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ABSTRACT

Priority question exercises are increasingly used to frame and set future research, innovation and development agendas. They can provide an important bridge
between the discoveries, data and outputs generated by researchers, and the information required by policy makers and funders. Microbial biofilms present huge
scientific, societal and economic opportunities and challenges. In order to identify key priorities that will help to advance the field, here we review questions from a
pool submitted by the international biofilm research community and from practitioners working across industry, the environment and medicine. To avoid bias we
used computational approaches to group questions and manage a voting and selection process. The outcome of the exercise is a set of 78 unique questions, cate-
gorized in six themes: (i) Biofilm control, disruption, prevention, management, treatment (13 questions); (ii) Resistance, persistence, tolerance, role of aggregation,
immune interaction, relevance to infection (10 questions); (iii) Model systems, standards, regulatory, policy education, interdisciplinary approaches (15 questions);
(iv) Polymicrobial, interactions, ecology, microbiome, phage (13 questions); (v) Clinical focus, chronic infection, detection, diagnostics (13 questions); and (vi)
Matrix, lipids, capsule, metabolism, development, physiology, ecology, evolution environment, microbiome, community engineering (14 questions). The questions
presented are intended to highlight opportunities, stimulate discussion and provide focus for researchers, funders and policy makers, informing future research,
innovation and development strategy for biofilms and microbial communities.

1. Introduction dimensional and aggregated architecture, and may contain many spe-
cies and genotypes evolving and interacting with each other and with

Biofilms are structured communities of microbial cells, embedded their environment [1-3]. Biofilms are the prevalent form of microbial
within a self-produced matrix of extracellular polymers and other bio- life on Earth and drive the dynamics, activity and function of microbial
molecules. They are complex and dynamic, have a physical three- communities and microbiomes underpinning all ecosystems [4]. They

* Corresponding author. Laboratory of Pharmaceutical Microbiology, Ghent University, Belgium.

** Corresponding author. National Biofilms Innovation Center, University of Southampton, UK.
E-mail addresses: tom.coenye@ugent.be (T. Coenye), J.S.Webb@soton.ac.uk (J.S. Webb).

! Deceased.

2 Biofilm Priority Questions Exercise Participants are listed in Supplementary Information.

https://doi.org/10.1016/j.bioflm.2024.100210

Received 27 March 2024; Received in revised form 1 July 2024; Accepted 2 July 2024

Available online 4 July 2024

2590-2075/© 2024 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Please cite this article as: B et al., Biofilm, https://doi.org/10.1016/j.bioflm.2024.100210



mailto:tom.coenye@ugent.be
mailto:J.S.Webb@soton.ac.uk
www.sciencedirect.com/science/journal/25902075
https://www.sciencedirect.com/journal/biofilm
https://doi.org/10.1016/j.bioflm.2024.100210
https://doi.org/10.1016/j.bioflm.2024.100210
https://doi.org/10.1016/j.bioflm.2024.100210
http://creativecommons.org/licenses/by/4.0/

T. Coenye et al.

impact on major global challenges including climate change, safe and
secure water and food, human and animal health, and antimicrobial
resistance (AMR) [5-8]. As such the potential scientific and societal
benefits that could result from understanding, controlling or harnessing
the activities of complex biofilms are considerable. Recent years have
seen an unprecedented increase in our ability to describe and under-
stand biofilms and their interactions with their environment or host.
This has been made possible through technical advances for example in
high-throughput, data-driven ‘omics’ approaches, high-resolution im-
aging and advanced spectroscopy to characterize their structure, activ-
ity, function and emergent properties. The intersection of biological
mechanisms and functions of biofilms, together with their protective
physical structure and presence, also creates unique problems and op-
portunities for biofilms and has led to the recognition that highly
interdisciplinary approaches and teams are required to address many of
these challenges. Huge opportunities remain, and the potential for new
research avenues as well as for new beneficial impacts across diverse
sectors is vast [9,10].

The purpose of this priority question exercise was to assist in iden-
tifying future important questions and avenues that biofilm studies
could and should be addressing and that will have the greatest impact in
advancing the field. Our approach was inspired by previous initiatives,
which have used specific criteria to identify priority research questions
to advance the field of a given discipline [11-13]. However, to date,
there has not been an international community-wide synthesis of key
questions and priority research or innovation areas for the biofilm field.
In our call for questions we asked for questions (less than 100 words)
that are currently unanswered within the scientific literature, could be
answered (including through high-risk and blue skies research), and that
could reasonably be tackled by a research programme. The stated goals
of the exercise were to 1) stimulate discussion amongst the biofilm
community and identify areas of research and innovation that would
have a substantial scientific and societal impact; 2) to encourage re-
searchers to think beyond the limits of their own sphere of research or
discipline and consider the most important basic or applied research that
could be carried out, and 3) To illustrate the most impactful and bene-
ficial research in the field and its overall importance to funding agencies,
policy makers, regulators and the wider public. Our definition of mi-
crobial biofilms was as inclusive as possible and included communities
of bacteria that may be surface or interface-associated or suspended as
aggregates, comprising single-species or polymicrobial consortia, and
relevant to any fundamental or applied context in which biofilms are
studied. By assembling this set of questions, we aim to stimulate dis-
cussion amongst members of the biofilm community and identify areas
of research and innovation that are likely to have a substantial scientific
impact. We also hope that these priority questions highlight the poten-
tial wider impact of biofilm research and its importance to funding
agencies, policy makers, regulators and the wider public.

2. Methods
2.1. Background

At a joint meeting of biofilm centers held in Arlington, VA, USA in
February 2020, representatives from the National Biofilms Innovation
Centre (NBIC, UK), the Centre for Biofilm Engineering (CBE, USA) and
the Singapore Centre for Environmental Life Sciences Engineering
(SCELSE, Singapore) decided to coordinate a priority questions exercise
to be published as a position paper and resource for the field. A core
working group was established in the Fall of 2020, consisting of repre-
sentatives of these biofilm centers, representatives from the ESCMID
Study Group on Biofilms (ESGB) and the AmiCI COST Action, and
several text modelers and data scientists. This core working group su-
pervised the entire exercise, from developing the approach outlined
below to the writing of this final report. At every step, the core working
group aimed at taking into account geographical diversity, diversity in
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terms of field, disciplines and vocational backgrounds (with the aim to
give opportunity to academics, practitioners, industry stakeholders,
relevant organizations and policy makers to be included), and gender
diversity. It was decided that there would be no limit to the number of
questions that could be included on the list.

2.2. Set up of the submission form and invitation of participants

For the submission form, different options were considered but
taking into account applicable data protection rules, MS Forms was
chosen. The form was set up to allow participants to add multiple entries
(up to three at one time and if participants wanted to submit more en-
tries, they could redo the questionnaire). At the time of submitting their
entries, participants were given the opportunity (in a separate form, so
entries could be kept anonymous) to get involved in further steps. A copy
of the empty submission form is shown in Supplementary Fig. S1. Par-
ticipants were invited to contribute by announcements across several
social media platforms (for example, Supplementary Fig. S2) and the
websites of the participating biofilm centers, and by invitations sent out
to mailing lists of the participating entities. In addition, members of the
core working group sent out invitations through their own network. An
example of an invitation email is shown in Supplementary Fig. S3.
Furthermore, to provide additional context and an overview of the
question section process, we have also included a process flow diagram
(Fig. 1). Questions were collected from February to April 2021.

