Recent progress in bio-inspired biofilm-resistant polymeric surfaces
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Any surface of human interest can serve as a substrate for biofilm growth, sometimes with
detrimental effects. The social and economic consequences of biofilm-mediated damage to
surfaces are significant, the financial impact being estimated to be billions of dollars every year.
After describing traditional biocide-based approaches for the remediation of biofilm-affected
surfaces, this review deals with more recent developments in material science, focusing on non-
toxic, eco-sustainable nature-inspired biomaterials with anti-biofilm properties superior to the
conventional biocide-based approaches in terms of addressing the biofilm problem.
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Introduction

Any surface of human interest can serve as a starting ground for biofilm
development, limiting material application and increasing health risks and costs. The
inclination of microorganisms to become surface bound is ubiquitous, suggesting that
surface dwellers have a strong survival and/or selective advantage tendency greater than
their free-floating counterparts, i.e. a certain degree of shelter and homeostasis that
helps them persist in the environment (Dunne, 2002).

On the global scale, biofilm-related costs incur the spending of billions of
dollars in different sectors of the economy including all clinical and industrial settings
associated with surfaces (Plyuta et al. 2013). Most likely, the worst biofilm reputation
belongs to biofilm associated with the medical and healthcare sectors, because they are
responsible for more than 60% of all microbial infections in humans (Sadekuzzaman et
al. 2015). Indeed, implantable medical devices applied to critically ill patients often
become potential surfaces for biofilm formation, with devastating medical implications
in terms of patient morbidity, mortality, prolonged hospitalization and increased
healthcare costs (Hall-Stoodley et al. 2004; Darouiche 2007; Lo et al. 2014; Percival et
al. 2015; Tenke et al. 2017).



The detrimental effects of biofilm can also be felt across numerous industries,
including water treatment and distribution, food processing and marine-based industries.
The result is a decrease in industrial productivity as well as the physical deterioration of
industrial systems such as pipe plugging and corrosion (Stowe et al. 2011). In food-
processing environments, biofilms are of special importance as they have the potential
to act as a persistent source of microbial contamination, which can lead to the
threatening of the microbiological quality and safety of food products, resulting in food-
borne disease (Cappitelli et al. 2014). Approximately 95% of bacterial cells that grow in
drinking water networks are attached to pipe walls, while less than 5% has been found
in the water phase (Flemming 2002; Douterelo et al. 2016). Detrimental effects include
microbe-induced corrosion, disinfectant depletion, color, odor and taste degradation and
the microbiological deterioration of drinking water (Farkas et al. 2013).

Biofilm also affects the surface of buildings and monuments, both historic and
modern (Polo et al. 2012; Villa et al. 2016; VVazquez-Nion et al. 2018). As a
consequence of complex interactions within the microbial community and its substrate
biodeterioration processes occur (Giacomucci et al. 2011; Cappitelli et al. 2012). The
consequences are aesthetic and structural damage.

Historically, most strategies that attempt to mitigate the effects of biofilm focus
on treatments aimed at killing the microbial cells in biofilm already present on solid
surfaces. However, such strategies have limited efficacy owing to bacterial persistence
and resistance in pre-formed biofilm (Feng et al. 2015). Indeed, sessile bacteria exploit
features that make them up to 1,000-fold more resistant to antibiotic and biocide
treatments than their corresponding planktonic counterparts (Stewart 2002). In vitro
experiments have shown that young, less dense biofilm is more easily cleared away by
antibiotic treatment than mature thicker biofilm (Stewart 2015). However, early
diagnosis of biofilm infection is currently difficult, and most biofilm infections are
caused by matured biofilm, thus making it difficult to eradicate them with antibiotic
treatments (Wu et al. 2015). Additionally, biofilm treatment is hindered by the dramatic
increase in antibiotic resistance among pathogens, reducing the possibility of treating
infections effectively and increasing the risk of complications and a fatal outcome.

No less important are chemical treatments that often involve considerable
amounts of potentially dangerous substances. Sooner or later biocides and antibiotics

are released into the environment and, if they do not break down into safer constituent



parts, they persist intact over prolonged periods of time, raising severe environmental
and human risks (Young et al. 2008; Schultz et al. 2011; Sousa et al. 2014). This is
readily seen in the growing number of policies, directives, technical reports, strategies,
recommendations and regulatory decisions designed to reduce the consumption of
antimicrobial agents, ensuring their prudent use, and protect human and animal health
and wellbeing (Directive 98/8/EC; Council Recommendation 2002/77/EC; SCENIHR
report 2009; EFSA Summary Report 2012).

