
Chapter 5
Novel Antibiofilm Non-Biocidal Strategies

Francesca Cappitelli and Federica Villa

Abstract Subaerial biofilm (SAB) formation on cultural heritage objects is often
considered an undesirable process in which microorganisms and their by-products,
e.g., enzymes and pigments, cause damage or alteration to a surface. Since biofilms
are widespread phenomena, there has been a high demand for preventive and control
strategies that resist their formation or reduce their negative effects once formed. Up
to date, the main strategy to control biofilms has been the use of biocides. Because of
their intrinsic properties, biocidal products can pose risks to humans, animals, and
the environment. In this chapter, the authors call “green” only those alternative
strategies to biocides able to prevent/control biofilms but that do not kill microor-
ganisms, i.e., irrespective of the use of natural compounds. Here, we describe some
of the methods that are most commonly used to test the effectiveness of antibiofilm
compounds with multiple-species biofilm model systems. A unified terminology and
well described protocols and guidelines are still required to compare and test the
effectiveness of traditional or novel compounds against biofilms retrieved on heri-
tage surfaces.

Keywords Antibiofilm · Sublethal · Green alternatives · Prevention · Control · Lab
models

1 Biocides

Biofilms are highly structured communities of microbial cells that adhere to a surface
and are embedded in extracellular polymeric substances (EPS) consisting of poly-
saccharides, nucleic acids, proteins, and lipids. Biofilm is a natural and ubiquitous
form of bacterial and fungal growth. The fact that EPS are commonly observed close
to their cells also suggests that lichens are biofilms (Banfield et al. 1999; De Los Rios
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et al. 2005; Grube and Berg 2009; Casano et al. 2015). The concept of the biofilm
implies a need to take into consideration the interactions established among micro-
organisms, and of the microorganisms with the heritage substratum and the imme-
diate environment, a view that overcomes the value-laden identification of
microorganisms and their activities as single taxon.

In the scientific literature, biofilms have been mainly investigated when growing
on a solid surface and exposed to a liquid phase. Indeed, most studies have focused
on human infecting biofilms, typically at the solid–liquid interface of the inner body
and in marine biofouling environments. Medical literature addressing the solid–air
interface is considerably less substantial and concerns (partially) only skin wound
biofilms. Despite many similarities between biofilms grown at a liquid–solid inter-
face and at an air–solid interface, there are marked differences that have been noted
only relatively recently. In contrast to the solid–air interface, Bacillus subtilis forms
sessile pellicles at liquid–air and solid–liquid interfaces (Vlamakis et al. 2013). In
this scenario, the work of cultural heritage microbiologists that mainly addresses
sessile life at solid–air interfaces is pivotal to study a biofilm aspect that is less
investigated.

Subaerial biofilm (SAB) formation on cultural heritage objects is often consid-
ered an undesirable process in which microorganisms and their by-products, e.g.,
enzymes and pigments, cause damage or alteration to a surface. Since biofilms are
widespread phenomena, there has been a high demand for preventive and control
strategies that resist their formation or reduce their negative effects once formed. Up
to date, the main strategy to control biofilms has been the use of biocides. According
to the European Regulation 528/2012, “biocidal product” means “any substance or
mixture, in the form in which it is supplied to the user, consisting of, containing or
generating one or more active substances, with the intention of destroying, deter-
ring, rendering harmless, preventing the action of, or otherwise exerting a control-
ling effect on, any harmful organism by any means other than mere physical or
mechanical action” (Regulation (EU) No 528/2012 of the European Parliament and
of the Council of 22May 2012). In the past, biocides have been freely used to control
biofilms on cultural heritage surfaces. However, the use of biocides has been proven
to have major drawbacks: biocides harm non-target populations of the surrounding
environment and they carry a risk of the development of resistance to themselves as
well as cross-resistance to antibiotics (Villa et al. 2020). Thus, because of their
intrinsic properties, biocidal products can pose risks to humans, animals, and the
environment. As a result, the EU has set up strict rules and procedures to minimize
these risks and all biocidal products have to be authorized by a competent authority
before they are placed on the market (https://ec.europa.eu/health/biocides/overview_
en).

Moreover, specifically in relation to conservation, before deciding whether
removal of microbial colonization with biocides is actually beneficial, we should
consider the effects of this so-called biodeterioration in comparison with the
physico-chemical deterioration induced by the use of the biocidal agent. In outdoor
conditions, once structures and objects have been cleaned, recolonization is inevi-
table and may begin shortly after treatment. In many cases no well-defined
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differences in the microbial community between the untreated and the treated
surfaces are seen as only a biofilm component is affected (Urzì et al. 2016). In
other cases, subsequent colonization might be more aggressive or disfiguring than
the one eradicated (Martin-Sanchez et al. 2012).

