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Bacterial biofilms are defined as complex aggregates of bacteria that grow attached to surfaces or are associated
with interfaces. Bacteria within biofilms are embedded in a self-produced extracellular matrix made of
polysaccharides, nucleic acids, and proteins. It is recognized that bacterial biofilms are responsible for the majority
of microbial infections that occur in the human body, and that biofilm-related infections are extremely difficult to
treat. This is related with the fact that microbial cells in biofilms exhibit increased resistance levels to antibiotics in

comparison with planktonic (free-floating) cells.

bacterial biofilms biofilm detection biofilm imaging antimicrobial treatment

antibiofilm agents

| 1. Introduction

Antimicrobial resistance is the inevitable consequence of prescribing antibiotics, and bacteria will continue to
develop resistance to therapies. This is a critical problem in hospital environments in particular due to the low
numbers of novel compounds or strategies under development . Several factors contribute to this scarcity,
including a market failure, produced by the lack of incentive for pharmaceutical companies to develop antibiotics.
This lack of incentives for development of novel antibiotics is a result of a low return on investment, since they are
fast-acting drugs, use of novel antibiotics is often reserved, and their use is ultimately unpredictable as resistance

evolves 1.

A 2014 report commissioned by the U.K. government also predicted that millions of people are expected to die
prematurely because of drug resistance over the next 35 years worldwide and the world’s gross domestic product
(GDP) will be 2 to 3.5% lower than it otherwise would be in 2050 [21.

This problem is even more relevant when is associated with bacterial biofilms, since bacteria growing in biofilms
show significantly reduced antibiotic susceptibility. For instance, implant-related infections are very hard to treat £,
This is due to the fact that clinical procedures to treat implant-related infections involve replacement of the implant
that can increase the risk for the patient developing severe complications, as well as the very high costs associated

with this procedure 4!,
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Bacterial biofilms consist of densely packed communities that grow attached to surfaces and are responsible for
the majority of human clinical infections I8!, Their resistance to conventional antibiotics is 10- to 1000-fold higher

than that of planktonic bacteria 2.

This increased resistance can be attributed to different factors, including decreased diffusion of antimicrobial
agents through the self-produced extracellular matrix (made of polysaccharides, nucleic acids, and proteins matrix)
[BIBILY altered metabolic activity, and formation of persister cells [11. Moreover, a relevant characteristic of biofilms
is the fact that bacteria are able to inter-communicate and collaborate to survive in even the hardest conditions.
This cell-cell communication mechanism is known as the quorum sensing (QS) system 12, Bacteria QS system
consists of self-produced extracellular chemical signals (called autoinducers), and it can control important virulence

factors such as biofilm formation and maturation, antibiotic resistance, bacterial swarming, and bacteria—host
interaction [12[13],

2. Imaging of Biofilms and the Diversity of Detection
Methods

Currently, nuclear medicine imaging is still the standard technique for the detection of infectious diseases 14,
However, this technique has several drawbacks, including the fact that (i) it involves the exposition of the patient to

radiation, (ii) it requires specialized equipment, and (iii) it requires operator training.

As recognized, there is an urgency to develop more accurate diagnostic tools and treatment, particularly when
bacterial infection progresses to biofilm. The noninvasive technique in clinical use does not offer an optimized
approach to detect biofilm infection. The low resolution, low practicality, and impossibility to distinguish between
bacterial infection and sterile inflammation are the reasons to develop new diagnostics tools for biofilm detection in
clinical environments 131, In the last few years, development of diagnostic approaches became urgent in order to
improve the treatment of bacterial infections and preserve some medical procedures that need alternative tools to

prevent and treat bacterial infections.