2.3. Sorting of submissions

Prior to the actual sorting, duplicate questions were removed/
merged and some questions were shortened (i.e. narrowed down to the
actual question and/or split in two or more separate questions if
appropriate); this was done by members of the core working group. To
avoid human bias as much as possible, the resulting set of questions was
sorted using ‘Well Sorted’ (https://www.well-sorted.org/index.php). To
this end, the questions were split randomly into four batches (designated
A, B, C and D) and for each batch, 12 experts (members of the core
working group as well as participants who had indicated they wanted to
be further involved) were asked to group the questions within a batch
into different themes. During this process, each participant was given
the freedom to determine the number of themes within their set of
questions. The questions and sorting results were then re-integrated
computationally, leading to 24 groups of questions. In addition, an
average linkage algorithm was employed to integrate the four batches of
questions (A, B, C, D), leading to an additional set of 24 groups gener-
ated using a computational approach only. These 48 groups were sub-
sequently merged to create six clusters via a computational process. In a
final step, members of the core working group performed a final manual
curation step. In this final step a few remaining duplicate questions (not
identified before) were removed, and several questions were moved
from one group to another, to increase internal coherence within the six
groups. Details about the computational procedure will be published
separately.

3. Results

We received 173 submissions. As people were able to submit multi-
ple questions in one entry, this meant that 279 questions were submit-
ted. Questions were received from 31 countries (Argentina, Australia,
Belgium, Brazil, Canada, China, Czech Republic, Denmark, Ecuador,
Estonia, France, Germany, India, Israel, Italy, Lithuania, Mexico,
Netherlands, New Zealand, Pakistan, Portugal, Saudi Arabia, Serbia,
Singapore, Slovakia, South Africa, Spain, Sweden, Ukraine, UK, USA)
representing every continent. The 279 initial questions were in a first
step split into 309 questions (as several of the 279 original questions
contained distinct sub-questions). The process described above ulti-
mately led to a collection of 78 unique questions that were grouped in
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Fig. 1. Biofilm priority question exercise process flow diagram.

six thematic categories, each containing between 10 and 16 questions.
Each category, as well as each question within a category, received a
number, but neither the categories nor the questions are ranked in any
way (e.g. Q1.1 is not by definition more important or relevant than
Q5.10). The grouping in thematic categories should be seen as an
attempt to cluster questions addressing the same topic(s), but we are
aware that alternative groupings could be equally meaningful. For some
questions consisting of several related sub-questions, it was decided to
keep these together, rather than artificially putting them in separate
questions or categories (e.g. Q2.2).

3.1. Biofilm control, disruption, prevention, management, treatment

The questions in this category reflect that an improved ability to
control and harness biofilms will impact on some of the most important
global challenges, including climate change, safe and secure water and
food supplies, and positive and negative aspects in relation to human
and animal health. For example, microorganisms represent >20 % (93.2
Gt carbon) of the total global biomass on Earth [14] of which approx. 80
% exists as biofilms [4] and which dominate biogeochemical cycling.
Therefore, in the context of global targets to reduce greenhouse gas
emissions to net-zero, coupled with commitments to protect and
enhance the environment, and rebuild biodiversity (for examples see
Refs. [15-17]), the biofilm field has a unique opportunity to play a
leadership role in protecting and improving the health of our environ-
ment. Academic-industry partnerships and know-how provide the op-
portunity to address these challenges in a multi- and interdisciplinary
manner and at scale. One example is the potential role of soil microbi-
ology in promoting both the health and productivity of soil and its

ability to store carbon [18,19]. Other areas where new understanding
and control of microbial biofilm processes would have a major impact
include microbially influenced corrosion. This creates huge economic
problems through failure of marine and energy sector infrastructure
[10] but microbially influenced corrosion remains challenging to pre-
dict, detect or prevent [20,21]. The potential for biocatalytic applica-
tions of biofilms is also raised, and it is clear biofilms provide promising
alternatives strategies in the production of biofuels and value-added
compounds [22,23]. Finally, there is huge potential for research,
development and innovation using new and transformative technologies
(e.g. novel nanotechnology, CRISPR-based gene editing approaches)
that may provide a step change in our ability to modulate or control
biofilm development and life cycle dynamics.
The identified priority questions in this category are:

1.1 How can biofilms and microbial communities be exploited to
address climate change challenges?

1.2 Planktonic culturing has long been used in biotechnology for
production of valuable biologics. Can biofilms be used for this as
well?

1.3 How can we exploit the latest understanding of biofilms and
microbiomes for next generation agricultural practices and inte-
grate them with the regenerative farming practices?

1.4 Can detailed knowledge of biofilm genetics, physiology, ecology
etc. be applied to develop in situ bioreactors for bioremediation
that have extended sustainability, enhanced performance, and
minimal site impact?

1.5 Is disrupting biofilms good enough as a therapeutic treatment or
do we need biofilm killing?
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1.6 Could we use nanomaterial-based drug-delivery systems to treat
biofilm-associated infections?

1.7 Can we identify new concepts to prevent biofilm formation (e.g.
new materials/surfaces/coatings to disrupt biofilm life-cycle
dynamics)?

1.8 What could CRISPR provide in terms of opportunities for the
removal/eradication of biofilms?

1.9 Can benign/commensal bacteria be used to invade and clear
pathogenic biofilms?

1.10 How can we predict and control microbially influenced
corrosion?

1.11 What is the abundance and community composition of patho-
genic bacteria and viruses on microplastics collected from marine
environments?

1.12 How widespread are ‘dry biofilms’, that are being increasingly
reported on hospital surfaces? Are these found in other built en-
vironments (e.g. food processing, transportation) or in nature (e.
g. in extreme environments such as those found in Antarctica)?

1.13 How do biofilms formed under conditions of microgravity (e.g. in
space) differ from those formed under Earth gravitational con-
ditions, and what consequences do these potential differences
have on pathogenic processes and material degradation?