In conservation as well as in all other fields, the new approach is to find more
sustainable ways to use biocides for the removal of deleterious biofilms from
relevant abiotic surfaces and, at the same time, to search for feasible sound
alternatives.

2 What Do We Mean by Green Alternatives?

In this chapter we define green alternatives those able to prevent/control biofilms
without affecting cell growth. One of the many advantages is that, if the antibiofilm
effect is not due to a biocidal effect, it is possible to prevent the generation of
microbial drug-resistance.

At first glance, physical techniques seem a good green alternative for the removal
of biodeteriogens. These methods dislodge or cause the lysis of some microorgan-
isms with the help of tools, such as brushes (Caneva et al. 1991; Borderie et al.
2015). In contrast to biocides, the killing does not lead to resistance but the material
can be discolored or damaged (López et al. 2010; Vujcic et al. 2019). Additionally,
the effect is mainly on the surface, e.g., endolithic growth is generally not affected.
Therefore, physical cleaning is not the focus of this chapter even if its use in
combination with other methods discussed here can be considered.

Antibiofilm agents target various stages of biofilm growth, namely adhesion,
maturation, and dispersion. Any action that inhibits adhesion is considered a pre-
ventive approach, whereas any action that interferes with maturation and dispersion
is included in a control strategy. Prevention can be operated with two strategies:
either through the employment of specific substances in the repository environment
or by modifying the surface of the heritage object. For instance, essential oils in the
vapor phase or blended with some solvent have the potential to be used as
antibiofilm substances and can be considered an interesting alternative (Borrego
et al. 2012).

From an ecological point of view, the selection of plants as source materials of
antimicrobial compounds is a good approach, since plants produce a wide range of
secondary metabolites that naturally defend them against microorganisms. Silva
et al. (2016) reported a comprehensive list of plant metabolites that have been
proven effective against microorganisms and their products, including pigments.
We can argue about whether this is the green alternative we need. “Natural,”
including plant-derived compounds, is not a synonym of non-toxic or
non-biocidal. In the past, thymol vapor was used extensively by a number of
conservators in “thymol cabinets.” However, in respect to heritage materials thymol
softens varnishes and resins, renders parchment brittle, degrades some paper sup-
ports, watercolor binders, and iron gall ink, and, with respect to human health,
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librarians and archivists suspected it to be a carcinogenic substance (Holben Ellis
1995; Isbell 1997). Indeed, the conclusion of the peer review of the pesticide risk
assessment of the active substance thymol by the European Food Safety Authority,
reached on the basis of the evaluation of the representative uses of thymol as a
fungicide on table and wine grapes, reported that “a high risk was identified for
aquatic organisms, leading to a critical area of concern” and “the formulated
product contains the impurity methyleugenol which is a genotoxic carcinogen”
(EFSA 2012).

The use of alternative substances can be considered after making all the prelim-
inary tests to prove the worth of them. The first step is to evaluate the threshold
above which the compounds inhibit microbial growth. The sixteenth century scien-
tist Paracelsus was the first to state that all things are poisons, and that the degree of
toxicity is only caused by the dose. In microbiology, the minimum inhibitory
concentration (MIC) identifies the minimum amount of the compound that is
required to inhibit microbial growth, under defined laboratory conditions. MIC has
been used for decades and measures the concentration required to inhibit growth or
to kill planktonic microorganisms. Importantly, it is now known that for some
substances, the resistance of biofilm bacteria may be a thousand times greater than
that of planktonic bacteria of the same strain (Olson et al. 2002). Studying the
photocatalytic titanium dioxide (TiO2) nanopowder and TiO2 thin film, Polo et al.
(2011) showed one order of magnitude reduction of Pseudomonas aeruginosa
planktonic cells in 2 h and an almost complete eradication of P. aeruginosa plank-
tonic cells, respectively. In contrast, neither the photocatalytic treatment with TiO2

film nor that with TiO2 nanopowder had any effect on P. aeruginosa biofilms.
Nevertheless, when studying non-biocidal antibiofilm substances it is possible to
use MIC. In fact, if the selected compound does not kill planktonic cells at the
concentration adopted, it is even less likely that it will kill sessile cells.

Before use, the environmentally friendly organic compounds have to be proven
not to act as carbon and energy sources for the target microorganisms. The rationale
of the experiment is that, if a substance does not kill a microorganism, it can function
as a nutrient. To investigate this matter the substance can be supplied as the only
carbon and energy source for the target microorganisms in various amounts.

