises questions how relevant the test is anymore.  As researchers, we do our best to model what are thought to be the most important parameters to gain insights into how the biocide or antibiotic will perform when actually used.  Ideally, there will be a menu of various methods designed for different application areas.  This takes time and money, and right now researchers are in the foundation stages of model development. 

Various publications have stated the need for the standardization of methods for assessing the “effectiveness” of anti-biofilm therapies. A distinct problem however, facing anyone attempting to decipher the literature and or attempting to replicate biofilm models for new therapies has been the lack of standardized methods for experimentally studying biofilms. This has caused much confusion when attempting to compare results between different research groups, and has led to large discrepancies when attempting to replicate the same results between different laboratories. The lack of methods also means there is no pathway for companies to follow when attempting to register a new device and/or drug with a regulatory agency. 

In the most applied sense, standard methods development is the creation of laboratory protocols for the purpose of comparison, both within a single laboratory and among various laboratories.  Researchers choose to use a standard method for various reasons.  For instance because every step of the laboratory process is exactly defined, a standard method is useful for teaching proper laboratory protocol or monitoring equipment performance.  The impetus for the development of many microbial standard methods, though, is efficacy testing for product registration with a regulatory agency.  

Regulatory agencies require efficacy data when a product is registered to ensure the quality, safety, and efficacy of antimicrobials (biocides, disinfectants, sterilants) in circulation (in a particular country).For this purpose, standardized methods that are repeatable, reproducible, rugged and responsive are required [39].  A standard method should also be reasonable, meaning it should utilize equipment that is “typical” for a laboratory and it should not require an excessive amount of time, supplies or highly specialized training. Many biofilm research methods can uncover intriguing scientific insights even though the results are qualitative.  However, regulatory authorities and standard setting organizations mostly prefer quantitative measures of efficacy.

In this manner, uniform test conditions permit comparison of results between products and laboratories. For a disinfectant to make a bactericidal claim for example, efficacy against planktonic P. aeruginosa, Proteus vulgaris, E. coli and S. aureus is required by the Australian Therapeutic Goods Administration (TGO 54) [40], with similar organisms being required by other regulatory organizations. All these organisms are good biofilm producers and are associated with clinically relevant biofilm infections so it seems reasonable to include anti-biofilm testing for these (or a subset of these) organisms. Unfortunately, standard methods only exist for biofilms formed by P. aeruginosa (ASTM Methods E2196, E2562, E2647, and E2799).

Importantly, a relevant laboratory method should adequately emulate “real use” conditions so that a laboratory test is predictive of how well a device (or test product of interest) will perform in vivo. Highlighting the decontamination of equipment and clinical surfaces with disinfectants/ sterilants as an example, it is of importance for users (or clinicians) responsible for the decontamination of instruments or surfaces, to understand that the product they are using has been tested under conditions that best resemble the purpose they are to be applied, such as the hospital environment. Therefore, In terms of relevance, there are two basic strategies that researchers should strive to answer and that clinicians should strive to understand. 

The first strategy is to engineer a biofilm in a laboratory test to have specific characteristics that emulates the biofilm in vivo, matching for example, the architecture, thickness, strength of attachment and host factors such as proteins or immune cells. This is because alterations in any of these parameters can lead to alterations in the test outcomes, for example the sensitivity of biofilm to disinfectants varies with both the age of the biofilm and the method of growth [41]. This was well demonstrated in a paper by Buckingham-Meyer where kill rate (log reduction) decreased as the amount of shear on the test biofilm during growth increased. 

The ASTM standard biofilm methods were developed based upon this relevance strategy (Figure 1). By employing basic fluid dynamic concepts with regards to fluid shear and flow dynamics, the ASTM methods describe how to grow a biofilm that represents a general biofilm grown under high shear in a continuous stirred tank reactor (CSTR) (ASTM Method E2562) [42], in medium shear in a CSTR (ASTM Method E2196) [43], low shear in a plug flow reactor close to the air liquid interface (ASTM Method E2647) [44] and minimal shear in a batch reactor (ASTM Method E 2799) [45]. Others have recently reviewed the applicability of the biofilm reactors described in the ASTM Methods for various applications [46-48].