3.2. Resistance, persistence, tolerance, role of aggregation, immune
interaction, relevance to infection

An improved understanding of the interaction of the host immune
system with microbial biofilms is crucial for better understanding the
mechanisms behind chronic infections [24-26] as well as for the
development of novel therapeutic and preventive approaches, including
vaccines [27]. Reduced susceptibility to antimicrobial agents (including
antibiotics and disinfectants) is a hallmark of biofilm-related infections
[5,28-30] and is due to a combination of resistance, tolerance, and
persistence [30-33]; however, the exact contribution of these processes
is not always clear. In addition, while increased horizontal gene transfer
has been observed in biofilms, it is currently unclear how this contrib-
utes to the overall spread of antimicrobial resistance genes [30].
Guidelines for improved diagnosis of biofilm-associated infections have
been published [34,35], but it remains to be determined whether they
will play a major role in clinical decision making. Likewise, biofilm
antimicrobial susceptibility testing is receiving increasing attention, but
in the absence of standardized approaches and clinical breakpoints, its
implementation in clinical practice remains difficult [36-39]. A lot of
biofilm research is focused on biofilm elimination, both in clinical and
environmental settings, but this remains difficult to achieve. Further
research into various forms of combination therapy, as well as input
from a wide range of research disciplines will be needed to make
progress in this area. Finally, over the past decades convincing evidence
has been presented confirming the involvement of microbial biofilms in
many (chronic) infections [40,41]. However, we know that biofilms can
take many forms (e.g. biotic or abiotic surface attached, suspended ag-
gregates) [1] and it remains to be determined how similar the mecha-
nisms underlying the formation of these different types of biofilms are.

The identified priority questions in this category are:

2.1. How can we make organisms in biofilm infections accessible to
the immune system?

2.2. How does the immune response differ between planktonic and
biofilm-related infections? Are antibodies being produced against
biofilm matrix compounds?

2.3. What are the in vivo and in vitro tools that could help elucidate the
mechanisms behind immune evasion for the different pathogens
involved in biofilm-related infections? How can we use this
knowledge to improve current treatment approaches?
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2.4. Microbial cells in biofilms and tolerant persisters share many
common properties. What is the link between persisters and
biofilms?

2.5. What is the contribution of microbial biofilms to the develop-
ment, maintenance and spread of antimicrobial resistance and
tolerance?

2.6. How can confirmation of the presence of a biofilm help clinicians
to make treatment decisions?

2.7. Is it possible to introduce biofilm antimicrobial susceptibility
testing and define specific clinical breakpoints in routine
diagnostics?

2.8. What is the added value of combining technologies (e.g. chemical
and mechanical action) for a more environmentally friendly so-
lution to biofilm elimination?

2.9. How do we more effectively combine various research disciplines
(e.g. biological and physical sciences, engineering, pharmaceu-
tical sciences, medicine etc.) to further develop antibiofilm
research and to enhance translation of existing knowledge into
clinical practice?

2.10. Do biofilms form by similar mechanisms at different sites (e.g.,
wound exudates, cystic fibrosis sputum, vascular or urinary
catheter, tooth surfaces) or are these fundamentally different
processes?

3.3. Model systems, standards, regulatory issues, policy education,
interdisciplinary approaches

Many model systems are available to study biofilms under laboratory
conditions, ranging from simple (e.g. microtiter plate based models) to
more complex (e.g. animal models) systems [42-45]. In addition various
(clinical) conditions have been mimicked by a range of different models,
for example in the context of biofilm-related wound infection [46-48],
biofilms in root canals [49], and caries-related biofilms [50]. The ac-
curacy (i.e. the in vivo-likeness) of any given model system can be
assessed using quantitative frameworks based on RNA sequencing data
and these frameworks are starting to be developed [51]. Standardization
of biofilm methods is important, especially in (but not limited to) studies
addressing anti-biofilm activity of certain approaches or compounds
[52-56] and in combination with continuous interactions with regula-
tory agencies, standardization will be key to the further translation of
fundamental biofilm research into applications [57,58]). A recent
(2019) analysis estimated that the economic significance of biofilms is in
excess of $5000bn a year [10] and the annual (2010) incidence of and
mortality due to biofilm-associated diseases in the US alone was esti-
mated to be 17 million and 550.000, respectively [41]; yet the feeling
among many in the biofilm field is that this enormous impact is still not
recognized sufficiently. This may be partially due to the biofilm com-
munity being ‘too scattered’ and ‘lacking the unity found in other research
topics’ [9]. The further promotion of the biofilm concept by centers and
consortia like NBIC, CBE, SCELSE and ESGB [58,59] as well as educa-
tional outreach activities [60] will be essential to increase the awareness
of the considerable impact biofilms have. Essential in this context is the
use of up-to-date definitions and conceptual models [1].

The identified priority questions in this category are:

3.1 How can we more accurately model biofilms in vitro, in order to
better reflect the in vivo/real world situation?

3.2 Can there be a unified definition of biofilms, encompassing
surface-attached biofilms, suspended aggregates etc.? Or should
we have multiple definitions? What should that definition (or
those definitions) be?

3.3 How much do the differences between the biofilm vs planktonic
lifestyle (and the different methods used to study them) affect
current antimicrobial testing and research in general?

3.4 How do we define which in vitro biofilm behaviors are important
in the in vivo biofilm context, to further dissect these behaviors?
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3.5 How do different growth methods (e.g., multi-well plates with
different volume to surface ratio, flasks vs test tubes, resus-
pension etc.) impact biofilm characteristics?

3.6 How can standardized method(s) be developed for anti-biofilm
susceptibility testing and what evidence is needed to substanti-
ate claims about cleaning, removal, eradication, clinical efficacy
etc. To regulatory agencies and other stakeholders?

3.7 How can we get clarification and increased awareness of stan-
dards and regulatory pathways for biofilms from industry
regulators?

3.8 Are current testing methods for antimicrobial materials fit for
purpose with respect to anti-adhesion, anti-biofilm claims?

3.9 How can we detect and confirm the presence of a biofilm in a
standardized and reproducible manner, acceptable to regulatory
agencies?

3.10 How can we educate society and policy makers about the origin,
impact and importance of biofilms?

3.11 How can we increase impact of the term ‘biofilm’ and raise
awareness about the concept and its significance with industry,
regulators and the public?

3.12 Is the lack of recognition of biofilms within healthcare and wider
industrial regulatory systems blocking innovation and trans-
lation? If so, does this reduce the incentive to innovate? What can
be done about this?

3.13 How can we accurately quantify biofilm biomass to assess biofilm
removal/cleaning?

3.14 What new tools and methods/techniques can be developed to
track the dynamics of biofilm development from initial adhesion
through biofilm maturation?

3.15 During biofilm formation, various gradients will create specific
microenvironments, local adaptations, and differentiation. Can
we build models that predict structure and responses of biofilms
based on their metabolic fluxes? Can we use metabolism and
metabolic modeling to compare biofilms formed in different
conditions?