2.1. Nuclear Imaging

Nuclear imaging has been applied in oncology and in infectious disease diagnostics. Some radionuclides such as
technetium-99m, iodide-125, and indium-111 have been shown for years to be useful tools to radiolabeled
compounds for medical applications 18I,

However, some disadvantages are found in common bacterial imaging agents such as difficult radiochemical
synthesis, non-specific adsorption, or small target receptor expression on bacteria of interest [26l. Despite these
limitations, recent works have revealed that there are bacterial metabolites that can be radiolabeled and used as

tracers to identify bacterial biofilm infections, such as the maltodextrin transport system [L718],
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The carbohydrate transport and metabolism has been reported as an essential tool for proliferation of bacteria in
the human organism. Thus, there are some strategies that include carbohydrate metabolism as a target that can be
very helpful in improving nuclear imaging in the field of infectious disease diagnostics. For instance, 8FDG
(fluorodeoxyglucose) is one example of an important radiopharmaceutical that has been used for many years on
positron emission tomography (PET). However, 18FDG as a contrast agent shows a high uptake in mammalian

cells and absence of distinguishing bacterial infections from cancer or inflammation 1229,

Although efforts are being made to find new radiopharmaceutical and contrast agents, there are some
complications associated with radiochemical synthesis and low affinity/specify at the bacteria target. With the aim
of increasing the sensitivity of currently imaging methods, researchers have developed other contrast agents
targeting the bacterial carbohydrate metabolism. This is the case of 18F-maltohexaose (MHF) 221, MH18F nuclear
imaging agent is internalized by a bacteria-specific maltodextrin transporter. Thus, the contrast agents conjugated
with maltohexose were only internalized by bacterial cells and not by mammalian cells, which do not express
maltodextrin transporters (21, Moreover, one of the major advantages of maltodextrin-based compounds is their
lower toxicity because they are widely used as food additives. The development of nuclear agents such as MH8F

might be crucial to bacterial biofilm detection at an early stage.
2.2. Ultrasound Contrast Agent Imaging

Ultrasonic imaging techniques and their combination with other methods have been explored in order to enhance
the strategies to detect and quantify early and mature biofilms 22231, The acoustic approach has the advantage of
monitoring the surface biofouling in real time, and it has been proved that the ultrasonic technique can monitor
formation and growth of some microbiological colonies 22,

Ultrasound medical imaging has been developed with the addition of contrast agents, especially encapsulated gas
bubbles, which has led to an improvement in medical diagnosis 24, Another improvement was a novel design of
ultrasound contrast agents (UCAS), including a target ligand to establish the difference between infectious and
healthy tissue [23],

It is important to have a detection technique that allows for identification of biofilms in early stages because the late
diagnostic of mature biofilms sometimes compromises their clinical treatment inside the human body.
Echocardiography, for instance, has several limitations in the detection of intra-cardiac biofilm. Staphylococcus
aureus is the most common isolate in infective endocarditis, and strategies have been developed that can evaluate
and characterize mechanical and structural properties of its biofilm. In this sense, researchers have developed
strategies that could be evaluated and that characterize mechanical and structural properties of S. aureus biofilm
[28]: this is because S. aureus is the most common isolate in infective endocarditis 24, S. aureus biofim has been
studied through a combination of targeted ultrasound contrast agents (UCAs) and fluorescent probes. In the first
step, developed UCAs that bind a carbohydrate epitope allowed for a spatial scanning of biofilm structure by high-
frequency scanning acoustic microscopy (SAM). A complementary analysis occurred with TRITC-labelled

streptavidin by fluorescence microscopy. The merge between high-frequency acoustic scanning and fluorescence
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imaging allowed for the acquisition of spatial resolution and detection of the biofilm components 28, The results

obtained showed an improvement in biofilm diagnostics.
2.3. Optical Imaging and Probes

Optical imaging offers an important tool to understand/visualize the 3D biofilm structure. Multiple techniques are
included in this range, such as scanning electron microscopy (SEM), confocal scanning laser microscopy (CSLM),
light microscopy, infrared spectroscopy, and reflectance spectroscopy (28, Figure 1 illustrates a S. aureus biofilm
visualized with the use of CSLM and SEM.

