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Online biofilm monitoring is missing in technical systems: how
to build stronger case-studies?
Ana Pereira 1,2✉ and Luis F. Melo 1,2

Using physical tools to assess online, real-time, continuous information about biofilms in technical water systems is a key
component of an early-warning antifouling strategy. However, online biofilm monitoring is not yet relevant in real-field practice, nor
in lab studies. In this review we analyse online biofilm monitoring from an academic perspective to provide insights on what
science can improve to bring it to the spotlight of biofouling management and prevention. We argue the need to involve a broader
community of biofilm researchers on the use of online monitoring to deepen biofilm studies (e.g. linking biofilm features, dynamics
and operational impact) as well as the need for more, and better detailed studies. This will, consequently, reinforce the added value
of biofilm monitoring as part of an early-warning antifouling strategy while bridging the techniques’ potential to the real-field
needs. Finally, we propose a framework to improve laboratorial and field studies.
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INTRODUCTION
The question of how to tackle unwanted biofilms in technical
water systems, like heat exchangers, ultrafiltration or reverse
osmosis systems, has been addressed by Flemming and Melo
(1995)1, following the discussion held at the ‘unwanted biofilms
workshop’. The authors highlighted the need for ‘an exhaustive
literature review about biofilm detection and monitoring meth-
ods, discussing their merits and limits, and the development of
techniques which allow the monitoring of biofilm growth in-situ,
online, automatically and in real time’ and the need ‘to develop
concepts for advanced antifouling strategies’. It was also
recognized that biofilm detection should be taken as a step
forward to overcome limitations and costs associated with biofilm
assessment through conventional indirect indicators.
Two decades after this challenge, interesting reviews have been

written2–4 but there is still a huge gap between the potential of
physical sensors, their added-value to antifouling approaches and
their effective implementation in real-field systems5,6. The number
of papers found for ‘online biofilm monitoring’ shows that this
specific area of biofilm research has not gathered much attention
from the biofilm scientific community. As discussed in section
'Online Biofilm Monitoring Overview’, most techniques were just
reported twice or three times, without follow up applications.
Most papers fail to provide enough level of details (e.g., probe
surface area or the effect of interferents) regarding the monitoring
techniques and the experimental approaches, to allow proper
research advances or to provide historical accumulated data that
contribute to effective progress of the state-of-the-art.
As scientists, we need to demonstrate and convince our peers

and industry of the added value of online biofilm monitoring.
Probably we must step back and start reinforcing the potential of
these tools in biofilm research (lab focus), to deepen biofilms
studies, and to better understand the relation between biofilm
features and their operational impact. For that, more and better
detailed lab and field case-studies are needed. By analysing the
successful pathway accomplished by the Membrane Fouling

Simulator7—a monitoring system that assesses biofouling across
spiral wound membranes—we propose a framework to improve
online biofilm monitoring related studies. Although detailed
technical aspects of the monitoring systems are not discussed
here, the reader can obtain this information from the extensive list
of relevant publications suggested in the present paper. The
review overview is schematically shown in Fig. 1.

SETTING-UP EXPECTATIONS—CHALLENGES OF ONLINE
BIOFILM MONITORING
The function-driven role of online biofilm monitoring
Biofilms in technical water systems are complex ecosystems that
entrap a miscellany of components beyond microorganisms and
EPS (Extracellular Polymeric Substances)8,9. These ecosystems are
the result of local conditions (e.g. hydrodynamics, surface
materials, temperature, local chemistry) making biofilms’ structure
and dynamics heterogeneous10 in time and space.
Biofilm monitoring has a function-driven role11, related to: (a)

the meaning of the change in biofilm attribute(s)—what is
happening with the biofilm? and (b) the interpretation of what
does that variation mean under an operational perspective.
According to Lewandowsky12, if biofilms are considered agents
of certain activities, biofilm function is the (operational) result of
the biofilm action. For example, the accumulation of biofilm on
reverse osmosis or ultrafiltration systems might have different
functions: increase energy consumption, reduction of permeate
quantity, decrease of water quality, shorter membranes’ lifetime.
Biofouling (the operational negative impact of biofilms in

technical systems13) is thus a consequence of the place where
biofilms occur and of the biofilms’ properties. It is only above a
certain level13—the so-called ‘threshold of interference’ - that
biofilms become an operational problem.
It is interesting to note that across literature ‘biofilm monitoring’

and ‘biofouling monitoring’ are used interchangeably. This is
probably because biofouling definition is also function-driven.
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Physical Sensors—analysing the interference caused by the
biofilm in the input signal
Biofilm monitoring can be accomplished in different ways14,15,
such as: (a) directly assessing parts of the system and sampling/
removing biofilms (via for example swabbing or scratching); (b)
implementation of coupons on representative sites that are
periodically removed for laboratorial analysis; (c) installation of in-
situ physical sensors that provide online, real-time, and non-
destructively information about the deposits attached to a given
surface. Gathering results in options (a) and (b) is time-consuming,
information is retrospective regarding the sample collection, and it
refers to a discrete monitoring process as biofilm evaluation just
occurs from time-to-time. Only option (c) fits into an antifouling
integrated monitoring perspective, that relies on early-warning
information about the biofilm formation potential and its removal.
Monitoring is based on the identification of the interference

caused by the biofilm on an input signal2—schematically
represented in Fig. 2. It usually encompasses the following steps:
(1) emission of an input signal in the direction of the surface under
investigation (where the biofilm builds-up); (2) the presence of
biofilm changes the characteristic(s) of the input signal into an
output signal; (3) detection and measurement of the signal shifts
via signal processing and analysis; (4) translation of the measured
physical quantities [e.g. voltage shifts] into biofilm properties. The
approaches to address point (4) are further discussed in section’
Strategies to validate the output provided by the sensors’.
Putting a monitoring system together is, in a larger extent,

about choosing the right set of conditions (excitation signal,
sensor, physical configuration) that maximizes the signal proper-
ty(ies) to better ‘describe’ the interference caused by the biofilm,
minimizing the interference from external factors. It is also about
finding out how changes in the signal property(ies) are related
with the biofilm characteristics16.