The second basic strategy in methods development involves using reactors that incorporate the most important physiochemical and biological characteristics in the environment of interest [49, 50]. An effective strategy that was followed for the development of the ASTM biofilm methods was to partition methods into sets of components.  For testing the efficacy of disinfectants or antibiotics these components include: growing a repeatable and relevant biofilm, applying the antimicrobial treatment, harvesting a sample of the treated biofilm, and analyzing the sample for viable cells.  To better visualize this concept Figure 2 shows a product testing and development guidance tree that outlines some of the numerous parameters under consideration for medically relevant biofilm standard methods. 

In spite of the above, many researchers involved in biocide disinfection of a surface (not for medical devices or antimicrobial therapies) may still pose questions such as how well does the hydrated biofilm formed on a coupon or in the MBEC plate represent biofilm on a clinical surface which is in a semi-dehydrated state and encased in thickened EPS? It is also unlikely that a biofilm formed on coupons or in an MBEC device will present the same challenge to biocides as biofilm that has been subjected to multiple rounds of decontamination e.g. biofilm contaminating endoscope channels [51]. Biofilms form on all material types within the clinical environment, ranging from fabrics to plastics to stainless steel. Therefore, should research design questions be directed towards testing on different types of surfaces? For example, how relevant is a hard surface test as seen with current standards to killing biofilm on fabric? The CDC biofilm reactor (used in ASTM E2562) [42] uses removable coupons and thus has the capacity to compare different hard surface carriers with a range in free energy values and hydrophobicity e.g. glass, plastic, porcelain and steel. The premise of pushing the boundaries of any test condition and allowing researchers the “artistic” flexibility to mimic “real use” conditions often increases the test methodology’s in complexity. Typically, methods that try to exactly match every parameter of interest in this manner are complex and therefore, when the method is verified in an inter-laboratory study (or ring trial), they do not perform well. 

4. Expert Commentary 

Biofilm research as a whole has grown exponentially over the last two decades yet there is minimal data correlating in vitro results to clinical outcomes. In addition, whilst the medical community has a greater awareness of the role of biofilms in human health and disease, there are still many areas of confusion for clinicians, who in particular find it difficult to understand how in vitro methods translate to something of clinical relevance [52].  This begs the question, why are we not further along in the battle against biofilm associated infections? What is holding us back?

In trying to understand why the pursuit of new anti-biofilm therapies has been lethargic in some areas of medically relevant biofilm research, potential explanations are: 1. A lack of standardized methods for testing anti-biofilm models that is clinically applicable (to be discussed in the next section) [53, 54]. 2. The lack of regulatory guidance for setting performance standards for biofilm related product claims in the medical device arena. 3. A poor understanding of what defines “effectiveness” when applied to anti-biofilm strategies. 4. The slow response of industry in pursuing new anti-biofilm therapeutics, perhaps due to the lack of regulatory guidance, standard methods, the cost of research and development and the cost of appropriate human clinical trials. These factors inadvertently force the industry to test their potential anti-biofilm therapies using methods that do not correlate to clinical outcomes. 5. Lack of funding resources to support the development of standard methods. 6. The slow progression in translating anti-biofilm research and therapeutics to clinically relevant information [47]. 

With the explosion in evidence detailing most aspects of biofilm involvement in human health and disease, clinicians and regulatory agencies have been hesitant to accept and pursue anti-biofilm treatment strategies. In contrast, the chemical disinfection world for example, has lobbied hard for anti-biofilm claims on products and these efforts have led to the development, validation and approval of standard methods for testing of anti-biofilm products. Examples of these are five ASTM standard test methods (E2196, E2562, E2647, E2799 and E2871) (Table 1). The culmination of working towards developing standardized approaches that industry can utilise has meant that within the next two years, we may well see products with “kills biofilm” claims.  