3.4. Polymicrobial, interactions, ecology, microbiome, phage

In the past decades we have witnessed tremendous progress in
advancing and refining the paradigms of biofilm development and the
mechanisms that govern biofilm formation, structure, activity and dy-
namics. A major outstanding challenge in which the field is now engaged
in is to move these discoveries beyond single species communities and
develop them into principles and controls for multispecies communities,
characteristic of real-world settings. Understanding the dynamics,
metabolism and controls for complex polymicrobial communities will
transform our ability to design and integrate novel and precision stra-
tegies to kill, remove, detect, control, engineer and manage microbial
systems and microbiomes across multiple environments and end-uses.
This will also require understanding of microbial interactions with the
virome, e.g. it is now clear that bacteriophages impact greatly on biofilm
dynamics, structure and virulence [61,62]. There is huge interest in the
potential for bacteria-bacteriophage interactions to provide precision
targeting and control of the composition of microbial communities,
biotechnology applications, and in combatting AMR [63,64]. In the
context of the host interactions with biofilms and microbiomes, key
challenges include understanding and benchmarking ‘healthy’ micro-
bial communities and how these transition to a diseased state [65,66].
An additional challenge in this area of research is that biobanks and
standardized collections of biofilm samples relevant to health and in-
dustrial applications are lacking. They are required not only for funda-
mental research on the biology of biofilms but also for the relevant
testing and validation of novel interventions, and well-characterised
biobanks of polymicrobial communities that retain their physicochem-
ical and biological properties upon storage would be hugely beneficial
[67].
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The identified priority questions in this category are:

4.1 Should we focus more biofilm research on polymicrobial biofilm
models to complement studies on pure cultures?

4.2 Can we develop polymicrobial biofilm models that can be used
widely by the community?

4.3 What are the physical, chemical, and biological mechanisms that
underpin species interactions and support diversity in biofilms?

4.4 How can we increase our understanding of heterogeneity in
structurally complex biofilms?

4.5 How does biofilm structure mediate its function, especially the
emergent properties that arise from structure?

4.6 What is the role of bacteriophages and other viruses in the for-
mation and development of biofilms?

4.7 Can we exploit bacteriophages to control or engineer biofilm
communities?

4.8 What are the molecular mechanisms used by lytic phages to hi-
jack biofilm dormant cells?

4.9 Complex, mature biofilms remain difficult to control, even with
aggressive biocides. Are there new and innovative ways to disrupt
and remove established biofilms?

4.10 Could pre-formed biofilms offer advantages in probiotic ap-
proaches to ‘eco-engineering’?

4.11 How do we detect/characterize when a biofilm transitions from a
healthy to unhealthy, pathogenic or dysbiotic state?

4.12 What is the role of bacterial produced extracellular vesicles in
biofilm formation and persistence?

4.13 How do (micro-)aggregates form? Does this process fundamen-
tally differ from the formation of surface-attached biofilms?

3.5. Clinical focus, chronic infection, detection, diagnostics

Guidelines for improved diagnosis of biofilm-associated infections
have been published [34,35] but the need for rapid and accurate
detection of the presence of a biofilm and identification of the organisms
in the biofilm, in various settings, remains high. We currently lack
reliable biomarkers for diagnosis and while some risk factors for chronic
biofilm-related infection associated with implanted medical devices
have been identified (and appear to be mainly related to a compromised
innate immune response) [68], we overall lack the capability to predict
the likelihood of biofilm-associated infections occurring in a specific
patient or in patient groups. Microscopic methods, including methods
based on fluorescent in situ hybridization and/or confocal laser scanning
microscopy, as well as newer approaches like scanning probe micros-
copies, spatially resolved spectroscopies and smart sensors are very
valuable for confirming presence of biofilms [69-71], although they
currently remain poorly-suited for use in routine diagnostic settings.
Alternative methods for detecting biofilms, including biosensors
[72-75] and microcalorimetry [76] are promising, but more validation
is required prior to clinical implementation. Continuing innovations in
(metagenomic) sequencing as well as in other omics-approaches have
translated to clinical microbiology (e.g. in the diagnosis of prosthetic
joint infections [77,78]) and they may provide additional ways to pro-
vide in-depth insights into the composition of the biofilm. An older but
recurring question pertains to the use of reference isolates (‘lab strains’),
rather than recent (clinical and/or environmental) isolates [79,80].
While the use of reference isolates in theory improves portability of data
(i.e. allows comparing data obtained in multiple labs) there may be
extensive diversity between ‘the same’ reference strain in different labs
(as for example shown for Pseudomonas aeruginosa PAO1 [81]) and
reference strains may not reflect the diversity found among recent
clinical isolates (as for example shown for Acinetobacter baumannii [82]).

The identified priority questions in this category are:

5.1 How can we develop rapid, non-invasive, in situ, point-of-use
detection methods, applicable across a range of sectors?
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5.2 How can we carry out direct in situ detection and characterization
of biofilms in patient samples?

5.3 Are there specific biomarkers for biofilms?

5.4 Can we identify biomarkers that allow accurate diagnosis and
monitoring of biofilm infections (e.g. to determine when it is safe
to stop antibiotic treatment)?

5.5 Can we predict which patients are more likely to develop
implant-associated infections?

5.6 The majority of biofilm data is generated using lab strains. How
do we translate this data if it is not carried out using clinically or
environmentally relevant strains?

5.7 Can we create improved methods for detection of biofilms and
monitoring of systems in inorganic/industrial settings (e.g.
deployable, accurate, sensitive biofilm/corrosion sensors)?

5.8 Can we detect the presence of a biofilm in real time?

5.9 How can we improve models and methods for characterization,
visualization and detection of biofilms: relevant (real world
context), standardized and accessible?

5.10 Can structures common to all biofilms be identified and used for
detection?

5.11 How can we identify the main microorganisms present in biofilms
in chronically infected sites in a reasonably short period of time
without the use of expensive and elaborate protocols?

5.12 There are many biofilm detection techniques based on physical,
chemical, microscopical, and biological aspects of the biofilm
formation; how should we combine this myriad of techniques in
order to create standard methods?

5.13 What revisions to standard tests and diagnostic methods are
needed to distinguish the biofilm phenotype from general bac-
terial presence, and in which sector is this most important?

3.6. Matrix, lipids, capsule, metabolism, development, physiology,
ecology, evolution, environment, microbiome, community engineering

One of the key properties of biofilm communities is that they are
embedded in a (at least partially) self-produced matrix consisting of a
wide range of extracellular polymeric substances (EPS) [3,83]. A wide
range of functions have been attributed to the biofilm matrix, and while
there are few studies on the in vivo role of the biofilm matrix, evidence is
accumulating that it is for example important for in vivo tolerance to
antimicrobial treatment [84,85]. The species composition of a biofilm
influences the matrix composition [86] but few tools are currently
available to study this in physiologically relevant conditions [87]. Mi-
crobial biofilms of course do not exist in isolation, and in vivo there will
be interactions with many other (micro)organisms [88] but much re-
mains to be learned about how these interactions co-determine structure
and function of biofilms. A specific set of interactions are these between
microbial biofilms on the one hand, and humans, animals and plants on
the other. These interactions play a crucial role in health and disease,
and form the basis for community engineering, yet remain to be fully
understood [89,90]. Compared to their planktonic counterparts,
biofilm-associated microorganisms often have different metabolic
properties (partly related to biofilm heterogeneity and the microenvi-
ronment), that can profoundly influence their properties [29,91-93],
although the exact contributions of many of these metabolic changes to
overall biofilm biology remain elusive [94]. Mutation rates and fre-
quency of horizontal gene transfer are typically higher in biofilms than
in planktonic populations, but most data in this context are derived from
in vitro studies and an in depth understanding of how evolutionary
processes shape biofilm biology is lacking [30]. Finally, microbial bio-
films are not the only three-dimensional multicellular structures that
form in nature, and similarities between biofilms and solid tumors have
been noticed but not explored in detail [95,96].