Terminology
Associated with biofilm monitoring, often comes a panoply of
designations like: online, in-situ, non-destructive, real-time, etc
that aim to contextualize how the measurement/biofilm analysis is

performed. Literature seems to point-out towards a common
understanding of these terminologies, yet a clear definition is not
easily found. For clarification purposes the following definitions
are considered:

1. Where is the monitoring system installed? In-line—the
monitoring tools are directly placed at the core of the
process to be monitored (e.g. at a water circuit pipeline); By-
pass/side-stream—monitoring probes are placed in a by-
pass piping constantly fed with bulk water from the main
water system; Non-intrusive/ non-invasive—the deposit
does not build-up directly on the monitoring probe; the
probe is placed externally to the monitored surface (can be
in-line or in by-pass).

2. Where is the biofilm sample analysed? In-situ—the mea-
surement is performed at the place of interest (in-situ is the
Latin word for ‘in place’); Off-line—samples are taken from
the place of interest and biofilm is analysed externally.

3. Which is the time-rate of the measurements? Continuously
—measurement is accomplished over time in a way that it
can detect changes within a small timespan; Discrete—
measurement occurs from time-to-time (discretely in time).

4. What happens to the biofilm sample? Non-destructively—
measurement is performed without destroying the biofilm
sample; Destructively—biofilm samples are destroyed dur-
ing the analysis.

5. How is the measurement information accessed? Online—
immediate access to measured information via computer-
based protocols (intrinsically related to an in-situ, contin-
uous, real-time measurement); Real-time—output informa-
tion is immediately generated as measurement happens;
Retrospective—the results are accessed with a delay
regarding the measurement.

The definition proposed herein regarding ‘online’ does not fit
the ones that are proposed in other industrial practices. For
example, the pharmaceutical industry classifications for the
Process Analytical Technology—an approach to operationalize
product quality management practices by monitoring critical
process parameters17—defines online methods equivalently to

Fig. 1 Approach undertaken to accomplish this review work. (1) Setting-up expectations for online biofilm monitoring towards its function-
driven role and terminology definition. (2) Overview of the 'online biofilm monitoring' tools industrially validated and identification of main
drawbacks. (3) Proposal of a framework to build stronger case studies to narrow the gap between sensors' scientific development and its
industrial validation.
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our former definition of by-pass. In pharmaceutical processes or
even the oil industry17, the monitoring focus is on the bulk fluid.
However, in biofilm monitoring the concern is with the surface
where the biofilm builds-up. Additionally, the biofilm character-
istics are the direct result of the bulk water taken from the main
process, but also depend on the by-pass local conditions where
the online measurement occurs5. As so, looking into biofilm
monitoring related literature, it seems that ‘online’ is used to make
a point that a physical sensor is used, and that information is
accessed simultaneously with measurement (suggesting a
computer-based acquisition process). For example, the work
describing the fibre optical sensor (FOS)18 states that the sensor
head was installed directly at the piping system (according to our
definition: in-line) providing an ‘in-situ, online, in real-time and
non-destructively’ information about the deposit.
Each time these terms are used it is important to clearly

mention what they are referring to. For example, according to
Donlan, R.19, real-time monitors are the ones that allow the
‘installation and removal of test substrata from the device’. Our
understanding, on the contrary, is that real-time monitors provide
output information immediately as the measurement happens,
without the need to remove the test substrata.

ONLINE BIOFILM MONITORING OVERVIEW
To briefly overview the ‘online biofilm monitoring’ field of study
over time, the following keywords were used at the SCOPUS
search engine: ‘biofouling OR biofilm’ AND ‘monitoring OR
monitor’ AND ‘online OR on-line’. Figure 3 shows the refined
retrieved number of documents per year that fulfilled the search
criteria. This refined number of documents was obtained after
eliminating the references that were out of the scope of the
present papers, based on the title and/ or abstract text.
Data shown in Fig. 3 (list of publications provided in

Supplementary Table 1) suggest that ‘online biofouling monitor-
ing’ is not a field that gathers much attention from the scientific
community. In the last decade less than 40 publications have been
retrieved in this search (corresponding to an average of 2–3
papers per year), which does not follow the increasing importance
of biofilm research area20,21. The techniques discussed in the
following sections are not restricted to the ones listed in
Supplementary Table 1 as they include other monitoring tools

that were found through other search databases, in reference
literature2 or on the internet.
It is important to highlight that a comparison and technical

details about the different methods for monitoring biofilm
formation are out of the scope of the present review, which is
more focused on the programmatic (strategic planning) issues. For
that, the following literature should be addressed: Janknecht and
Melo2, Flemming4, Nivens et al.3, or Polman et al.22.

Scope of biofilm monitoring testing
Monitoring techniques fall in one of two scopes of testing: (a) tools
that were only evaluated in lab studies (not tested/ feasible for
industrial use); (b) tools industrially validated. Tools included in (b),
in principle, can also be used for laboratorial studies purposes.

Tools only validated in laboratory applications. Many tools
considered in Fig. 3 are suitable for biofilm lab studies, but due
to their sophisticated instrumentation, complex technical

Fig. 2 The monitoring principle schematic representation. The process included the: (1) emission of an input signal; (2) the interference of
the biofilm on the input signal (into the outputs signal); (3) output signal measurement; (4) translation of the signal shifts into a biofilm
property.