However, the overall the lack of advancement in anti-biofilms strategies from industry that include medical device / biocide companies, maybe explained in their haste to scramble towards testing their current therapeutics. Historically promoted for use against planktonic microorganisms in acute infections, the drive to ascertain if they now have an action against biofilms may explain why industry are not diversifying away from traditional antimicrobials that have a high efficacy against planktonic microorganisms, and move towards new research and development specifically targeting anti-biofilm strategies. A major contributor for this is most likely the significant investment costs required to develop new therapies utilising evidence from in vitro through to in vivo.  The experimental designs in human studies for example would likely need to include a large number of patients for a statistically relevant conclusion to be reached. An example of this could be the bioengineering approaches to medical devices such as catheters and the lengthy processes required to bring a new device to market. 

In tandem with a lack of investment from industry is the ever-increasing challenge to find funding to support the development of standard methods. The other point to consider is the time it takes to develop a standard method.  Once a standard operating procedure is written, the method needs to go through rigorous intra-laboratory testing to accumulate sufficient data that supports that the method is repeatable, responsive and rugged.  This process may take one to two years, depending upon how compatible for standardization the research method is.  The method is then taken to a standard setting organization where each step is critically reviewed and discussed, which may also a few years.  Finally, the method goes through a multi-lab collaborative study to determine the reproducibility of the method. Assuming the method performs well, the process is complete.  But, if the method does not do well, it goes back to a standard setting organization (i.e. ASTM group) and is modified, extending the cost and time associated with standardizing it.

What is startling is why clinicians haven’t demanded the same development of anti-biofilm therapeutics? Or why medical device companies have been slow to pursue new therapeutics. One reason to explain this slow progress is when clinicians come across a new drug and/or device, the regulations on the wording of the claim/documentation is focused on curing or preventing infection.  Biofilm does not become part of the discussion.  This may seem to be a case of semantics, but simply not having biofilm be part of the discussion means generally it is not included as part of the clinician’s decision making in terms of infection management. With regards to an appropriate outcome, clinicians would also need to understand what “effectiveness” of a product meant, whether biofilm was reduced (if so, by how much?) or if a 100% kill was achieved. Importantly, any reductions or killing of a biofilm would need to be associated with a reduction of infective symptoms and improved patient outcome.

For a change to happen, clinicians need to start asking if the patient has a chronic biofilm or an acute infection. In orthopaedic-device, catheter or cardiac valve related infections, clinicians are fully aware of the presence of biofilm. In fact treatment is directed at biofilm with well-documented anti-biofilm activity such as rifampin or fluroquinolones.  what happens when clinicians identify biofilm as being the driver of infection, institute anti-biofilm strategies (such as the aforementioned antibiotics) yet fail to eradicate or control biofilm. This translates into demand for new strategies/treatments to cure biofilm infections.  

In defence of clinicians, there are no diagnostic tools or biomarkers to help identify when biofilm is the driver of infection [55, 56]. In the age of science based medicine, how can clinicians be expected to deviate from standard measures of treating planktonic infections based on antimicrobial stewardships and make decisions to treat the infection as a biofilm infection, if there is no way to verify it? 

When medical devices companies decide to pursue anti-biofilm strategies they are faced with the barriers of navigating the minefield of regulatory standards. In this instance regulatory agencies want clinical data that demonstrates a new drug or device’s ability to decrease infection rates in patients. Historically, the regulatory tests to make these claims have been based on the minimum inhibitory concentration for planktonic microorganisms (Clinical laboratory standards institute (CLSI), M02-A12, M07-A10, M100 –S26). This is different than showing that a device prevents and/or reduces biofilm.  Although logically, a person cannot develop a biofilm-based infection if no biofilm forms, but this is not the outcome that is being regulated or monitored by clinicians.  

Even though researchers have demonstrated that biofilm is the root cause of many chronic infections there is limited clinical biofilm data because clinicians do not routinely collect samples for biofilm specific diagnostics. Granted this would be extremely challenging, but with advancements in new non-invasive technologies, the possibility certainly exists that a mechanism for collecting these samples will exist in the future. This can be exemplified in chronic non-healing wounds complicated by biofilm, where in general practice the clinician does not collect a swab or tissue sample of the wound bed to quantify the biofilm in order to direct antimicrobial therapy to treat the infection. Based upon data from industrial research, bacterial counts in the process water do not necessarily correlate to counts on the pipe’s surface. This could also hold true in the human body.  A low count in the urine does not mean that no biofilm is present; it just means that the biofilm has not grown to the point where the body is showing signs of infection.  And of course it would be unethical to do a study where catheters are removed over time to record the biofilm that forms, and correlate this number to when the “typical” person begins to show signs of an infection (which is what occurs in industrial models for biofilm testing). 