Another concern of using phytochemicals, such as oils and plant extracts, is that
their composition varies over time. For instance, Nezhadali et al. (2014) claimed that
the composition and quantity of essential oil from a specific thyme species can be
considerably influenced by harvesting season, geographical location, and other
agronomic factors. Additionally, based upon soil type variations, distinct differences
among chemotypes can be found over a few meters. Moreover, extrinsic factors
related to the extraction method affect their chemical composition (Dhifi et al. 2016).
The apparently different results of the compounds once extracted from the same
plant sources often found in literature are easily explained by the fact that the tested
materials have a different composition. Consequently, all these plant-derived mix-
tures must be chemically characterized or otherwise other researchers cannot repeat
the proposed experiments. Otherwise chemically synthetized compounds can be
purchased from the market. In this respect, it is also worth noting that some
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phytochemicals, such as essential oils, are very expensive. Therefore, a valuable
alternative to essential oils is to use the main pure synthetic counterpart that is also
generally more stable (Rakotonirainy and Lavédrine 2005). Indeed the use of
essential oils has been proposed in conservation literature as a “green alternative”
(Macro et al. 2018). However, in this chapter, although they can be effective, we do
not define as a green approach any alternative to common biocides that uses products
of natural origin but we define green a strategy that does not kill microorganisms.

Disrupting the biofilm not killing the cells is not yet a reality in conservation. In
this line of thought, no data are currently provided on the effectiveness of
non-biocidal strategies as alternatives to control biofilms. However, at present, it is
possible to suggest multiple approaches in addition to biocides in order to reach an
effective clearance of biofilms without a massive use of toxic substances. This has
been proven with nitric oxide (NO). NO is a signaling molecule involved in the
modulation of quorum sensing (QS), a method of cell-to-cell communication, able to
elicit bacterial dispersal (Kyi et al. 2014). Microorganisms isolated from the
biodeteriorated wooden sculpture So It’s Come To This (1986) by Bruce Armstrong,
at the University of Melbourne headquarters, have been treated with a nitroxide, a
compound of which the antibiofilm mechanism is similar to that of NO, while it is
less expensive and with a longer life than NO-donors (Alexander et al. 2015;
Alexander and Schiesser 2017). A 24 h treatment with 50 μM nitroxide followed
by 2 h treatment with 0.001% w/v benzalkonium chloride effectively eradicated
biofilms. Importantly, in this study, the biocide was used at a concentration much
lower than those usually employed (2% w/v).

In regard to microbiological issues, enzymes have been employed in conservation
for removing microbial staining (Konkol et al. 2009), for monitoring biodeteriora-
tion (Rosado et al. 2013), and for killing microbial cells (Valentini et al. 2010). In the
Chinese literature (Wu and Lou 2016), chitinases were also used to inhibit the
development of filamentous fungi growing on word walls and canoes at the Cross
Lake Bridge ruins in Xiaoshan. However, the authors of this chapter could not
understand in depth this research (in particular, whether toxicity was evaluated and
fungal biofilm was formed) as only the abstract of the Chinese manuscript has been
translated into English. Another application with the potential for green antibiofilm
technology is the use of enzymes to degrade the extracellular matrix for biofilm
dispersal, including glycosidases, proteases, and deoxyribonucleases (Kaplan 2010;
Shadia and Aeron 2014), also immobilized to a surface (Spadoni Andreani et al.
2017). To the best of our knowledge, matrix-degrading enzymes have never been
tested to disperse biofilms in the conservation field but EPS inhibitors, such as a
mixture of bismuth nitrate and dimercaprol, have been successfully used during the
EU project BIODAM (Robertson et al. 2004).

Metal cations, such as calcium, magnesium, and iron have been implicated in
maintaining matrix integrity. Antibiofilm formulations incorporating
ethylenediaminetetraacetic acid (EDTA) and other permeabilizers have shown effi-
cacy on in vitro biofilms in synergism with antimicrobial agents (Robertson et al.
2004). Nuclear fast red and methylene blue, two photodynamic agents investigated
in combination with hydrogen peroxide in the EU project BIODAM (Young et al.
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2008), showed the potential to destroy cyanobacteria on stone samples and, since
photodynamic agents are themselves subsequently degraded by visible light, the
substratum is not discolored. Neither light alone nor the presence of H2O2 led any
change in the fluorescence of Synechococcus leopoliensis. Combining methylene
blue with hydrogen peroxide resulted in a decrease of the fluorescence of 40%.