Fig. 3 Number of published papers per year retrieved from
Scopus search engine when using the following keywords
restrictions: (Online OR On-line) AND (Biofouling OR Biofilm) AND
(Monitoring OR Monitor). The list of references considered (after
eliminating the publications that were out of the scope of the
present paper, through abstract and/or title analysis) is available in
Supplementary Table 1.
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operation and data interpretation are not friendly for industrial
usage. This is not surprising as laboratorial biofilm research also
needs online and real-time tools to deepen biofilm studies23 and it
is very likely that the initial validation of techniques starts under
controlled laboratorial conditions. Some examples are the Quartz
Crystal Microbalance3,24,25 (QCM), that measures the changes in
the resonant frequency of a piezoelectric quartz probe or the
Photoacoustic Spectroscopy26–28 (PAS) that takes advantage of
the absorbed electromagnetic radiation inside the sample. A
detailed overview of online monitoring tools validated in
laboratory might also consider techniques like the Isothermal
microcalorimetry29, the Surface Acoustic Wave30 or time-invariant
heat transfer31, whose advantages and disadvantages have been
discussed by Wieland et al.32.
There are several sensors that showed potential for online

biofilm monitoring under laboratorial conditions and that claim
suitability for future implementation in field systems, although
there are no reports yet on their application to industrial
situations. The Microwave Sensor33 (based on electromagnetic
waves) detects early-stage biofilms, with focus on biofouling and
corrosion prevention and biocides dosage optimization. Ultra-
sound techniques were found to provide online and non-
intrusively information about the biofilm quantification34 and
the use of wave pulse echo seems to be suitable for biofouling
control in industrial applications35. It is important to highlight the
works using UTDR (Ultrasonic Time Domain Reflectometry) in
reverse osmosis modules36,37. Although most UTDR works address
inorganic fouling, the technique adaptation37 to ‘canary cell’
showed promising results for non-invasive real-time detection of
biofouling in high pressure membrane processes, and for biofilm
monitoring in wastewater applications38.
Boukazia et al.39 applied differential thermal measurements (hot

wire method) to assess online and in-situ, the thickness and nature
of the attached deposits. The spectrophotometric system (BioS-
pec)40 was found to detect, in-situ, in real-time, continuously, and
non-destructively changes in biomass and metabolic activity. The
technique is intended for biofilm fundamental research studies
(lab application) and to address mass-function relations. The use
of electrochemical impedance spectroscopy41 (EIS) to monitor
biofilm dynamics showed to be a promising approach for
industrial applications to assess the biofilm build-up potential
and efficacy in disinfection programs.

Tools validated in industrial applications. Table 1 provides the list
of tools that match the following criteria: (a) provide online, real-
time, non-destructive information about the attached deposit; and
(b) industrially tested devices. For each monitoring tool, the table
includes the information provided by the sensor, the independent
method(s) used to assess the biofilm characteristics and the
industrial field where the tool has been validated. The references
encompass the field tests and lab studies for each technique
under consideration.
The criteria used in ‘Biofilm Thickness’ was based on Flemming

et al.14 who proposed a rough classification of biofilms based on
their thickness: thin (<10 µm), medium-thick (10–200 µm) or thick
(>200 µm).
Tools, physical principles, and stages of biofilm development:

Online biofilm monitoring sensors tested in industrial studies rely
upon three main underlying physical methods: optical, vibration
or electrochemical measurements.
Optical-based techniques take advantage of the interference

caused by the deposit formation in the light/optical signals. The
effect of the biofilm on the optical signals can be examined under
distinct approaches42, including: scattering (FOS), attenuation
(Optical Fiber Sensor), absorption/transmission (BioDart), reflec-
tion, photoacoustic, or the combination of several of approaches
(OPTIQUAD, ROHNE OptosensGmbH, Neuss, Germany).

Optical sensors cover a wider biofilm development range, from
thin to thicker biofilms. For example, the FOS18 has been tested in
the water system of a brewery to assess the impact that the
deposits build-up/removal have on the backscattered light
intensity. It can measure between 105 and 107 CFU/cm2 but it is
not suitable for biofilms thicker than 7 µm43. The OPTIQUAD
(commercialized by KROHNE Optosens GmbH) was evaluated in a
drinking water pilot testing unit15. The probe can simultaneously
measure light fluorescence, refraction, transmission and scatter-
ing. It is able to distinguish biotic from abiotic deposits and the
accumulation of biofilm regarding the proteins and biological
activity, within a thickness range of 1–50 µm15. Another commer-
cially available sensor is the BioDART (Chemaqua, United States)
which assesses continuously the reduction in light transmittance
as deposits form within a narrow lumen detector tube. This
configuration amplifies the biofilm growth, and the overall BFI
(Biofouling Index) is correlated with the biofilm quantity44.
BioDART is suitable to detect biofilm thicknesses between 20
and 120 µm44.
The Differential Turbidity Measurement45 (DTM) takes advan-

tage of the difference between the comparative turbidity
measured in continuously cleaned and non-cleaned optical
windows of the sensor. Although a clear indication about the
thickness measurement range was not found, the DTM should be
able to measure thicker biofilms14. The Optical Fiber Sensor46 was
also found to be suitable for thick biofilms (<1000 µm) by
exploiting evanescent field attenuation through refractive index,
absorption, and scattering modulation.
Vibration techniques take advantage of the echos generated in

response to mechanical stimulations2. Such response changes as
deposits starts to build-up/detach from the monitored surface.
Vibration tools can assess deposits dynamics from larger surface
areas and thus minimizing biasing problems associated to biofilm
heterogeneity. The vibration techniques described in Table 1,
depending on the frequency range they use, can be classified into:
ultrasound (e.g., OnGuard) or low-frequency acoustic technique
(e.g., MSS/DSS). The OnGuardTM 3B Analyzer47 (commercialized by
Solenis) performs the ultrasonic measurement on a heated
surface, enabling a detection based on two parameters: heat
transfer reduction and the travel time decrease of the ultrasonic
wave. Such combination follows the build-up/removal of the
attached deposits (thicknesses: 20–120 µm) and provides informa-
tion about the predominant nature of the attached deposits48

(soft—organic/biological or hard—scaling). The MSS49,50 takes
advantage of the effect that the mass/density of the attached
layer has on the vibration properties of the wave that is
propagated along the monitored surface. This technique is
suitable for biofilm thicknesses between 10 and 1000 µm. It was
successfully evaluated in by-pass of a cooling water system as an
early-warning indicator of biofilm (or other deposits) build-up/
removal. It can distinguish soft from hard layers.
Electrochemical techniques are reported in several references in