The identified priority questions in this category are:

Biofilm xxx (xxxx) xxx

6.1 How can we understand the mechanism of the interaction of
antibiotics with biofilms?

6.2 Is there any relationship between the biofilm matrix components
and the development of non-infectious diseases such as cancer,
neurological disorders or inflammatory diseases?

6.3 How does matrix alteration contribute to resilience of biofilms?

6.4 How do we develop better models to study host-microbiome
(biofilm) interactions, also beyond infection models?

6.5 Are there commonalities in the relationships between microbial
communities, their structure, function and their environment
that would allow for global predictions of complex biofilm
behaviors?

6.6 Can we distinguish structure/conformation/function of macro-
molecules (eRNA/eDNA/eProteins, etc.) that are intra-vs extra-
cellular (part of matrix)?

6.7 How do natural multi-species biofilm members alter the matrix
produced by the whole community?

6.8 How do we track spatial/temporal organization of matrix com-
ponents vs microorganisms in the biofilm?

6.9 What can we learn from the study of three-dimensional solid
cancers?

6.10 Which components or characteristics of biofilms are most widely
conserved between biofilms from different systems?

6.11 What is the lipidome of a biofilm? How it is different from the
lipidome of a planktonic microorganism? What are the dynamics
of the biofilm lipidome during a biofilm cycle?

6.12 What is the rate of genetic evolution in different types of biofilm?

6.13 Why is biofilm diversity (or fitness) in the natural environment so
different from the lab?

6.14 In mixed-species biofilms, how do the extracellular polymeric
substances (EPS) produced by each member contribute to the
biofilm matrix? Are different types of EPS (in)compatible to build
the biofilm matrix?

4. Concluding remarks

The success and relevance of priority questions exercises like the one
described here depends on two crucial factors. First of all, it needs to be
based on input from a diverse set of domain experts. While we managed
to achieve overall balance in terms of gender, geographical distribution
(although there is an underrepresentation of participants from the
Global South) and subdisciplines covered, it is clear we did not manage
to fully capture the input of people active in the field of biofilms outside
academia, and this is an important point of attention for the future.
Secondly, the selection and grouping of questions into meaningful
themes should be as unbiased as possible and lead to a manageable
number of questions grouped into broad clusters or themes that are
internally coherent. Using a hybrid approach of manual data curation by
experts and computer-driven groupings by experts, we believe we
accomplished this goal.

The 78 questions identified in this priority questions exercise high-
light the areas in which there are opportunities to go beyond the state-of-
the-art. They also highlight the barriers in translation and technology
development that need to be overcome in order to deliver benefit to
society. We hope these questions will stimulate (interdisciplinary) dis-
cussions among researchers in academia and industry, as well as policy
makers.

Finally, not all topics worthy of the label ‘priority’ may have been
addressed in the current list. In addition, priorities will change over time
with advances in science and changes to policies. While we believe the
priority questions identified in this exercise will remain valid in the near
future, it is clear that this is not a static document and that biofilm
research and policy priorities will need to be readdressed on a frequent
basis.



T. Coenye et al.
CRediT authorship contribution statement

Tom Coenye: Writing — original draft, Methodology, Investigation,
Formal analysis, Data curation, Conceptualization. Merja Ahonen:
Writing — review & editing, Methodology, Data curation, Conceptuali-
zation. Skip Anderson: Investigation, Data curation, Conceptualization.
Miguel Camara: Writing — review & editing, Data curation, Conceptu-
alization. Parvathi Chundi: Methodology, Formal analysis, Data cura-
tion, Conceptualization. Matthew Fields: Methodology, Formal
analysis, Data curation, Conceptualization. Ines Foidl: Writing — review
& editing, Project administration, Methodology, Data curation,
Conceptualization. Etienne Z. Gnimpieba: Methodology, Investigation,
Formal analysis, Data curation. Kristen Griffin: Project administration,
Methodology, Data curation, Conceptualization. Jamie Hinks: Data
curation, Conceptualization. Anup R. Loka: Methodology, Formal
analysis, Data curation, Conceptualization. Carol Lushbough: Meth-
odology, Investigation, Formal analysis, Data curation. Cait MacPhee:
Writing — review & editing, Data curation, Conceptualization. Natasha
Nater: Project administration, Methodology, Conceptualization. Ras-
mita Raval: Writing — review & editing, Data curation, Conceptualiza-
tion. Jo Slater-Jefferies: Writing — review & editing, Data curation,
Conceptualization. Pauline Teo: Project administration, Data curation,
Conceptualization. Sandra Wilks: Writing — review & editing, Data
curation, Conceptualization. Maria Yung: Data curation, Conceptuali-
zation. Jeremy S. Webb: Writing — review & editing, Writing — original
draft, Methodology, Formal analysis, Data curation, Conceptualization.

Declaration of competing interest

The authors declare the following financial interests/personal re-
lationships which may be considered as potential competing interests:

Given his role as Co-Editor in Chief, TOM COENYE had no involve-
ment in the peer review of this article and has no access to information
regarding its peer review. Full responsibility for the editorial process for
this article was delegated to BIRTHE KJELLERUP. If there are other
authors, they declare that they have no known competing financial in-
terests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability
No data was used for the research described in the article.
Acknowledgments

MC, IF, CM, NN, RR, JSJ and JSW acknowledge support received
from the BBSRC and Innovate UK, and funding from the National Bio-
films Innovation Centre (BB/X002950/1). We acknowledge the
continued support from the European Society of Clinical Microbiology
and Infectious Diseases (ESCMID) for the activities of the ESCMID Study
Group on Biofilms. TC acknowledges support received from Fonds
Wetenschappelijk Onderzoek — Vlaanderen (grant G066523 N) and
ESCMID (ESCMID Study Group Grant). MA acknowledges funding sup-
port from NextGenerationEU (Biofilm management in water systems
using hydrodynamic cavitation technology) and the Ministry of Educa-
tion and Culture in Finland (HEAL: Healthier life with the comprehen-
sive indoor hygiene concept; OKM/119/523/2021). EZG and CL were
supported by the National Science Foundation (NSF OIA-1920954) and
the National Institutes of Health (5P20GM103443-20). We thank Guy
Poppy, University of Southampton (UK), for contributing to the initial
concept of a priority question exercise for microbial biofilms, and pro-
fessor William Sutherland, University of Cambridge (UK), for discus-
sions and his his advice about carrying out the study

Biofilm xxx (xxxx) xxx
Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
0rg/10.1016/j.bioflm.2024.100210.

References

[1] Sauer K, et al. The biofilm life cycle: expanding the conceptual model of biofilm
formation. Nat Rev Microbiol 2022;20(10):608-20.