Interestingly to mention in this chapter, even if some natural products were
selected with the aim to kill the target microorganisms they showed much lower
toxicity in respect to non-target microorganisms in comparison with traditional
biocides. This is the case of metabolites produced by Bacillus spp. that showed no
lethality against brine shrimp and Swiss mice through administration of 5000 mg/kg
acute dose (Silva et al. 2016b). In contrast, Preventol® caused acute toxicity with
10 times minor concentration dose administrated in the same conditions.

Unfortunately, at present, only few molecular mechanisms of action related to
some antibiofilm agents are known. Proteomic analysis of biofilm exposed to the
antibiofilm zosteric acid sodium salt and salicylic acid revealed that a number of
proteins were up- and downregulated, and these proteins were associated with stress,
motility, cell-to-cell communication, reactive oxygen species accumulation and
metabolism (Villa et al. 2012; Cattò et al. 2017). Recently, the zosteric acid sodium
salt and the usnic acid have been encapsulated in silica nanosystems commonly used
to protect stone surfaces (Ruggiero et al. 2020). The antifouling activity was
successfully assessed against planktonic microorganisms from biopatinas colonizing
the Aurelian Walls in Rome. Hopefully, in the near future, the above coatings will be
tested in situ and their antibiofilm properties will be investigated.

3 Lab Biofilm Systems to Test the Efficacy of an Antibiofilm
Compound/Mixture

On the one hand, the use of typical laboratory planktonic microorganisms for
selection of biocides is inappropriate. On the other hand, biofilms on cultural
heritage surfaces are inherently heterogeneous. Consequently, researchers have
made use of laboratory biofilm models that capture the salient features of target
sessile cells while providing numerous and consistent biofilm samples. Therefore,
first of all, a biofilm at the solid–air interface (SAB) has to be formed.

In fact, while field experiments are clearly instrumental to evaluate the efficacy of
an antibiofilm compound, their design and execution face several challenges: small
sample size, unrepeatable samples, and complex sample structure. Furthermore,
many field-based studies are time-limited as many biofilm processes relevant to
the performance evaluation of antibiofilm agents occur over a very long time, for
example, processes such as biofilm regrowth and succession as well as response to
various environmental conditions.

The model systems are in contrast with field systems in terms of simplicity and
accessibility. The purpose of a laboratory model system is not to represent a mini
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version of field systems, but rather to simplify nature so its processes can be easily
understood (Jessup et al. 2004).

In the biofilm community it has long been debated whether a bacterial colony on a
solid growth medium is to be considered a biofilm. Definitely, few colony morphol-
ogies can effectively reflect some of the important attributes of biofilms (Haussler
and Fuqua 2013). However, as this question is not convincingly answered yet and, in
conservation, a solid surface is better for mimicking a cultural heritage substratum,
other systems have been considered better performing to achieve this aim.

A colony biofilm is grown on a semipermeable membrane that sits on an agarized
medium (Fig. 5.1). The membrane is a solid interface and it is semipermeable to
allow nutrients to reach the cells. This method has been especially devised in the
study of the antibiotic-resistant properties of cells (Merritt et al. 2005). Sessile cells
can be given a new supply of nutrients by relocating the membrane with biofilm on a
fresh agar plate. One can therefore easily assess the effect of the antibiofilm
compound at the time of adhesion (inoculum) or when the biofilm is already mature.
The membrane can be also modified for binding antibiofilm agents. The colony
biofilms can grow quickly, are easy to handle, and require inexpensive laboratory
materials. Recently, protocols for the growth of cyanobacterial and fungal colony
biofilms have been set up by Sanmartín et al. (2015) and Gambino et al. (2017),
respectively.

Biofilms that are composed of a mono-species are relatively rare in nature; rather,
microorganisms are generally found in complex multispecies communities. In line
with this observation, Miller et al. (2008, 2009) cultivated on lithic surfaces a natural
green biofilm from an enriched microbial consortium residing on a limestone
monument. However, the main question is how the original community adapts and
evolves under the artificial conditions created in the laboratory systems. Recently,
Vázquez-Nion et al. (2016) developed a multispecies liquid culture from natural
SABs inhabiting granitic historic buildings, with the aim to use it as the inoculum for
lab-scale biofilms. The researchers observed that after one year, the microbial
community of the culture was stable and dominated by members of the Chlorophyta
and Cyanobacteria, which were not part of the core microbiome of the
original SABs.

Furthermore, natural biofilm communities are difficult to analyze at molecular
level. This may limit the comprehension of the mechanism of antibiofilm com-
pounds, since omics-based technologies ideally require microorganisms with avail-
able genetic and physiological information (Noack-Schönmann et al. 2014).

To overcome the limitations arising from the complex phototrophic SABs,
elegant dual-species biofilm models based on phototroph–heterotroph associations

Fig. 5.1 Schematic
representation of the colony
biofilm system
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were developed, starting from two species that do not originate from an environ-
mental microbial consortium and have never been introduced to each other.