Supplementary Table 1, even though most publications have been
presented in Conference Proceedings—not easily available to the
research community. Electrochemical tools take advantage of the
effect that biofilm components (organic and inorganic substances
and microorganisms’ metabolic activity) have on the electro-
chemical characteristics51. Given the specificity and nature of the
interactions, these techniques are suitable to monitor the initial
stage of biofilm development51,52. The measurement is usually
accomplished with two or more electrodes of different materials
immersed in the bulk fluid. There are several approaches to assess
information of early-stages biofilm formation, including cathodic
depolarisation—the underlying measuring principle behind the
probes BioGeorge53–55, BIOX56,57, and Alvim Sensor58,59. The three
tools are products of the same research activity52, and all have
been tested in by-pass of cooling systems to optimize oxidant
biocides dosage and MIC prevention. The BIOX measures the
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impact of cathodic discharge of oxygen caused by bacteria in the
biofilm (at the working electrode) and the effect of the oxidant
biocides species in the water56. The BIOX is limited to surface
coverages below 107 CFU/cm2. Alvim sensor is a refined version of
the other two techniques with higher sensitivity and increased
upper detection limit58. Sensor’s output information is related with
the bacteria surface area coverage58.
Strategies to validate the output provided by the sensors:

Regardless the physical principles behind the techniques, sensor’s
evaluation is usually accomplished in two ways, as illustrated in
Fig. 4.

1st Strategy—independent method
The first strategy uses an external reference (independent)
method to validate the biofilm interference on the input physical
signal16, and to translate such signal into a biofilm property. The
choice of independent methods depends on the sensors’ physical
principle and on the biofilm information the sensor is measuring.
It can target different biofilm properties60, such as direct biofilm
quantities, in the case of mass or thickness or indirect biofilm
quantities when considering: (a) microbial activity within biofilms
(measured as ATP, or viable cell counts, via different staining
methods like DAPI or Live/Dead staining) which is important to
assess the physiological state of the microorganisms61; (b) specific
constituents of the biofilm (e.g. polysaccharide content, diversity
of microbial species) that inform about the biofilm composition;
or, (c) the effect of biofilm on transport properties (e.g. pressure
loss, heat transfer resistance). Methods for measuring microbial
activity and specific components of the biofilm are usually very
sensitive, but direct quantities are essential for the determination
of biofilm build-up/removal rates and stoichiometry. Not all
biofilm properties have a direct relation with each other, however
they all have a meaning to the biofilm scientific community60,
depending on the biofilm function that is being studied in
each case.
Table 1 shows that techniques concerned with biofilm early-

stages tend to use biofilm indirect quantities like cells viability—
NADPH, ATP or viable cell counts. However, thickness is clearly
the most consensual parameter addressed. This is not surprising
as thickness is an important structural characteristic62 (such as
porosity, morphology, and density) of biofilm, and also shapes
the bacterial communities in the biofilm. These structural
features ‘translate’ the effect of the environmental factors
affecting the biofilm dynamics (growth/ detachment) and its
function62.

2nd Strategy—assess the sensor output variation over time
and its response to external events
The second strategy focus on analysing the sensor output over
time and its response to the variation of external events/
processual parameters. The expected impact of such variation in
the output response is, in principle, known. For example, in most
of the studies listed in Table 1, the effect of biocide/ disinfectant
dosage on the sensors’ response is studied. Given that sensors’
outputs are related to biofilm properties, one might expect that an
increase in the biocide dosage will for example decrease the
viability of the microorganisms or detach biomass. In both cases,
the sensor output information is expected to decrease. Usually,
this analysis is focused on the trend of the sensor response over
time5—is it increasing? is it decreasing? How fast and how far is it
increasing/ decreasing?
As a generalization, independent methods (1st Strategy) are

used in a laboratorial stage to establish a correlation, under
specific conditions, between the sensor output and the biofilm
quantity. Field trials focus on following the sensors response over
time (2nd Strategy). It is important to note that in most cases the
correlation between biofilm properties and sensor response is not
directly implementable in field conditions as it is usually affected
by local external interferents. From an operational perspective, in
most of the cases, it is the information given by the 2nd strategy
that will be used.

STRENGTHENING CASE-STUDIES (IN LAB AND FIELD)
APPLICATIONS
It is difficult to convince a broad community of scientists and
practioners about the relevancy of online biofilm monitoring without
providing clear insights on the topic. In this specific area of biofilm
study, it seems that the cumulative knowledge that makes science
and development evolve is restricted to two or three papers per
technique. Most of the overviewed techniques are just reported
twice or three times and do not seem to be consistently used/
tested/ validated or improved over time. Similarly, it is difficult to
follow up what happened with some of the tools listed in Table 1: are
they commercially available? Was their name changed?
Even commercially available techniques mentioned in scientific

literature have scarce information available. For example, Neicsh
et al.63 reported the use of Deposens (Lagotec GmbH -
Magdeburg, Germany)—an online biofilm sensor based on heat
transfer measurement—with the aim to study the sensor ability to
quantify biofilm on microbial fuel cells electrodes. But, in the
company webpage (www.lagotec.de, accessed in 14/10/2022), the
information about the sensor is limited and the authors could not
find significant information about case-studies or sensor’s

Fig. 4 Strategies to validate online biofilm monitoring sensors’ output information. Validation methods can rely upon: (1) the use of an
independent method, through direct or indirect biofilm quantification and/or (2) the assessment of the variation of the sensor’s output over
time in response to external events.
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validation in the lab nor in field applications. Another example is
the NeoSense64 which, according to Crattele et al.65 is now part of
Aqualabo (en.aqualabo.fr, accessed in 18/07/2022) under the
name of SkidSens66. The sensor integrates heating and tempera-
ture measuring elements into a MEMS technology and the
measurement is based on the resistance caused by the attached
deposit to heat transfer66. In this case, apart from the scarce
information about the sensor(s), it is difficult to follow up the
technique developments as they have different commercial
tradenames not clearly communicated.
There is comprehensively a conflict of interests between the

scientific development and the commercial exploitation of
techniques. But, to deepen the concepts behind the definition
of the biofilm threshold of interference and the relation between
the biofilm dynamics or extent5 and the operational impact of
biofilm in field systems, case-studies should be completed and
disclosed to a wider audience beyond the commercial domain. An
open development practice will ultimately strengthen the
arguments for the need of ‘online biofilm monitoring’ benefiting
all the stakeholders.

Framework to build stronger case-studies
While overviewing literature, the authors came across specific
items that are just slightly (or not at all) considered in several

manuscripts. These points are schematically presented in Fig. 5
and can provide a framework to improve future studies on this
topic while enabling a better comparison among techniques.