However, it is only useful to develop biofilm specific sampling if clinical microbiology has the tools for appropriate diagnostics. Currently confocal microscopy is considered the most direct way of demonstrating biofilms in clinical specimens [57] but these methods are time consuming and require highly specialized training.

This leads to a very important question. We do not know what the necessary log reduction in biofilm bacteria is that will ultimately cure the infection.  For testing measures pertaining to the performance standards of an antimicrobial against planktonic microorganisms, the necessary reduction in microorganism counts has been defined as a greater than 3 log reduction (If the reproducibility standard deviation is 1 log10 then the antimicrobial must achieve a greater than 4 log10 reduction) [58]. Without knowing what this reference value is for biofilm-based infections, a conservative approach would be for the regulatory agencies to require that the antibiotic/device must kill everything.


5. 5-year view
Is there a clear path towards the direction of standardized approaches to biofilm strategies? Many examples outlined in this review article highlight the biofilm specific issues that need to be addressed in order to help provide better guidance to clinicians managing biofilm associated infections. When the performance of an anti-biofilm strategy relates to the clinical care of patients, there is a need to achieve a standardized biofilm methods “utopia”. This will provide pharmaceutical / device manufacturers all the experimental parameters required so that a collaborative study may be done. From a regulatory perspective, this would also allow for the method’s reproducibility standard deviation (SD) to be determined. This requirement is highly relevant for clinicians to appreciate, who may read a paper on a new technology that performed fabulously in a one laboratory study, did fine in an animal model, but failed miserably in a clinical trial. If an appropriate statistical analysis had been performed the probability of failure would have been predicted.  In general, a large percentage of experiments may lack the statistical attributes that are required of a standard method, and without statistics, there is no statistical confidence in the outcome.   

In the same instance their needs to be delineation between absolute standard methods and research methods, with the latter affording the flexibility for researchers to advance new therapeutic strategies towards biofilm-associated infections. Roberts and colleagues made reference to this notion suggesting that researchers should not be afraid of undertaking “preliminary experiments” (non-standardized experiments), in doing so this may actually enhance the capability to better understand biofilm associated infections better (Roberts et al 2016). However, Roberts and colleagues make the same conclusion as we would, which is the most relevant system should be used based upon the questions being asked. Although preliminary experiments will allow researchers to make advances in our basic understanding of these biofilm infections, regulatory agencies require data collected with methods that have been statistically validated, which generally means the method has gone through a standardization process.  Perhaps it is the reluctance of medical researchers to use standard methods that has provided a roadblock and explains why the medical field lags behind the biocide/industrial field with regards to biocide claims. 

6. Key Issues
· Biofilms show remarkable tolerance to many forms of treatments and the host immune response.
· The lack of correlation between conventional susceptibility test results and therapeutic success in chronic infections maybe reflective of biofilm presence.
· The absence of a “target” reference value required to ascertain the “effectiveness” of anti-biofilm strategies to clear infective microorganisms suggests complete eradication is required.
· A potential way forward for performance testing could be to develop a simplified biofilm assay that allows standardized adaptations (calibrated) to test parameters allowing the performance of a product to aid in predicting successful in vivo outcomes.
· No in vitro test provides a prediction on how well a product will work in vivo, but it does provide confidence to move forward onto animal models or costly clinical in vivo trials.
· Many areas of confusion regarding anti-biofilm strategies still exist for clinicians who are caught either; 1. Finding it difficult to understand how in vitro methods translate to something of clinical relevance or 2. Think successful in vitro outcomes will provide similar results in vivo.
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	Biofilm model
	Method 
	Nutrient availability 
	Potential applications and relevance 

	Rotating disc reactor (annular reactor)
(ATSM E2196 – approved 2002)
	This test method is used for growing a reproducible P. aeruginosa biofilm in a continuously stirred tank reactor (CSTR) under medium shear conditions. 
	Open system
Dynamic
Continuous flow
	Rotating disc reactors are designed for laboratory evaluations of biocide efficacy, biofilm removal, and performance of anti-fouling materials. Example is to model a toilet bowl [59]. It is important to note that the rotating disk and CDC reactor were not originally designed to study medically relevant biofilms.