A model system comprising the cyanobacterium Nostoc punctiforme strain
ATCC 29133 (PCC 73102) as phototroph, and the well-studied marble-derived
microcolonial fungus A95 Knufia petricola (syn. Sarcinomyces petricola) as the
heterotrophic component was developed by Gorbushina and Broughton (2009). This
model allowed Seiffert et al. (2014, 2016) to successfully study the biological impact
of the consortium on weathering granite and related minerals in a
geomicrobiologically modified percolation column. This system is promising for
testing antibiofilm agents, because the compound can percolate into the column and
interact with the biofilm. At the end of the treatment, the biofilm biomass can be
removed from the system for a further analysis.

Villa et al. (2015) used a laboratory model of SABs composed of the unicellular
cyanobacterium Synechocystis sp. strain PCC 6803 and the chemoheterotroph
Escherichia coli K12 (Fig. 5.2b). A modified drip flow reactor (DFR) was used to
mimic a monument surface (Fig. 5.2a). SABs on outdoor stone monuments follow
the water flow downward, experiencing low fluid velocity over the surface, while the
biomass is continuously exposed to the air. Similarly, biofilms in the DFR are under
low-shear/laminar flow as the medium drips on a 10-degree surface, and a high gas
transfer environment as the biofilm is continuously exposed to the air in the head
space. This setup was effective in reproducing SABs as it was able to capture typical
features of biofilms on outdoor stone monuments such as: (i) microcolonies of
aggregated bacteria; (ii) a network-like structure following surface topography;
(iii) cooperation between phototrophs, heterotrophs, and cross-feeding processes;
(iv) ability to change the chemical parameters that characterize the microhabitats,
and (v) survival under desiccation stress. By using the SAB model system, Villa
et al. (2015) compared the susceptibility of biofilm and planktonic cells to a
disinfection treatment based on a quaternary ammonium salt. The results revealed
that the biofilm retained more viable cells than the planktonic cells after 45 min of
antimicrobial exposure. These results suggested that the dual-species SAB exhibits
an antimicrobial tolerance, which is the hallmark of the biofilm mode of growth.

While SAB models on stone are well developed, few lab-scale systems are
available for other heritage substrata. Rakotonirainy and Lavédrine (2005) designed
a system to reproduce fungal SABs on paper (Fig. 5.3). At the beginning a piece of
paper is inoculated with a single strain or a mixture of many strains, letting the
mycelium cover the entire surface and dry before inserting it in a book. Then the
closed books are placed some centimeters high on a grid in a transparent test-
chamber (Rakotonirainy and Lavédrine 2005). The tested antibiofilm agent impreg-
nates a paper disc in an open plate on the bottom of the chamber. Humidity and
temperature are set at the desired level. After exposure of the biofilms on paper to the
vapor of the antibiofilm for a specific time cells can be investigated. Rakotonirainy
and Lavédrine (2005) demonstrated that, at the concentrations tested, linalool, the
main component in lavender oil, is fungistatic and could be employed in preventing
fungal growth. Interestingly, this compound cannot be used as a fungicide as higher
concentrations lead to a decrease in paper pH.
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4 Methods for Testing the Effectiveness of Antibiofilm
Substances

Despite the vast use of traditional and novel antibiofilm agents in conservation of
cultural heritage, these practices are being increasingly questioned because of the
lack of correlation between results obtained with conventional susceptibility tests at
laboratory-scale and those obtained from in-field applications. The reason for this
discrepancy is based on the use of planktonic cells for testing antibiofilm at
laboratory-scale rather than sessile cells. As previously mentioned, it is now well
known that biofilms are�1000-fold more resistant than their planktonic counterparts
(Hall and Mah 2017). Furthermore, the lack of simple reliable and standard assays
has remained a major limitation in selecting adequate antibiofilm treatments.

In view of the previous considerations, biofilm model systems are instrumental
for testing the effectiveness of antibiofilm substances before an application in-field.
Once the biofilm is grown, it can be exposed to different treatments and environ-
mental conditions. Furthermore, biofilm model systems can be used to study biofilm
regrowth when the treatment is concluded.

The antibiofilm agents can affect biofilm biomass, impair the biofilm matrix, or
affect biofilm thickness and morphology (e.g., inability of fungi to form filamentous
structures), while cells remain metabolically active. Thus, several methods can be
applied to evaluate the impacts of a compound against the biofilm. Here, we briefly
describe some of the methods that are most commonly used to test the effectiveness
of antibiofilm compounds.