[2] Roder HL, et al. Unravelling interspecies interactions across heterogeneities in
complex biofilm communities. Environ Microbiol 2020;22(1):5-16.

[3] Flemming HC, et al. The biofilm matrix: multitasking in a shared space. Nat Rev
Microbiol 2023;21(2):70-86.

[4] Flemming HC, Wuertz S. Bacteria and archaea on Earth and their abundance in
biofilms. Nat Rev Microbiol 2019;17(4):247-60.

[5] Ciofu O, et al. Tolerance and resistance of microbial biofilms. Nat Rev Microbiol
2022;20(10):621-35.

[6] Xu D, Gu T, Lovley DR. Microbially mediated metal corrosion. Nat Rev Microbiol
2023.

[7] Qian PY, et al. Marine biofilms: diversity, interactions and biofouling. Nat Rev
Microbiol 2022;20(11):671-84.

[8] Cavicchioli R, et al. Scientists’ warning to humanity: microorganisms and climate
change. Nat Rev Microbiol 2019;17(9):569-86.

[9] Coenye T, et al. The future of biofilm research - report on the 2019 Biofilm Bash’.
Biofilms 2020;2:100012.

[10] Camara M, et al. Economic significance of biofilms: a multidisciplinary and cross-
sectoral challenge. NPJ biofilms and microbiomes 2022;8(1):42.

[11] Sutherland WJ, et al. The identification of 100 ecological questions of high policy
relevance in the UK. J Appl Ecol 2006;43(4):617-27.

[12] Seddon AWR, et al. Looking forward through the past: identification of 50 priority
research questions in palaeoecology. J Ecol 2013;102(1):256-67.

[13] Antwis RE, et al. Fifty important research questions in microbial ecology. FEMS
Microbiol Ecol 2017;93(5).

[14] Bar-On YM, Phillips R, Milo R. The biomass distribution on Earth. Proc Natl Acad
Sci USA 2018;115(25):6506-11.

[15] Net Zero Strategy: Build Back Greener. Available from: https://assets.publishing.
service.gov.uk/government/uploads/system/uploads/attachment_data/file/
1033990/net-zero-strategy-beis.pdf.

[16] 25 Year Environment Plan. Available from:: https://www.gov.uk/government/
publications/25-year-environment-plan.

[17] The Economics of Biodiversity: The Dasgupta Review. Available from: https:
//www.gov.uk/government/publications/final-report-the-economics-of-bio
diversity-the-dasgupta-review.

[18] Jansson JK, Hofmockel KS. Soil microbiomes and climate change. Nat Rev
Microbiol 2020;18(1):35-46.

[19] Naylor D, et al. Soil microbiomes under climate change and implications for carbon
cycling. Annu Rev Environ Resour 2020;45(1):29-59. 45.

[20] Little BJ, et al. Microbially influenced corrosion—any progress? Corrosion Sci
2020;170.

[21] Lahme S, et al. Severe corrosion of carbon steel in oil field produced water can Be
linked to methanogenic archaea containing a special type of [NiFe] hydrogenase.
Appl Environ Microbiol 2021;87(3).

[22] Toepel J, et al. Photosynthesis driven continuous hydrogen production by
diazotrophic cyanobacteria in high cell density capillary photobiofilm reactors.
Bioresour Technol 2023;373:128703.

[23] Bozan M, Schmid A, Buhler K. Evaluation of self-sustaining cyanobacterial biofilms
for technical applications. Biofilms 2022;4:100073.

[24] Thomsen K, et al. Immune response to biofilm growing pulmonary Pseudomonas
aeruginosa infection. Biomedicines 2022;10(9).

[25] de Vor L, Rooijakkers SHM, van Strijp JAG. Staphylococci evade the innate
immune response by disarming neutrophils and forming biofilms. FEBS Lett 2020;
594(16):2556-69.

[26] Jensen PO, et al. The immune system vs. Pseudomonas aeruginosa biofilms. FEMS
Immunol Med Microbiol 2010;59(3):292-305.

[27] Harro JM, et al. Vaccine development in Staphylococcus aureus: taking the biofilm
phenotype into consideration. FEMS Immunol Med Microbiol 2010;59(3):306-23.

[28] Van Acker H, Van Dijck P, Coenye T. Molecular mechanisms of antimicrobial
tolerance and resistance in bacterial and fungal biofilms. Trends Microbiol 2014;22
(6):326-33.

[29] Crabbe A, et al. Antimicrobial tolerance and metabolic adaptations in microbial
biofilms. Trends Microbiol 2019;27(10):850-63.

[30] Coenye T, Bove M, Bjarnsholt T. Biofilm antimicrobial susceptibility through an
experimental evolutionary lens. NPJ biofilms and microbiomes 2022;8(1):82.

[31] Brauner A, et al. Distinguishing between resistance, tolerance and persistence to
antibiotic treatment. Nat Rev Microbiol 2016;14(5):320-30.

[32] Balaban NQ, et al. Definitions and guidelines for research on antibiotic persistence.
Nat Rev Microbiol 2019;17(7):441-8.

[33] Drevinek P, et al. New concepts in antimicrobial resistance in cystic fibrosis
respiratory infections. J Cyst Fibros : official journal of the European Cystic Fibrosis
Society 2022;21(6):937-45.

[34] Hall-Stoodley L, et al. Towards diagnostic guidelines for biofilm-associated
infections. FEMS Immunol Med Microbiol 2012;65(2):127-45.


https://doi.org/10.1016/j.bioflm.2024.100210
https://doi.org/10.1016/j.bioflm.2024.100210
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref1
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref1
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref2
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref2
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref3
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref3
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref4
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref4
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref5
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref5
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref6
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref6
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref7
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref7
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref8
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref8
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref9
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref9
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref10
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref10
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref11
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref11
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref12
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref12
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref13
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref13
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref14
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref14
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1033990/net-zero-strategy-beis.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1033990/net-zero-strategy-beis.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1033990/net-zero-strategy-beis.pdf
https://www.gov.uk/government/publications/25-year-environment-plan
https://www.gov.uk/government/publications/25-year-environment-plan
https://www.gov.uk/government/publications/final-report-the-economics-of-biodiversity-the-dasgupta-review
https://www.gov.uk/government/publications/final-report-the-economics-of-biodiversity-the-dasgupta-review
https://www.gov.uk/government/publications/final-report-the-economics-of-biodiversity-the-dasgupta-review
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref18
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref18
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref19
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref19
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref20
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref20
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref21
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref21
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref21
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref22
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref22
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref22
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref23
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref23
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref24
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref24
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref25
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref25
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref25
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref26
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref26
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref27
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref27
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref28
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref28
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref28
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref29
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref29
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref30
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref30
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref31
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref31
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref32
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref32
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref33
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref33
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref33
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref34
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref34

T. Coenye et al.

[35]

[36]

[37]

[38]

[39]

[40]
[41]

[42]
[43]
[44]
[45]
[46]
[47]
[48]
[49]
[50]

[51]

[52]

[53]
[54]
[55]
[56]
[571
[58]
[59]

[60]

[61]
[62]
[63]

[64]

[65]
[66]

[67]

Hoiby N, et al. ESCMID guideline for the diagnosis and treatment of biofilm
infections 2014. Clin Microbiol Infection : the official publication of the European
Society of Clinical Microbiology and Infectious Diseases 2015;21(Suppl 1):S1-25.
Macia MD, Rojo-Molinero E, Oliver A. Antimicrobial susceptibility testing in
biofilm-growing bacteria. Clin Microbiol Infection : the official publication of the
European Society of Clinical Microbiology and Infectious Diseases 2014;20(10):
981-90.