With regard to the severe adverse impact of biofilm on many human activities,
this review provides an overview of current and advanced strategies employed to
control and prevent unwanted biofilm on polymeric surfaces in recent years. Materials
and coatings with antibacterial activity, as well as more recent biofilm resistant
solutions based on non-toxic natural molecules, including advantages and disadvantages
with respect to potential applications, are discussed (Tables 1 and 2). Finally, methods

for assessing anti-biofilm performance of innovative polymeric surfaces are presented.

Surface modification

The resistance of biofilm cells to traditionally used antimicrobial agents has
prompted researchers to focus on preventive strategies rather than on attempts that
remove or Kill microorganisms. The development of materials that can resist or prevent
bacterial adhesion constitutes the most promising and emerging approach to deal with
material-associated biofilm infection problems (Alves and Pereira 2016). These
approaches aim at altering the polymer surface by using passive or active strategies that

discourage microbial adhesion and thus biofilm formation (Coenye et al. 2011).

Passive surfaces

In passive strategies, the physiochemical properties of an existing material, such
as composition, charge, hydrophobicity, roughness and porosity, are modified so as to
minimize microbial adhesion upon contact, without releasing biocidal agents into the
surrounding environment (Gbejuade et al. 2015; Romano et al. 2015). These coatings
are called passive, because their effect is not attributed to antimicrobially active

functional groups.



Surface chemistry modifications

In the past, poly(-ethylene oxide) (Johnston et al. 1997; Roosjen et al. 2003;
Roosjen et al. 2005), poly(ethylene glycol) (Holmberg et al. 1993; Park et al. 1998;
Kingshott et al. 2003; Tedjo et al. 2007; Saldarriaga Fernandez et al. 2007) and
hydrophilic polyurethanes (Jansen et al. 1993; Nagel et al. 1996) were used extensively
as passive coatings to increase surface protection against biofilm formation. Indeed,
these anti-adhesive coatings reduce the adhesion force between the bacteria and the
solid surface, enabling easy removal of bacteria before the formation of surface biofilm
(Adhart et al. 2018).

These strategies are relatively simple and economic ways to counteract
microbial colonization. However, despite their popularity in the academic literature, few
commercially marketed biomedical coatings are available, perhaps due to the difficulties
in creating surface-bound thin films amenable at industrial scale (Sjollema et al. 2018).

Additionally, these passive coatings have been shown to reduce the adhesion of
bacteria and yeast in vitro, but after exposure to physiological fluids in vitro or in vivo,
the reduction in microbial adhesion is usually small or soon lost (Roosjen et al. 2005;
Saldarriaga Fernandez et al. 2007). The anti-biofilm properties of the coating are
quickly masked by an adsorbed conditioning film of bacteria-produced proteins that
diminishes its effectiveness (Hetrick and Schoenfisch 2006) whereas coating
degradation can also occur (e.g. hydrolysis, chain cleavage, surface removal)
(Saldarriaga Fernandez et al. 2007). Furthermore, surfaces that are non-adhesive to
bacteria are often non-adhesive to tissue cells as well, making them less suitable for
biomaterial implants and devices requiring tissue integration (Sjollema et al. 2018).
Finally, the introduction of additional chemical species decreases biocompatibility
(Dickson et al. 2015).

Surface topography modifications

Modification of surface topography with micro- and nanoscale features that
minimize bacterial attachment is another passive strategy for preventing biofilm
formation on abiotic surfaces. Indeed, surfaces with topographic features of dimensions
much smaller than microbial cells, in the sub-micrometer or nanometer range, have
been reported to inhibit attachment by reducing the contact area between bacteria and
the surface (Hsu et al. 2013).