4.1 Plate Count Assay

To be able to assess the effectiveness of antibiofilm compounds, it is essential to
determine the amount of viable cells in the biofilm, or the relative reduction in viable

Fig. 5.3 Schematic representation of the system designed by Rakotonirainy and Lavédrine (2005)
to reproduce biofilms on paper

126 F. Cappitelli and F. Villa



cells after the treatment. The most widely used technique to determining bacterial
viability is counting the number of colony forming units (CFU) after plating cultures
on agar media. This method to assess biofilm viability requires the dislodgment of
the biomass from the surface and the disaggregation of cell clusters due to the
presence of the biofilm matrix. Procedures such as vortexing, sonication, or
matrix-dissolving enzymes can be applied to separate bacterial cells from the matrix.
However, these procedures may affect bacterial viability, leading to significant errors
in the quantification of the biomass (Azeredo et al. 2017). Furthermore, many strains
cannot be cultured, as well as metabolically inactive cells (such as dormant cells and
spores) commonly present within the biofilm (Sebestyen et al. 2016). Finally, while
CFU counting can be a valuable tool for quantifying a bacterial biofilm, it is not
suitable for fungal biofilms that develop filamentous structures and spores.

4.2 XTT Cell Viability Assay

The tetrazolium salt assay (XTT assay) is another useful technique for assessing
the viability of biofilm cells in vitro, as well as their susceptibility to antimicrobials.
The number of viable biofilm cells can be deduced by measuring the absorbance of
the supernatant after the metabolic reduction of XTT into the water-soluble formazan
(Pantanella et al. 2013). Since the formazan product is water soluble and easily
measured in cellular supernatants, the XTT assay allows the investigation of biofilm
agent susceptibility without disruption of the biofilm structure (Kuhn et al. 2003).
The main limitation of this method is related to the biofilm heterogeneity with
gradients of substrata and products, which lead to cells with different metabolic
states. Furthermore, the biofilm matrix might slow down the reduction of XTT or
partially retain and release the formazan.

4.3 ATP-Bioluminescence Assay

The bioluminescence assay, based on the use of the North American firefly lucifer-
ase, sees the conversion of intracellular ATP, the main energy carrier in cells of all
living organisms, into light. The light generated is recorded by a luminometer and
quantified in relative light units (Nante et al. 2017). Intracellular ATP content is a
good indicator of cell viability. In fact, upon cell death, ATP synthesis is immedi-
ately arrested, while its hydrolysis can continue for some time. The main drawback
of this method is related to the variation in ATP production among diverse microbial
taxa (Ivanova et al. 2006).
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4.4 Spectrofluorometric Assay

Fluorescein diacetate (30,60-diacetyl-fluorescein, FDA) is a pre-fluorophore that can
be hydrolyzed by a wide spectrum of nonspecific extracellular and membrane-bound
enzymes. Once hydrolyzed, FDA is converted to fluorescein that shows a yellow-
green color absorbing at 490 nm. The method generally assumes the determination
of FDA-hydrolyzing enzyme activity of cells that are detached from the carrier.
Konkol et al. (2010) reported the use of beta-N-acetylhexosaminidase activity as a
rapid and reliable means of fungal detection on a variety of cultural heritage
materials. Adapted for use on cultural heritage materials, fluorogenic
4-methylumbelliferyl (MUF) labeled substrate N-acetyl-beta-d-glucosaminide
(NAG) was used to detect beta-N-acetylhexosaminidase activity in fungi that were
actively growing on library materials (Konkol et al. 2010). Being a metabolic assay,
a significant limitation is the fact that the microorganisms in biofilms do not all
display the same metabolic activity. Moreover, metabolic fluorimetric-based assays
are often calibrated against planktonic cultures, introducing significant error as the
metabolic rates differ greatly between the planktonic and the biofilm states (Welch
et al. 2012).

4.5 Real-Time Reverse Transcription PCR (qRT-PCR)

Real-time quantitative-reverse transcription PCR (qRT-PCR) is one of the most
powerful and sensitive gene analysis techniques available so far, in which the
fluorescent signal is measured in real-time at each amplification cycle and is directly
proportional to the number of amplicons generated. Moreover, since qRT-PCR
detects mRNA, with its short half-life, it is a promising indicator of cell viability
(Guilbaud et al. 2005; Xie et al. 2011). Thus, qRT-PCR can be applied not only to
detect but also to quantify viable microorganisms in the biofilm (Ettenauer et al.
2015; Piñar et al. 2015). The main limitations are related to sample preparation,
including the extraction of RNA.