SYTO 9 WGA-Alexa 633 Overlay

Figure 1. Imaging of bacterial biofilms with confocal scanning laser microscopy (CSLM) and SEM. Twenty-four
hour S. aureus JE2 (MRSA) biofilm was co-labelled with SYTO 9 (green channel), a nucleic acid binding dye, and
with WGA-ALEXA 633 (red channel), a wheat germ agglutinin dye that labels S. aureus biofilm matrix. The overlay
between the two channels is also represented. In the right image, there is a representation scanning electron
image (SEM) of 24 h S. aureus JE2 biofilms.

SEM, a technique with high resolution that is based on surface scattering and absorption of electrons, has been
used in different studies to visualize biofilms (Figure 1) since it is able to detect key structural components such as
the presence of biofilm matrix 2239 Moreover, researchers have been using SEM to evaluate the efficacy of anti-
biofilm compounds B1EB2IE3] However, SEM is a very expensive technique, and quantitation of the biofilm is rather

difficult, including the fact that researchers cannot work with live samples.

Due to this, the most common used methodology to study the 3D biofilm morphology of biofilms is probably CSLM,
and in fact, it is recognized that CSLM represents an important advance in technology-associated biofilm imaging
[34] |n CSLM, due to the presence of a confocal pinhole, the out-of-focus fluorescent signals are eliminated 33,
which is relevant when it is considered for instance with traditional fluorescent microscopy. Moreover, it allows for
the formation of high-resolution images at different depths 28, which is crucial in biofilm studies. The tridimensional
morphology and physiology of biofilms can then be screened by CLSM using a combination of molecular probes
and fluorescent proteins optimized to target/visualize biofilm components. Most probes and fluorescent proteins are
designed to stain cellular organelles and structures. However, in the last decades, there has been an effort in the

development of proteins and fluorochromes to target, for instance, the extracellular matrix of biofilms. This includes
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the application of fluorescently labelled lectins (Figure 1) to visualize and characterize the biofilm matrix, in

particular the extracellular polysaccharide components 3738391,

Extracellular DNA (eDNA) is also often a target for extracellular matrix imaging using CSLM. Propidium iodide,
TOTO-1, and TO-PRO-3 iodide are probes that were used in this context, providing excellent distinction between
biofilm eDNA component and the intracellular DNA found in biofilm cells [Bl49, These probes are often used in
combination with SYTO 9 B or SYTO 60. SYTO 9 is a green fluorescent nucleic acid-binding dye. The fact that
SYTO 9 is a membrane-permeable probe and TO-PRO-3 iodide or propidium iodide can only label cells with

damaged membranes allows the viewer to discriminate between viable and nonviable cells &,

Other fluorescent probes for extracellular DNA (eDNA) detection have recently been developed. This is the case of
CDr15 probe, which was evaluated on Pseudomonas aeruginosa AwspF with a highly elevated cyclic-di-GMP
content (mimicking the biofilm mode of growth) and a pYhjH strain with a low intracellular cyclic-di- GMP content
(representative of the planktonic mode of growth). The results showed that CDr15 probes bind effectively to eDNA.
The robustness of CDr15 as a diagnostic in vivo probe was evaluated on corneal infection model, and the results

showed that biofilm regions were visualized after CDr15 treatment 411,

Identification of novel fluorescent probes together with targeting different biofilm structures will greatly facilitate
diagnosis of biofilm infection. In this sense, a fluorescent probe, CDyl11, that targets amyloid-like fibers in the P.
aeruginosa biofilm matrix was developed. It was demonstrated that CDy11 allows for detection using in vivo
imaging of P. aeruginosa in implant and corneal infection mice models 2. In addition, CDy14 was identified as a
potential fluorescent probe to target Psl exopolysaccharide in P. aeruginosa 3. In this context, amphiphilic
fluorescent carbon dots were developed and applied to assist the characterization of bacterial biofilm matrix 441,
The amphiphilic carbon dots (C-dots) were shown to readily bind to the EPS scaffold of P. aeruginosa, and it was

detected for the first time as a dendritic morphology of the EPS.