Strengthening the added value of online biofilm monitoring
To change the status quo, it is key to strengthen the relevance of
online monitoring tools within the scope of biofilm study. As
Mauricio et al.35 proposed, it is essential to ‘bridge the gap between
current understanding of biofilm fundamentals and monitoring
control systems’ and, as Cloete67 pointed-out, ‘the advantage of
biofouling monitoring needs to be demonstrated’. One might take as
an example the MFS—Membrane Fouling Simulator. Since Vrou-
wenvelder et al.7 described the technique, it became increasingly
important on the study of biofouling related aspects in spiral wound
reverse osmosis (RO) membrane. Based on the fact that biofouling is
the key problem in membrane operations and that it occurs in a
greater extent in the first membrane modules, the MFS is a small
system that provides a representative assessment of what happens
in spiral wound membranes, by measuring the pressure drop across
the feed spacer channel. Kim et al.68, provides an overview of several
steps and works accomplished with the MFS. It is interesting to note
that the focus of the studies is not restricted to demonstrating the
potential of the tool as an early-warning for biofouling69, but rather
on establishing the rationale behind the design, implementation,

Fig. 5 Framework to accomplish more detailed studies on online biofilm monitoring. Information to improve such studies should consider
the: sensor description, proper design experiments, role of interferents, independent methods used, list of advantages and disadvantages,
field problems encountered when testing the monitoring tools.
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independent methods used, among others. Studies also provide
information that have an operational component (a direct bridge
from research to practice), targeting for example the design of RO
systems (e.g. feed-spacer geometry70) or strategies to biofouling
prevention/ control (e.g. biocide dosage71 or the role of phosphate
dosage72).
A similar strategy is being accomplished with the Optical

Coherence Tomography (OCT), that although more suitable for lab
application, is being used in a diversified range of biofilm studies73

while reinforcing the technique added value. OCT is a potential
tool for ‘non-invasive, label-free, real-time, in-situ’ imaging of
biofilms’ and to assess the fluid-biofilm interactions at the
mesoscale74,75. It has been used in several domains of biofilms’
studies, such as biofilm structure and volumetric characteristics76,
understand the role of biofilm structure in membrane systems77,78,
microbial growth dynamics79, and gathered important contribu-
tions from image processing (BISCAP80).
The optimization and validation of online biofilm monitoring

tools within the scope of antifouling programs, requires inter-
disciplinarity and is time-consuming, inhibiting industry involve-
ment4,5 in this process. Strengthening the added value of online
monitoring must rely on several, well designed scientific studies,
that use the tools to improve the understanding of different
aspects of the biofilm’s behaviour23 dynamics, their interactions
with the ecosystems, and that address the biofilm function. By the
end of the day, this approach will reinforce the monitoring tools
potential, will provide advances of the biofilm research state-of-
the-art and provide valuable insights for field practice.
Rethinking the strategy to address online biofilm monitoring

from a research level can bring us closer to the idea of Flemming
(2003)4 that ‘it is only a matter of time until biofilm monitoring will
be a state-of-the-art technique, using many different approaches’.
In conclusion, online biofilm monitoring in technical systems is

clearly a complex process. Biofilms change (in function and structure)
in time and space as a response to local environmental conditions.
Biofilm monitoring has an intrinsic function-driven role, as the final
goal is to address the operational impact that biofilms have/ might
have in each technical system. Furthermore, biofilm monitoring
depends on interdisciplinary knowledge far beyond the strict
biofilms’ expertise (electronics, robotics, etc). Public perception of
the environmental, energy consumption and health issues related to
biofilm formation already imposes much more effective biofilm
assessment approaches that provide fast digitalized and accurate
information as well as defined decision-support tools.
This review paper aims to stimulate and guide the broader

community of researchers to use online monitoring techniques on
biofilm studies. This will be decisive to establish more and better
envisioned scientific work, that goes beyond the demonstration of
technological abilities, as well as to deepen the biofilm understanding
and to reinforce the added value of online biofilm monitoring as part
of antifouling monitoring approaches in technical systems.
We provide here a framework to improve future laboratorial

and field studies.

DATA AVAILABILITY
The data sources analyzed and discussed are provided in this paper. Data marked
with # in Table 1 can be requested to the corresponding author (A.P.).

Received: 7 November 2022; Accepted: 17 April 2023;

REFERENCES
1. Flemming, H.-C. & Melo, L. Unwanted biofilms: report from the discussion session.

Water Sci. Technol. 32, 267–268 (1995).

2. Janknecht, P. & Melo, L. F. Online biofilm monitoring. Rev. Environ. Sci. Biotechnol.
2, 269–283 (2003).

3. Nivens, D. E., Palmer, R. J. & White, D. C. Continuous nondestructive monitoring of
microbial biofilms: a review of analytical techniques. J. Ind. Microbiol. 15, 263–276
(1995).

4. Flemming, H. C. Role and levels of real-time monitoring for successful anti-fouling
strategies: an overview. Water Sci. Technol. 47, 1–8 (2003).

5. Pereira, A., Silva, A. R. & Melo, L. F. Legionella and biofilms—integrated surveil-
lance to bridge science and real-field demands. Microorganisms 9, 1212 (2021).

6. Flemming, H.-C. Biofouling and me: my Stockholm syndrome with biofilms. Water
Res. 173, 115576 (2020).

7. Vrouwenvelder, J. S., van Paassen, J. A. M., Wessels, L. P., van Dam, A. F. & Bakker,
S. M. The Membrane Fouling Simulator: a practical tool for fouling prediction and
control. J. Memb. Sci. 281, 316–324 (2006).

8. Donlan, R. M. Biofilms: microbial life on surfaces. Emerg. Infect. Dis. 8, 881–890
(2002).

9. Bott, T. R. Industrial Biofouling: ocurrence and control. (Elsevier, 2011).
10. Flemming, H.-C. & Harry, R. Biofilm Control: Conventional and Alternative

Approaches. in Springer Series on Biofilms 1–15 (Springer Berlin Heidelberg).
https://doi.org/10.1007/7142_2008_20, (2008).