4.6 Chlorophyll

Chlorophyll-a is a good estimator for quantifying microalgal and cyanobacterial
biofilm biomass (Jesus et al. 2006; Sanmartín et al. 2010; Sendersky et al. 2017;
Chamizo et al. 2018). The method requires the dislodgment of the biomass from the
surface and the extraction of chlorophyll-a in DMSO followed by spectrophotomet-
ric measurements (Fernandez-Silva et al. 2011). Alternatively, biofilm biomass
measurement can be achieved by measuring chlorophyll fluorescence. Recently,
pulse amplitude modulated (PAM) fluorometry was used by Vázquez-Nion et al.
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(2018) to measure in vivo the fluorescence signal in a non-destructive way. The
authors developed an indicator of fitness for photosynthetic organisms by quantify-
ing the maximum photochemical efficiency of photosystem II. To this end, they
measured the minimal fluorescence signal of dark-adapted cells and the maximal
fluorescence signal after a saturating light pulse in dark-adapted cells and they
developed a standard curve that allowed the correlation of the minimal fluorescence
signal of dark-adapted cells with the amount of chl-a content as a biofilm biomass
estimator.

4.7 Proteins Quantification

Protein cellular content can be used to estimate the total biofilm biomass. After
cellular lysis, the released proteins can be quantified by colorimetric assays such as
quantification, including the Bradford, Lowry, and bicinchoninic acid (BCA)
methods. The most used method is the Bradford assay, which consists of adding
an acidic Bradford reagent containing Coomassie Brilliant Blue G-250 dye to the
lysed sample. Once the protein binds to the dye, changing the color from brown to
blue occurs. The change in absorbance at 595 nm is recorded and converted to a total
protein concentration through a standard curve (Bradford 1976).

4.8 Biofilm Staining and Microscopy

One of the most important advances in the study of biofilm has been the ability to
visualize the effects of antibiofilm compounds on hydrated living biofilms in three
dimensions, over time, using confocal laser scanning microscopy (CLSM).

The use of fluorescent probes allows imaging by multiple fluorochromes for
evaluating the impacts of a compound on individual biofilm components simulta-
neously. Thus, specific fluorescent stains are also used in combination with CLSM
for imaging biofilm cellular and extracellular matrix material. Furthermore, the
intense development of specialized image processing software with user-friendly
interfaces and the implementation of advanced CLSM techniques such as fluores-
cence lifetime imaging (FLIM), fluorescence correlation spectroscopy (FCS), and
fluorescence recovery after photobleaching (FRAP) in commercially available con-
focal microscopes have improved the development of quantitative methods for the
analyses of biofilm images.

The fluorescent stains are generally designed to bind a specific cellular compo-
nent, such as DNA (e.g., propidium iodide, SYBR-green, and ToTo-1) or protein
(e.g., Sypro-Ruby, 3-(4-carboxybenzoyl) quinoline-2-carboxaldehyde (CBQCA) or
the NanoOrange) (Cattò and Cappitelli 2019). Furthermore, the intrinsic natural
autofluorescence of some phototrophic microorganisms can be exploited for imaging
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differentiation. A comprehensive list of fluorescent stains commonly used in biofilm
research has been provided by Neu and Lawrence (2014).

The LIVE/DEAD BacLight assay is a dual staining kit composed of two
fluorophores, namely SYTO9 and propidium iodide (PI). The green-fluorescent
nucleic acid stain SYTO9 enters live and dead bacterial cells and binds to DNA of
both Gram-positive and Gram-negative bacteria. The red-fluorescent nucleic acid
stain PI intercalates to DNA and it is commonly used for identifying dead cells in a
population and as a counterstain in multicolor fluorescent techniques because it is
supposed to penetrate only cells with disrupted membranes and it is generally
excluded from viable cells. Thus, the SYTO9/PI combination allows one to detect
bacterial viability based on the detection of membrane integrity. The main advan-
tages of using the LIVE/DEAD BacLight assay are related to the rapid procedure,
the possibility to perform quantitative analyses, as well as to measure the fluorescent
signal using various instruments such as flow cytometers and microplate readers.
The principal drawback of this method is the need to observe a statistically relevant
portion of the sample to obtain representative information on the total population.

The coupling of CLSM with fluorescence in situ hybridization (FISH) probes
leads to more information about the identification and localization of specific
microbial taxa before and after a biocide treatment. In fact, FISH-CLSM allows
microorganisms to be specifically labeled within the 3D extracellular matrix by
using non-invasive imaging of fully hydrated biofilms. In short, biofilm cells are
fixed, permeabilized to facilitate access of the probe to the target site and then
hybridized with nucleic acid probes labeled with a fluorochrome. The classic FISH
technique relied on ribosomal RNA as probe target, and thus it is traditionally
applied for the phylogenetic identification of microorganisms in mixed assemblages
without prior cultivation. Since the FISH signal is related to the cellular rRNA
content, which reflects the cell activity, this technique can be used to evaluate the
biocidal effect of a compound or a treatment towards target microorganisms.