Coenye T, et al. Should standardized susceptibility testing for microbial biofilms be
introduced in clinical practice? Clin Microbiol Infection : the official publication of
the European Society of Clinical Microbiology and Infectious Diseases 2018;24(6):
570-2.

Smith S, et al. Standard versus biofilm antimicrobial susceptibility testing to guide
antibiotic therapy in cystic fibrosis. Cochrane Database Syst Rev 2020;6(6):
CD009528.

Coenye T. Biofilm antimicrobial susceptibility testing: where are we and where
could we be going? Clin Microbiol Rev 2023;36(4):e0002423.

Bjarnsholt T, et al. The in vivo biofilm. Trends Microbiol 2013;21(9):466-74.
Wolcott RD, et al. Chronic wounds and the medical biofilm paradigm. J Wound
Care 2010;19(2):45-6. 48-50, 52-46.

Coenye T, Nelis HJ. In vitro and in vivo model systems to study microbial biofilm
formation. J Microbiol Methods 2010;83(2):89-105.

Azeredo J, et al. Critical review on biofilm methods. Crit Rev Microbiol 2017;43
(3):313-51.

Gomes IB, et al. Standardized reactors for the study of medical biofilms: a review of
the principles and latest modifications. Crit Rev Biotechnol 2018;38(5):657-70.
Vyas HKN, Xia B, Mai-Prochnow A. Clinically relevant in vitro biofilm models: a
need to mimic and recapitulate the host environment. Biofilms 2022;4:100069.
Brackman G, Coenye T. In vitro and in vivo biofilm wound models and their
application. Adv Exp Med Biol 2016;897:15-32.

Thaarup IC, Bjarnsholt T. Current in vitro biofilm-infected chronic wound models
for developing new treatment possibilities. Adv Wound Care 2021;10(2):91-102.
Maslova E, et al. Burns and biofilms: priority pathogens and in vivo models. NPJ
biofilms and microbiomes 2021;7(1):73.

Swimberghe RCD, et al. Biofilm model systems for root canal disinfection: a
literature review. Int Endod J 2019;52(5):604-28.

Maske TT, et al. In vitro biofilm models to study dental caries: a systematic review.
Biofouling 2017;33(8):661-75.

Cornforth DM, et al. Quantitative framework for model evaluation in microbiology
research using Pseudomonas aeruginosa and cystic fibrosis infection as a test case.
mBio 2020;11(1).

Malone M, et al. Approaches to biofilm-associated infections: the need for
standardized and relevant biofilm methods for clinical applications. Expert Rev
Anti-infect Ther 2017;15(2):147-56.

Goeres DM, et al. Development, standardization, and validation of a biofilm
efficacy test: the single tube method. J Microbiol Methods 2019;165:105694.
Allkja J, et al. Interlaboratory study for the evaluation of three microtiter plate-
based biofilm quantification methods. Sci Rep 2021;11(1):13779.

Azevedo NF, Allkja J, Goeres DM. Biofilms vs. cities and humans vs. aliens - a tale
of reproducibility in biofilms. Trends Microbiol 2021;29(12):1062-71.

Wade SA, et al. The role of standards in biofilm research and industry innovation.
Int Biodeterior Biodegrad 2023:177.

Rumbaugh KP. How well are we translating biofilm research from bench-side to
bedside? Biofilms 2020;2:100028.

Highmore CJ, et al. Translational challenges and opportunities in biofilm science: a
BRIEF for the future. NPJ biofilms and microbiomes 2022;8(1):68.

Fields MW, Sturman P, Anderson S. The establishment of the CBE launched
biofilms as a field of specialized research. Biofilms 2020;2:100020.

Pincott H, et al. Building blocks of biofilms - an engaging and hands-on
microbiology outreach activity for school children and the general public. Access
microbiology 2023;5(2).

Rice SA, et al. The biofilm life cycle and virulence of Pseudomonas aeruginosa are
dependent on a filamentous prophage. ISME J 2009;3(3):271-82.

Bach MS, et al. Filamentous bacteriophage delays healing of Pseudomonas-infected
wounds. Cell reports. Medicine 2022;3(6):100656.

Santos SB, et al. Exploiting bacteriophage proteomes: the hidden biotechnological
potential. Trends Biotechnol 2018;36(9):966-84.

Meneses L, et al. A systematic review of the use of bacteriophages for in vitro
biofilm control. Eur J Clin Microbiol Infect Dis : official publication of the
European Society of Clinical Microbiology 2023;42(8):919-28.

Marsh PD. Sickness and in health-what does the oral microbiome mean to us? An
ecological perspective. Adv Dent Res 2018;29(1):60-5.

Almeida A, et al. A new genomic blueprint of the human gut microbiota. Nature
2019;568(7753):499-504.

Microbiome Strategic Roadmap. Available from:: https://iuk.ktn-uk.org/wp-con
tent/uploads/2021/02/Microbiome_Strategic_ Roadmap_FINAL.pdf.

[68]

[69]

[70]
[71]
[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]
[80]
[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]
[89]
[90]
[91]

[92]

[93]

[94]

[95]

[96]

Biofilm xxx (xxxx) xxx

Stewart PS, Bjarnsholt T. Risk factors for chronic biofilm-related infection
associated with implanted medical devices. Clin Microbiol Infection : the official
publication of the European Society of Clinical Microbiology and Infectious
Diseases 2020;26(8):1034-8.

Oliveira R, Almeida C, Azevedo NF. Detection of microorganisms by fluorescence
in situ hybridization using peptide nucleic acid. Methods Mol Biol 2020;2105:
217-30.

Wagner M, Horn H. Optical coherence tomography in biofilm research: a
comprehensive review. Biotechnol Bioeng 2017;114(7):1386-402.

Dufrene YF. Sticky microbes: forces in microbial cell adhesion. Trends Microbiol
2015;23(6):376-82.

Funari R, Shen AQ. Detection and characterization of bacterial biofilms and
biofilm-based sensors. ACS Sens 2022;7(2):347-57.

Pu H, et al. Optical nanosensors for biofilm detection in the food industry:
principles, applications and challenges. Crit Rev Food Sci Nutr 2021;61(13):
2107-24.