11. Evans, L. V. Biofilms: recent advances in their study and control. Harwood academic
publishers (Harwood academic publishers, 2005).

12. Lewandowski, Z. Structure and Function of Biofilms. in Biofilms: recent advances in
their study and control (ed. Evans, L. V.) 1–17 (2005).

13. Flemming, H. Microbial Biofouling: Unsolved Problems, Insufficient Approaches,
and Possible Solutions. in Biofouling and Biocorrosion in Industrial Water Systems
(eds. Flemming, H.-C. & Geesey, G. G.) 81–109 (Springer Berlin Heidelberg).
https://doi.org/10.1007/978-3-642-19940-0_5, (2011).

14. Flemming, H.-C., Tamachkiarowa, A., Klahre, J. & Schmitt, J. Monitoring of fouling
and biofouling in technical systems. Water Sci. Technol. 38, 291–298 (1998).

15. Strathmann, M., Mittenzwey, K. H., Sinn, G., Papadakis, W. & Flemming, H. C.
Simultaneous monitoring of biofilm growth, microbial activity, and inorganic
deposits on surfaces with an in situ, online, real-time, non-destructive, optical
sensor. Biofouling 29, 573–583 (2013).

16. Lewandowski, Z. & Beyenal, H. Biofilm monitoring: a perfect solution in search of
a problem. Water Sci. Technol. 47, 9–18 (2003).

17. Bowler, A. L., Bakalis, S. & Watson, N. J. A review of in-line and on-line mea-
surement techniques to monitor industrial mixing processes. Chem. Eng. Res. Des.
153, 463–495 (2020).

18. Tamachkiarow, A. & Flemming, H.-C. On-line monitoring of biofilm formation in a
brewery water pipeline system with a fibre optical device. Water Sci. Technol. 47,
19–24 (2003).

19. Donlan, R. M. Biofilm control in industrial water systems: approaching an old
problem in new ways. in Biofilms: recent advances in their study and control (ed.
Evans, L. V.) 345–372 (Harwood academic publishers, 2005).

20. Cámara, M. et al. Economic significance of biofilms: a multidisciplinary and cross-
sectoral challenge. npj Biofilms Microbiomes 8, 42 (2022).

21. Coenye, T., Kjellerup, B., Stoodley, P. & Bjarnsholt, T. The future of biofilm
research: report on the ‘2019 Biofilm Bash’. Biofilm 2, 100012 (2020).

22. Polman, H. J. G., Jenner, H. A. & Bruijs, M. C. M. Technologies for Biofouling
Control and Monitoring in Desalination. in Corrosion and Fouling Control in
Desalination Industry 343–375 (Springer International Publishing). https://doi.org/
10.1007/978-3-030-34284-5_16, (2020).

23. Funari, R. & Shen, A. Q. Detection and characterization of bacterial biofilms and
biofilm-based sensors. ACS Sens. 7, 347–357 (2022).

24. Nivens, D. E., Chambers, J. Q., Anderson, T. R. & White, D. C. Long-term, on-line
monitoring of microbial biofilms using a quartz crystal microbalance. Anal. Chem.
65, 65–69 (1993).

25. Amer, M.-A. et al. Design of a QCM-sensor for on-line monitoring biofilm growth. in
2021 IEEE International Instrumentation and Measurement Technology Conference
(I2MTC) 1–5 (IEEE). https://doi.org/10.1109/I2MTC50364.2021.9459952, (2021).

26. Schmid, T., Panne, U., Haisch, C., Hausner, M. & Niessner, R. A photoacoustic
technique for depth-resolved in situ monitoring of biofilms. Environ. Sci. Technol.
36, 4135–4141 (2002).

27. Schmid, T., Helmbrecht, C., Panne, U., Haisch, C. & Niessner, R. Process analysis of
biofilms by photoacoustic spectroscopy. Anal. Bioanal. Chem. 375, 1124–1129
(2003).

28. Schmid, T., Panne, U., Adams, J. & Niessner, R. Investigation of biocide efficacy by
photoacoustic biofilm monitoring. Water Res. 38, 1189–1196 (2004).

29. Lerchner, J. et al. Miniaturized calorimetry - a new method for real-time biofilm
activity analysis. J. Microbiol. Methods 74, 74–81 (2008).

30. Kim, Y. W. et al. A surface acoustic wave biofilm sensor integrated with a treat-
ment method based on the bioelectric effect. Sens Actuators A Phys. 238,
140–149 (2016).

A. Pereira and L.F. Melo

8

npj Clean Water (2023)    36 Published in partnership with King Fahd University of Petroleum & Minerals

https://doi.org/10.1007/7142_2008_20
https://doi.org/10.1007/978-3-642-19940-0_5
https://doi.org/10.1007/978-3-030-34284-5_16
https://doi.org/10.1007/978-3-030-34284-5_16
https://doi.org/10.1109/I2MTC50364.2021.9459952


31. Stenberg, M., Stemme, G., Kittilsland, G. & Pedersen, K. A silicon sensor for
measurement of liquid flow and thickness of fouling biofilms. Sens. Actuators 13,
203–221 (1988).

32. Wieland, T. et al. A real-time thermal sensor system for quantifying the inhibitory
effect of antimicrobial peptides on bacterial adhesion and biofilm formation.
Sensors 21, 2771 (2021).

33. Longo, M. et al. A high sensitive microwave sensor to monitor bacterial and
biofilm growth. Sens. Bio-Sens. Res. 36, 100493 (2022).

34. Davis, S. & Silva, M. R. A proof-of-concept study on utilizing a novel non-invasive
sensor for detection of thin biofilm in simulated water pipes. Sens. Imaging 22, 21
(2021).

35. Maurício, R., Dias, C. J., Jubilado, N. & Santana, F. Biofilm thickness measurement
using an ultrasound method in a liquid phase. Environ. Monit. Assess. 185,
8125–8133 (2013).

36. Mairal, A. P., Greenberg, A. R. & Krantz, W. B. Investigation of membrane fouling
and cleaning using ultrasonic time-domain reflectometry. Desalination 130,
45–60 (2000).