Despite these promising features, the classic FISH protocol might generate weak
fluorescent signals in metabolically active cells. This drawback can be attributed to
the biofilm matrix that hinders the access of the probes into the cell, as well as to the
low ribosome content in slowly growing or metabolically inactive biofilm cells. To
overcome these limitations, different ways for increasing the FISH signal have been
developed, including the use of multiple probes for one target microorganism, the
use of peptide nucleic acid probes (PNA-FISH), and the use of catalyzed reporter
deposition (CARD-FISH), just to name a few. Recently, a method based on combi-
natorial labeling and spectral imaging FISH (CLASI-FISH) has been developed to
detect hundreds of different microbial taxa in single microscopy imaging (Valm
et al. 2011; Behnam et al. 2012; Valm et al. 2012). Another disadvantage of FISH
approaches is that the samples have to be processed with several treatments prior to
the probe hybridization, which may disturb the structure of the biofilm and makes
time-course studies difficult.

Most fluorescent dyes used in biofilm studies stain cellular components. Visual-
izing the extracellular matrix by CSLM has been more challenging. A few fluores-
cent stains are becoming available for CSLM studies of biofilm matrix components.
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In particular, fluorescent lectins bind to specific sugars and can be used to stain
certain extracellular polysaccharides. Since lectins are large molecules, they do not
penetrate biofilms well. Ideally, small molecule stains will become available for
staining the polysaccharide component of biofilms, such as Calcofluor, which is used
to stain biofilms of strains that produce cellulose (Spiers et al. 2003). Another
component of the biofilm extracellular matrix material is extracellular DNA. Various
stains are available that bind DNA, with the TOTO-1 iodide stain providing excel-
lent contrast between the biofilm eDNA component and the biofilm cells (Gloag
et al. 2013). By comparing the biovolumes of the matrix components before and
after the treatments, it is possible to evaluate the effectiveness of an antibiofilm
compound.

In addition to staining biofilm components, fluorescent stains are available for
studying metabolic activities within biofilms. For example, tetrazolium salts precip-
itate when reduced by the biofilm cells, forming a zone of fluorescence around the
active cells (Franklin et al. 2015). Calcein AM is a fluorogenic, cell-permeant
fluorescent probe that indicates cellular viability in biofilms. The probe is
nonfluorescent until acted upon by nonspecific esterases present in live cells.
Thus, cleaving the AM ester allows the probe to emit a fluorescent signal that is
proportional to cell vitality.

Calcein AM green stain has also been used to observe the permeabilization of
biofilm cells by a biocide with time-lapse CLSM (Davison et al. 2010). The
technique allowed for the simultaneous imaging of changes in biofilm structure
and disruption of cellular membrane integrity through the loss of the intracellular
green signal, generated by the cleavage of the AM ester prior to the antimicrobial
exposure.

Daddi Oubekka et al. (2012) used a set of advanced fluorescence microscopic
tools such as fluorescence recovery after photobleaching, fluorescence correlation
spectroscopy, and fluorescence lifetime imaging, to characterize the dynamics of
fluorescently labeled vancomycin in biofilms.

Thus, imaging techniques can be applied to elucidate the effectiveness of a
biocide treatment by watching, through a microscope, the antimicrobial attack.

5 Conclusion

Biofilms are the dominant lifestyle of microorganisms in all environments, either
natural or manmade, including heritage. The development of effective strategies to
combat biofilms is a challenging task.

These emerging novel antibiofilm strategies are still in the nascent phase of
development, and more research is urgently needed to validate these approaches,
which may eventually lead to effective prevention and control of biofilms. Until
now, the research and application of antibiofilm compounds have often been
questioned owing to the diversity of the testing methods available and the variations
of the results reported in the literature vs those obtained in-field. Thus, numerous
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innovative antibiofilm approaches have been published, but it is difficult to reliably
compare all these strategies.

Some factors still hamper the testing and screening of antibiofilm compound such
as, among others, the scarcity of homogenized testing protocols, the lack of normal-
ized vocabulary, the difficulty of testing repeatability and reproducibly. Thus, a key
aspect of future antibiofilm research is the need for standards: a unified terminology
and well described protocols and guidelines are required to test the effectiveness of
traditional or novel compounds against biofilms retrieved on heritage surfaces.
These protocols and guidelines should be a preliminary step in the direction of a
potential code of green practices.
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