	Drip flow reactor 
(ATSM E2647 – approved 2008)
	This test method is to grow, sample, and analyze a P. aeruginosa biofilm under low fluid shear and close to the air/liquid interface.
	Open system
Dynamic
Batch or continuous flow 
	DFR are employed for growing biofilms for direct in situ visualization. The DFR can model environments such as food-processing conveyor belts, catheters, and the oral cavity [60] [61].


	CDC biofilm reactor
(ATSM E2562 – approved 2007)
	This test method is used for growing
P. aeruginosa biofilm under moderate to high shear. The resulting biofilm is representative of generalized situations where biofilm exists under high shear rather than being representative of one particular environment.
	Open system
Dynamic
Batch or continuous flow
	Studies that utilized this reactor showed that it could be used for detecting biofilm formation, characterizing biofilm structure [62] and assessing the effect of antimicrobial agents on the biofilm (Note there is a large body of literature on how researchers are using the CDC, DFR and MBEC for various research applications.)

	MBEC assay / microtiter plates.
(ASTM E2799 – approved 2011)
	This test method specifies the operational parameters required to grow and treat a P. biofilm in a high throughput-screening assay.
	Closed system
Low shear (the reactor sits on a shaker)
Batch
	MBEC assay allow rapid throughput of multiple samples of anti-biofilm therapeutics such as antibiotics, antiseptics, compounds and peptides [63].

	Single tube disinfection 
(ATSM 2871- approved 2013)
	Standard test method for evaluating disinfectant efficacy against P. aeruginosa biofilm grown in the CDC biofilm reactor using the single tube method.
	The single tube method is only an efficacy test.  Biocides are tested in a batch system, with no mixing at room temperature.
	This test was originally designed to determine the efficacy of liquid biocides against biofilm (bleach, quats, hydrogen peroxide blends, etc). Although it has been optimized using biofilm grown in the CDC reactor, the original intent was that the biofilm could originate from any biofilm reactor, as long as the appropriate controls were carried along.



Figure 1. Commonly employed laboratory models for biofilm investigation.
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Figure 2. Product testing and development guidance.  The decision making process begins with understanding the mechanism of action (MOA) of the of the anti-biofilm technology.  The technology then determines the regulatory claim. For instance, an antimicrobial surface would most likely be associated with a “prevents initial attachment” or “reduces biofilm accumulation” claim, whereas a biocide manufacturer would most likely pursue a “kills” or “removes” biofilm claim. The claim then determines the necessary test output that will provide the necessary data to support the claim.  For instance, a test that measures the log reduction in viable biofilm bacteria would provide the relevant data for “kill” claim.  The next step is to determine which laboratory growth and treatment methods best mimic the real world application. Various parameters of particular concern for biofilm methods are included in this figure, but it is important to note that the list is not exhaustive.  The growth and treatment will often determine how the laboratory biofilm will be harvested and analysed. For instance, biofilm grown in microtitier plates is often not harvested, but stained directly and placed into a plate reader.  Finally, every standard method must meet the statistical attributes listed in the figure.  The text highlighted in red demonstrates the standardization path taken to measure the efficacy (kill) of biocides against biofilm. In this case, a single species biofilm is grown under high shear in the CDC reactor. The mature biofilm is removed from the reactor and tested under static conditions for a contact time specified by the biocide manufacture. Appropriate controls are always included. Sonication and vortexing is used to harvest the biofilm and the viable cells are enumerated using viable cells counts.  Finally, the proposed method has undergone a collaborative study to verify that it meets the required statistical attributes.  The text highlighted in purple demonstrates a potential strategy for testing antimicrobial surfaces engineered to prevent biofilm attachment.
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