Subramanian S, et al. Microsystems for biofilm characterization and sensing - a
review. Biofilms 2020;2:100015.

Susarrey-Arce A, et al. Pattern Formation by Staphylococcus epidermidis via
droplet evaporation on micropillars arrays at a surface. Langmuir 2016;32(28):
7159-69.

Cichos KH, et al. Isothermal microcalorimetry improves the time to diagnosis of
fracture-related infection compared with conventional tissue cultures. Clin Orthop
Relat Res 2022;480(8):1463-73.

Indelli PF, et al. Next generation sequencing for pathogen detection in
periprosthetic joint infections. EFORT open reviews 2021;6(4):236-44.

Cichos KH, Ruark RJ, Ghanem ES. Isothermal microcalorimetry improves accuracy
and time to bacterial detection of periprosthetic joint infection after total joint
arthroplasty. J Clin Microbiol 2023;61(12):e0089323.

Fux CA, et al. Can laboratory reference strains mirror "real-world" pathogenesis?
Trends Microbiol 2005;13(2):58-63.

Grace A, et al. Pseudomonas aeruginosa reference strains PAO1 and PA14: a
genomic, phenotypic, and therapeutic review. Front Microbiol 2022;13:1023523.
Chandler CE, et al. Genomic and phenotypic diversity among ten laboratory
isolates of Pseudomonas aeruginosa PAO1. J Bacteriol 2019;201(5).

Valcek A, et al. Phenotypic characterization and heterogeneity among modern
clinical isolates of acinetobacter baumannii. Microbiol Spectr 2023;11(1):
e0306122.

Karygianni L, et al. Biofilm matrixome: extracellular components in structured
microbial communities. Trends Microbiol 2020;28(8):668-81.

Jennings LK, et al. Pseudomonas aeruginosa aggregates in cystic fibrosis sputum
produce exopolysaccharides that likely impede current therapies. Cell Rep 2021;34
(8):108782.

Doroshenko N, et al. Extracellular DNA impedes the transport of vancomycin in
Staphylococcus epidermidis biofilms preexposed to subinhibitory concentrations of
vancomycin. Antimicrob Agents Chemother 2014;58(12):7273-82.

Dong J, et al. The coexistence of bacterial species restructures biofilm architecture
and increases tolerance to antimicrobial agents. Microbiol Spectr 2023;11(2):
e0358122.

Neu TR, Kuhlicke U. Matrix glycoconjugate characterization in multispecies
biofilms and bioaggregates from the environment by means of fluorescently-
labeled lectins. Front Microbiol 2022;13:940280.

Sadiq FA, et al. Trans-kingdom interactions in mixed biofilm communities. FEMS
Microbiol Rev 2022;46(5).

Gilbert JA, et al. Current understanding of the human microbiome. Nat Med 2018;
24(4):392-400.

Chepsergon J, Moleleki LN. Rhizosphere bacterial interactions and impact on plant
health. Curr Opin Microbiol 2023;73:102297.

Stewart PS, Franklin MJ. Physiological heterogeneity in biofilms. Nat Rev
Microbiol 2008;6(3):199-210.

Povolotsky TL, Keren-Paz A, Kolodkin-Gal I. Metabolic microenvironments drive
microbial differentiation and antibiotic resistance. Trends Genet : TIG (Trends
Genet) 2021;37(1):4-8.

Bjarnsholt T, et al. The importance of understanding the infectious
microenvironment. Lancet Infect Dis 2022;22(3):e88-92.

Stewart PS, et al. Search for a shared genetic or biochemical basis for biofilm
tolerance to antibiotics across bacterial species. Antimicrob Agents Chemother
2022;66(4):e0002122.

Erez A, Kolodkin-Gal I. From prokaryotes to cancer: glutamine flux in multicellular
units. Trends in endocrinology and metabolism: TEM (Trends Endocrinol Metab)
2017;28(9):637-44.

Espinosa-Urgel M. Multicellularity, neoplasias and biofilms. Res Microbiol 2009;
160(1):85-6.


http://refhub.elsevier.com/S2590-2075(24)00035-2/sref35
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref35
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref35
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref36
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref36
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref36
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref36
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref37
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref37
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref37
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref37
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref38
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref38
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref38
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref39
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref39
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref40
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref41
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref41
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref42
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref42
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref43
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref43
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref44
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref44
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref45
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref45
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref46
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref46
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref47
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref47
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref48
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref48
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref49
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref49
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref50
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref50
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref51
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref51
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref51
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref52
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref52
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref52
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref53
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref53
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref54
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref54
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref55
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref55
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref56
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref56
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref57
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref57
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref58
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref58
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref59
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref59
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref60
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref60
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref60
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref61
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref61
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref62
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref62
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref63
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref63
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref64
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref64
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref64
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref65
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref65
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref66
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref66
https://iuk.ktn-uk.org/wp-content/uploads/2021/02/Microbiome_Strategic_Roadmap_FINAL.pdf
https://iuk.ktn-uk.org/wp-content/uploads/2021/02/Microbiome_Strategic_Roadmap_FINAL.pdf
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref68
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref68
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref68
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref68
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref69
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref69
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref69
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref70
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref70
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref71
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref71
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref72
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref72
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref73
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref73
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref73
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref74
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref74
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref75
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref75
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref75
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref76
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref76
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref76
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref77
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref77
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref78
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref78
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref78
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref79
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref79
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref80
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref80
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref81
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref81
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref82
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref82
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref82
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref83
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref83
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref84
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref84
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref84
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref85
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref85
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref85
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref86
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref86
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref86
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref87
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref87
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref87
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref88
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref88
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref89
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref89
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref90
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref90
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref91
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref91
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref92
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref92
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref92
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref93
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref93
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref94
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref94
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref94
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref95
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref95
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref95
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref96
http://refhub.elsevier.com/S2590-2075(24)00035-2/sref96

	Global challenges and microbial biofilms: Identification of priority questions in biofilm research, innovation and policy
	1 Introduction
	2 Methods
	2.1 Background
	2.2 Set up of the submission form and invitation of participants
	2.3 Sorting of submissions

	3 Results
	3.1 Biofilm control, disruption, prevention, management, treatment
	3.2 Resistance, persistence, tolerance, role of aggregation, immune interaction, relevance to infection
	3.3 Model systems, standards, regulatory issues, policy education, interdisciplinary approaches
	3.4 Polymicrobial, interactions, ecology, microbiome, phage
	3.5 Clinical focus, chronic infection, detection, diagnostics
	3.6 Matrix, lipids, capsule, metabolism, development, physiology, ecology, evolution, environment, microbiome, community en ...

	4 Concluding remarks
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgments
	Appendix A Supplementary data
	References