Furthermore, the peptide nucleic acid fluorescence in situ hybridization (PNA FISH) technique has also been used
to study biofilm’s structure and composition. Traditional FISH is a molecular technique on which labeled DNA
probes hybridize to their complementary nucleic acid targets. The use of FISH (namely, DNA probes) to study
microorganisms and biofilms can lead to some drawbacks, including poor target site specificity and poor signal-to-
noise ratio #2481, The limitations associated with FISH can be overcome with the use of peptide nucleic acid (PNA)
probes; PNA is a synthetic DNA analogue with a stronger binding to nucleic acids “Z. PNA FISH technique is very
helpful for the CLSM observation of mixed biofilms since it allows for the use of multiple fluorescent probe labels

that are characteristic of a specific microorganism 281491,

In vivo biofilm detection possesses a challenge for the scientific community. One promising approach for this
purpose relies on the use of laser capture microdissection (LCM). Laser capture microdissection is a high-
resolution technique that allows researchers to rapidly sample/isolate individual cells or cell compartments from
solid tissue with the aid of a laser beam BB, | CM has also been used to isolate non-cellular structures including

amyloid plaques 2. This microdissection technique is often used in cancer research, e.g., 23, and now
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researchers are using it to obtain information related with in vivo biofilms. For instance, very recently, the

adaptation of B. cereus in G. mellonella gut infection model was demonstrated for the first time with LCM 34!,

Another valuable imaging technique for identification of in vivo biofilms is target fluorescent imaging (TFLI). The
principle of TFLI is targeting fluorophores that emit light outside the absorbance window of tissue in the near
infrared region. There are some reports of targeting fluorescent imaging for tumor diagnostics, and the first clinical
TFLI approach employment was observed in ovarian cancer surgery B3, Furthermore, some studies have been
published to also demonstrate the ability of TFLI for in vivo detection of bacteria B8I57. Since TFLI emerged as
useful tool for multiple diagnosis in clinical research, Marleen van Osteen and colleagues decided to combine the
TFLI advantages with vancomycin’s well-known biodistribution profile. In this sense, the authors developed vanc-
800CW as a new conjugate for optical biofilm imaging. For this propose the authors conjugated vancomycin with

IRDye-800CW, a near-infrared fluorophore. The images were obtained by VIS Lumina Il imaging system (58],

The vanc-800CW potential as a fluorescent probe was evaluated in multiple models. The in vitro studies performed
demonstrate a good detection for Streptococcus and Dermabacter species and minor detection of
Corynebacterium. As expected, the results also confirmed the lack of vancomycin staining for Gram-negative
bacteria such as P. aeruginosa and Escherichia coli 28!,

To understand the potential of vanc-800CW in vivo model, the authors selected a mouse model of myositis induced
by bioluminescent S. aureus. The administration of vanc-800CW allows for distinguishing between S. aureus-
induced infection from E. coli induced-infection and sterile inflammation. The biodistribution profile also shows
similarities with what is described for “native” vancomycin. A complementary post-mortem with contaminated
implants was also performed to ensure the feasibility of BAl detection. The results were promising and confirmed
the ability of vanc-88CW to stain Staphylococcus epidermis-containing implants. The fluorescent conjugated

developed by Marleen van Osteen and colleagues displayed important and crucial results in biofilm imaging 581,

The application of carbon nanotube probes is another promising tool for in vivo targeting and fluorescence optical
imaging of bacterial infections B2, Using genetically engineered M13 virus as a multifunctional vector, Bardhan et
al. synthesized NIR-II fluorescent SWNT probes, with additional functionalization on the virus for active targeting of
bacterial infections 9. The authors were able to successfully preform the detection of deep-tissue infective
endocarditis using the SWNT probe.