37. Sim, S. T. V., Suwarno, S. R., Chong, T. H., Krantz, W. B. & Fane, A. G. Monitoring
membrane biofouling via ultrasonic time-domain reflectometry enhanced by
silica dosing. J. Memb. Sci. 428, 24–37 (2013).

38. Wang, J. et al. In-situ monitoring of the unstable bacterial adhesion process
during wastewater biofilm formation: A comprehensive study. Environ. Int. 140,
105722 (2020).

39. Boukazia, Y., Delaplace, G., Cadé, M., Bellouard, F. & Fillaudeau, L. On-line bio-
fouling monitoring and qualification based on local thermal and periodic exci-
tation with MEMS sensor. Food Bioprod. Process. 126, 12–22 (2021).

40. Klopper, K. B., de Witt, R. N., Bester, E., Dicks, L. M. T. & Wolfaardt, G. M. Biofilm
dynamics: linking in situ biofilm biomass and metabolic activity measurements in
real-time under continuous flow conditions. npj Biofilms Microbiomes 6, 1–10
(2020).

41. Pires, L. et al. Online monitoring of biofilm growth and activity using a combined
multi-channel impedimetric and amperometric sensor. Biosens. Bioelectron. 47,
157–163 (2013).

42. Fischer, M., Triggs, G. J. & Krauss, T. F. Optical sensing of microbial life on surfaces.
Appl. Environ. Microbiol. 82, 1362–1371 (2016).

43. Schaule, G., Moschnitschka, D., Schulte, S., Tamachkiarow, A. & Flemming, H.-C.
Biofilm growth in response to various concentrations of biodegradable material
in drinking water. Water Sci. Technol. 55, 191–195 (2007).

44. Chemaqua. BioDart. //higherlogicdownload.s3.amazonaws.com/DISTRICTENERGY/
998638d1-8c22-4b53-960c-286248642360/UploadedImages/Chem-Aqua_-
Insights___Innovations_Final_05112021.pdf, accessed in 14/10/2022

45. Klahre, J. & Flemming, H.-C. Monitoring of biofouling in papermill process waters.
Water Res. 34, 3657–3665 (2000).

46. Philip-Chandy, R. et al. Optical fiber sensor for biofilm measurement using
intensity modulation and image analysis. IEEE J. Sel. Top. Quantum Electron. 6,
764–772 (2000).

47. Solenis. On-Guard 3B Analyser. //www.solenis.com/globalassets/resources/
miscellaneous/kit_evaluation.pdf, accessed in. 14/10/2022.

48. Bierganns, P. & Beardwood, E. S. A New and Novel Abiotic-Biotic Fouling Sensor
for Aqueous Systems. 2, 83–91 (2017).

49. Pereira, A., Melo, L., Martins, J. & Freire, M. Fouling and Cleaning Monitoring Using
the MSS - Industrial Perspective. in Heat Exhanger Fouling and Cleaning VIII (eds.
Muller-Steinhagen, H., Malayeri, M. R. & Watkinson, A. P.) 2009, 429–432 (2009).

50. Pereira, A., Mendes, J. & Melo, L. F. Using nanovibrations to monitor biofouling.
Biotechnol. Bioeng. 99, 1407–1415 (2008).

51. Tribollet, B. Electrochemical sensors for biofilm and biocorrosion. Mater. Corros.
54, 527–534 (2003).

52. Cristiani, P. & Perboni, G. Corrosion Monitoring in Microbial Environments. in
Techniques for Corrosion Monitoring (ed. Lietai Yang) 335–372 (Elsevier) https://
doi.org/10.1016/B978-0-08-103003-5.09991-4, (2021).

53. Bruijs, M. C. M. et al. Biocide optimisation using an on-line biofilm monitor. J.
Power PLant Chem. 3, 400–405 (2001).

54. Licina, G., Nekoksa, G. & Howard, R. An Electrochemical Method for On-Line
Monitoring of Biofilm Activity in Cooling Water Using the BloGEORGETM Probe. in
Microbiologically Influenced Corrosion Testing (eds. Kearns, J. R. & Little, B. J.) 118-
118–10 (ASTM International, 1994).

55. Pryfogle, P. A., Mines, G. L., Sperry, T. L. & Allred, R. G. Investigation of an elec-
trochemical monitor for tracking biofilm development at the Bonnett geothermal
plant, Cove Fort, UTAH. 1–6 (2002).

56. Cristiani, P. Solutions to fouling in power station condensers. Appl. Therm. Eng. 25,
2630–2640 (2005).

57. Mollica, A. & Cristiani, P. On-line biofilm monitoring by ‘BIOX’ electrochemical
probe. Water Sci. Technol. 47, 45–49 (2003).

58. Faimali, M. et al. Electrochemical activity and bacterial diversity of natural marine
biofilm in laboratory closed-systems. Bioelectrochemistry 78, 30–38 (2010).

59. Pavanello, G. et al. Exploiting a new electrochemical sensor for biofilm mon-
itoring and water treatment optimization. Water Res. 45, 1651–1658 (2011).

60. Characklis, W. G., Trulear, M. G., Bryers, J. D. & Zelver, N. Dynamics of biofilm
processes: methods. Water Res. 16, 1207–1216 (1982).

61. Barros, A. C., Melo, L. F. & Pereira, A. A multi-purpose approach to the mechan-
isms of action of two biocides (Benzalkonium Chloride and Dibromoni-
trilopropionamide): discussion of pseudomonas fluorescens’ viability and death.
Front. Microbiol. 13, 842414 (2022).

62. Suarez, C. et al. Thickness determines microbial community structure and func-
tion in nitrifying biofilms via deterministic assembly. Sci. Rep. 9, 5110 (2019).

63. Netsch, A., Horn, H. & Wagner, M. On-line monitoring of biofilm accumulation on
graphite-polypropylene electrode material using a heat transfer sensor. Bio-
sensors 12, 18 (2021).

64. Pereira, A. & Melo, L. F. Monitoring of biofilms in the food and beverage indus-
tries. in Biofilms in the food and beverage industries (eds. Fratamico, P. M., Annous,
B. & Guenther, N. W.) 131–151 (Woodhead Publishing Series in Food Science,
Technology and Nutrition No. 181, 2009).