Both works B8I59 contributed positively to the challenge in the field of biomaterial-associated infection diagnostics

and for non-invasive detection and monitoring of infectious diseases in the body.

2.4. Biofilm Detection with iTRAQ (Isobaric Tags for Relative and Absolute Quantitation)-
Based Quantitative Proteomics Methods

As explained before, the biofilm structure contains several proteins that are important for its stability and
maintenance (8. The proteins present in the biofilm naturally depend not only on the type of pathogen but also on

the developmental stage of the biofilm €. Therefore, identifying biofilm proteins can be a very useful biofilm
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detection method. For this purpose, isobaric tags for relative and absolute quantitation (iTRAQ)-based quantitative
proteomics technique has been reported in several studies 1. The iTRAQ technique allows for the identification
and quantification of hundreds of proteins in different biological samples in one single experiment. It consists of the
relative quantification with mass spectrometry of proteins in complex mixtures. iTRAQ technology uses isobaric
reagents to label the primary amines of peptides and proteins [61l. During the iTRAQ process, reagents are reactive
with amine groups, marking the sample peptides and maintaining the isobaric balance (sample mass does not
change) 811621, An analysis of the reporter groups that are generated upon fragmentation in the mass spectrometer
is then carried out. This procedure is commonly used to distinguish between normal and “diseased” samples and
was also used to identify bacterial biofilm proteins [63l84 Recently, an iTRAQ-based quantitative proteomics
approach was used to identify protein markers associated with the biofilm formation of Enterococcus faecalis 2. In
this case, it was observed by iTRAQ that strong biofilm-forming clinical isolates have proteins associated with
shikimate kinase pathway and sulfate transport upregulated. This is a relevant information since it can lead to the
development of therapies that can act on these metabolic pathways, and consequently inhibit the biofilm formation
of Enterococcus faecalis 3. The iTRAQ technique has also been used to identify proteins present in biofilms that
promote caries and other dental problems B887 iTRAQ reporters determined that biofilm cells of Tannerella
forsythia have upregulated oxidative stress response proteins, which is related with the fact that this sub-gingival
pathogen is more resistant to oxidative stress, thus allowing it to persist in the oral cavity 7. Thus, the iTRAQ-
based quantitative proteomics technique can be very useful for biofilm detection and to find possible targets that
could lead to biofilm eradication, as it allows for the understanding of which proteins and metabolic pathways are

important for biofilm formation.
2.5. The Use of Artificial Intelligence (Al) Technology for Biofilm Detection

Machine learning, together with image processing, has been employed in recent years to assist doctors during

clinical and diagnostic process 68169,

For biofilm detection, the use of machine learning models was already reported, e.g., detection of E. coli biofilm
using an electro-chemical impedance spectroscopy (EIS)-based biosensor 9. Machine learning systems, for
instance, can be trained to recognize multiple impedimetric parameters and determine bacteria concentration. The

conjugation of machine learning systems with EIS already showed promising results, even with thicker biofilm 9,

Convolutional neural network (CNN) has already been reported as a successful deep learning model for improving
diagnostic field 2. The CNN model is trained to learn visual patterns from images and has been used for medical
images recognition 273 Recently, this model was tested to improve a rhinocytology diagnostic exam B4l For
instance, it allowed for the detection of the presence of biofilm on rhino-cytological scans. The sample was stained,
and cyan-colored spots were observed and were directly related with biofilm infection [Z4. The cyan spots can vary
with stage/maturity of the biofilm, and the CNN model system can be trained to recognize these patterns. The CNN
model was also applied for detection of biofilm formation (all four stages) attached onto a metallic material. To

achieve this purpose, the researchers trained the system to recognize the main features of the process on the
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basis of microscopy features. For E. coli strain, this mathematical model showed results in accordance with

experimental detection of metal biofilm [Z2!,

Moreover, the CNN deep learning model can also be trained to detect polymicrobial biofilm. Antoine Buetti-Dinh et
al. reported a CNN model trained to detect a biofilm composed by A. caldus strain, L. ferriphilum strain, and S.
thermosulfi-dooxidans of sulfide minerals. When compared to human experts, the CNN model showed a 90% of
accuracy in contrast with 50%, thus offering an accurate alternative to classical and time-consuming biochemical
methods 4],

| 3. Antibacterial and Antibiofilm Strategies

The difficulty of treating bacterial biofilm-associated infections, as explained above, is highly associated with the
recalcitrant character of bacterial biofilm and the development of resistance toward antibiotics. Therefore, the
development of strategies that allow for efficient inhibition of biofilm formation and/or to completely eradicate
biofilms is one of the most challenging research topics of the present day. Understanding the mechanism behind
biofilm formation is crucial to developing potential control strategies. This includes exploring potential targets
against c-di-GMP, extracellular polysaccharide and eDNA present in biofilm matrix, and bacterial cell membrane
and biofilm quorum sensing. In addition, ribonucleases and small non-coding RNAs (sRNAs) can also in the future
be considered as potential targets since several research papers were able to demonstrate their importance in
biofilm formation and regulation (e.g., Z8)). In fact, ribonucleases were found to affect biofilm formation in several
bacteria, such as E. coli, Salmonella Typhimurium, P. aeruginosa, and Bacillus subtilis L8IZAIEI9 These RNA-
degrading enzymes affect biofilms by controlling the expression of biofilm matrix genes but also by modulating the
levels of c-di-GMP and other biofilm regulators [UELB2] Other RNA regulators, namely, SRNAs, have been found
to have a very important role in biofilm formation and antibiotic resistance B384, However, thus far, no therapeutic
drugs target these biofilm regulators, mainly due to the lack of basic knowledge on how exactly ribonucleases and

SRNAs could be used to disrupt biofilms.

In the context of therapeutic drugs, several compounds are currently being screened, including the antibody
MEDI4893 and the antimicrobial peptide POL7080, both in clinical trial phase 2 3. Furthermore, in silico analysis
or machine learning methods are becoming attractive strategies to help identify potential antibacterial and anti-
biofilm inhibitory molecules B8IE7IE8] |n recent years, computational methods have emerged following the need for
less consuming and more accurate results for the identification of antimicrobial and anti-biofilm molecules. In this
context, some computational databases such as biofilm-active AMPs (BaAMPs) and tools/platforms including
aBiofilm and Molib were created [BROBRLO2] The aBiofilm platform has already provided the prediction of
antimicrobial chemical molecules and their inhibitory activity 21. Meanwhile, Molib tool, which is a training dataset
of biofilm inhibitory molecules, has been shown to be even more accurate than the aBiofilm tool 22, This focus on
discovering small molecules with artificial intelligence might offer future solutions for the search of effective anti-

biofilm drug discovery (see also Figure 2).
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Figure 2. Schematic representation of biofilm formation and the current antibiofilm strategies. Biofilm formation
starts with the initial reversible attachment of bacterial cells to a surface, then follows the growth of the biofilm
within a matrix; maturation of the biofilm; and finally, when the environment conditions cease to be ideal, the
reversal of the attachment with the dispersion of the cells that will colonize other superficies. Antibiofilm agents are
capable of inhibiting the biofilm formation by bacteriostatic effects (1), e.g., antimicrobial polymers, or by acting
against important early biofilm constituents (2), e.g., quorum sensing inhibitors. Mature biofilm can be disrupted by
direct action against the biofilm matrix (3), e.g., biofilm matrix-degrading enzymes. Alternatively mature biofilms can

be perturbed by the use of dispersing agents (3), e.g., nitric oxide.
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