65. Crattelet, J. et al. On-line local thermal pulse analysis sensor to monitor fouling
and cleaning: application to dairy product pasteurisation with an ohmic cell jet
heater. J. Food Eng. 119, 72–83 (2013).

66. Aqualabo. Datasheet fouling sensor SKIDSENS. //en.aqualabo.fr/userfiles/doc/User
%20manual%20SKIDSENS.pdf; accessed in 14/10/2022

67. Cloete, T. E. Biofouling control in industrial water systems: What we know and
what we need to know. Mater. Corros. 54, 520–526 (2003).

68. Kim, L. H. et al. The membrane fouling simulator: development, application, and
early-warning of biofouling in RO treatment. Desalin. WATER Treat. 126, 1–23
(2018).

69. Vrouwenvelder, J. S., van Loosdrecht, M. C. M. & Kruithof, J. C. Early warning of
biofouling in spiral wound nanofiltration and reverse osmosis membranes.
Desalination 265, 206–212 (2011).

70. Sanawar, H. et al. Applicability of short-term accelerated biofouling studies to
predict long-term biofouling accumulation in reverse osmosis membrane sys-
tems. Desalin. WATER Treat. 97, 72–78 (2017).

71. Siddiqui, A. et al. Application of DBNPA dosage for biofouling control in spiral
wound membrane systems. Desalin. Water Treat. 68, 12–22 (2017).

72. Vrouwenvelder, J. S. et al. Phosphate limitation to control biofouling. Water Res.
44, 3454–3466 (2010).

73. Xi, C., Marks, D., Schlachter, S., Luo, W. & Boppart, S. A. High-resolution three-
dimensional imaging of biofilm development using optical coherence tomo-
graphy. J. Biomed. Opt. 11, 034001 (2006).

74. Wagner, M. & Horn, H. Optical coherence tomography in biofilm research: a
comprehensive review. Biotechnol. Bioeng. 114, 1386–1402 (2017).

75. Haisch, C. & Niessner, R. Visualisation of transient processes in biofilms by optical
coherence tomography. Water Res. 41, 2467–2472 (2007).

76. Wagner, M., Taherzadeh, D., Haisch, C. & Horn, H. Investigation of the mesoscale
structure and volumetric features of biofilms using optical coherence tomo-
graphy. Biotechnol. Bioeng. 107, 844–853 (2010).

77. Fortunato, L., Jeong, S., Wang, Y., Behzad, A. R. & Leiknes, T. O. Integrated
approach to characterize fouling on a flat sheet membrane gravity driven sub-
merged membrane bioreactor. Bioresour. Technol. 222, 335–343 (2016).

78. Fortunato, L., Qamar, A., Wang, Y., Jeong, S. & Leiknes, T. In-situ assessment of
biofilm formation in submerged membrane system using optical coherence
tomography and computational fluid dynamics. J. Memb. Sci. 521, 84–94 (2017).

79. Molenaar, S. D. et al. In situ biofilm quantification in bioelectrochemical systems
by using optical coherence tomography. ChemSusChem 11, 2171–2178 (2018).

80. Narciso, D. A. C., Pereira, A., Dias, N. O., Melo, L. F. & Martins, F. G. Characterization
of biofilm structure and properties via processing of 2D optical coherence
tomography images in BISCAP. Bioinformatics 38, 1708–1715 (2022).

81. Pereira, A., Pereira, B., Martins, J. & Freire, M. Following the interactions on the
inner surface - a step towards fouling mitigation. Proc. Int. Conf. Heat Exch.
Fouling Clean. X, 465–469 (2013).

82. Teixeira, R., Pereira, A., Mendes, J. & Melo, L. F. Identifying the nature of fouling
layers by online monitoring of the propagation of vibrations along the deposition
surface. Heat. Transf. Eng. 35, 251–257 (2014).

ACKNOWLEDGEMENTS
This work was financially supported by LA/P/0045/2020 (ALiCE), UIDB/00511/2020
and UIDP/00511/2020 (LEPABE), funded by national funds through FCT/MCTES
(PIDDAC). This work was also financially supported by national funds through the
FCT/MCTES (PIDDAC), under the project 2022.03523.PTDC. Funding from the
European Union—Horizon 2020 research and innovation program under grant
agreement No 952471 (SurfSAFE).

A. Pereira and L.F. Melo

9

Published in partnership with King Fahd University of Petroleum & Minerals npj Clean Water (2023)    36 

http://www.solenis.com/globalassets/resources/miscellaneous/kit_evaluation.pdf
http://www.solenis.com/globalassets/resources/miscellaneous/kit_evaluation.pdf
https://doi.org/10.1016/B978-0-08-103003-5.09991-4
https://doi.org/10.1016/B978-0-08-103003-5.09991-4


AUTHOR CONTRIBUTIONS
Conceptualization, A.P. and L.F.M.; Writing—original draft, A.P.; Review and editing,
A.P., L.F.M.; Funding—A.P. All authors have read and agreed to the published version
of the manuscript.

COMPETING INTERESTS
The authors declare no competing interests.

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41545-023-00249-7.

Correspondence and requests for materials should be addressed to Ana Pereira.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

A. Pereira and L.F. Melo

10

npj Clean Water (2023)    36 Published in partnership with King Fahd University of Petroleum & Minerals

https://doi.org/10.1038/s41545-023-00249-7
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Online biofilm monitoring is missing in technical systems: how to build stronger case-studies?
	Introduction
	Setting-up expectations—Challenges of online biofilm monitoring
	The function-driven role of online biofilm monitoring
	Physical Sensors—analysing the interference caused by the biofilm in the input signal
	Terminology

	Online biofilm monitoring overview
	Scope of biofilm monitoring testing
	Tools only validated in laboratory applications
	Tools validated in industrial applications
	Tools, physical principles, and stages of biofilm development
	Strategies to validate the output provided by the sensors

	1st Strategy—independent method
	2nd Strategy—assess the sensor output variation over time and its response to external events

	Strengthening case-studies (in lab and field) applications
	Framework to build stronger case-studies
	Strengthening the added value of online biofilm monitoring

	DATA AVAILABILITY
	References
	Acknowledgements
	Author contributions
	Competing interests
	ADDITIONAL INFORMATION