An interesting development in this area is the recognition that nature has
developed numerous surfaces with highly optimized nanoscale topography able to
minimize microbial attachment. Therefore, many studies have attempted to mimic the
peculiar surfaces found in nature. Carman et al. (2006) developed engineered
microscale surface design inspired by the topography of shark skin (with features 2 pm
wide, 3 um in height) able to disrupt biofilm formation on patterned
poly(dimethylsiloxane) elastomer without the use of biocidal agents. Regularly spaced
nanopillar structures, similar to those found on the bactericidal cicada wings, were
reproduced on a black silicon surface by lvanova et al. (2013) with optimal bactericidal
effect against both Gram-positive and Gram-negative bacteria. A superhydrophobic and
biocompatible micro/nano structure gecko skin-like surface with low adhesion, anti-
wetting, self-cleaning and antibacterial properties has been developed by Watson et al.
(2015) and Li et al. (2016). Other examples of bio-inspired surfaces with effective anti-
adherence nanoscale feature include those resembling rose petals, lotus leaves, taro
leaves, rice leaves and legs of water striders (Claudia et al. 2016; Barthlott et al. 2017).

According to these researchers, bacterial cells are killed through the mechanical
rupture of their cell wall when they are in contact with the nanostructures (Tripathy et
al. 2017). Therefore, recruitment of additional cells and biofilm build up are both
prevented and resistance to the nanofeatures cannot evolve (Dickson et al. 2015).

Unfortunately, these discoveries have not been translated to technologically
scalable processes yet. Indeed, most of nanostructuring methods available today require
cleanroom technologies and are prohibitively expensive, slow and cumbersome for
large-scale applications (Feng et al. 2015; Hasan et al. 2018). Additionally, although
most studies have shown that biofilms are sensitive to nanoscale topographical details,
no universal rules of attachment have been determined yet and some researchers have
reported a greater level of attachment on some nanoscale surfaces compared to those
with conventional topographies (Park et al. 2008; Hsu et al. 2013).

Active antimicrobial surfaces
In active approaches, the abatement of biofilm growth has been achieved by
spreading a number of antimicrobials and disinfectants onto the surfaces or by

incorporating them into synthetic polymer-based products, directly or by means of a



carrier. The anti-biofilm activity is the result of functional groups that interact with
microbes in the surrounding area (Lichter et al. 2009).

Antimicrobial-releasing surfaces

In the antimicrobial-releasing surfaces, the biocidal agent is actively eluted from
the surface when in contact with an aqueous environment (Coenye et al. 2011; Chen et
al. 2013; Lo et al. 2014; Zanini et al. 2015). Such approaches are those most used to
obtain devices with different antimicrobial spectra and duration. Indeed, a number of
materials with entrapped antibiotics and disinfectants are commercially available, and
are already used in clinical applications, especially for mitigating implant-associated
infections (Antoci et al. 2008; Hockenhull et al. 2009; Francolini and Donelli 2010;
Swartjes et al. 2015; Ashbaugh et al. 2016). Examples of active polymers for
antimicrobial applications are reported in Gao et al. (2011), Chen et al. (2013) and
Huang et al. (2016).

Release of antibiotics by coating degradation is also possible by using
degradable polymers, such as poly(D,L-lactide), poly(e-caprolactone) or
poly(trimethylene carbonate) (Strobel et al. 2011; Guillaume et al. 2012). Shukla et al.
(2012) found that application of vancomycin containing layer-by-layer assembled films
increased drug loading by up to approximately 9 times the control. It is interesting to
note that the approach enables the incorporation of different drug types in each layer,
giving potential to engineered delivery system for drugs with a multitude release profile
(Hammond 2012).

However, despite the considerable effort made, over the past 30 years there has
been little progress, few products have become available on the market, and reviews are
not unanimous about their benefits (Johonson et al. 2006; Nowatzky et al. 2012;
Sjollema et al. 2018). The prerequisite for the good performance of such coatings is the
continuous and constant elution of antimicrobial molecules from the surface, with a
release rate sufficient to deter or slow down microbial attachment to ensure the long
service life of the coating (Barrios et al. 2005). Unfortunately, such active coatings have
been designed to release high initial fluxes of antimicrobial agents during the critical
short term post-implantation period (several hours) so as to inhibit initial microbial
adhesion through a biocidal mechanism. However, continued release beyond this short-

term period (weeks to months) is not realized, making these systems less desirable for



long-term and extended applications (Hetrick and Schoenfisch 2006; Knetsch and
Koole 2011; Gao et al. 2011).

Antimicrobial responsive surfaces

Several materials from which the antimicrobial substance release is triggered by
the microorganisms approaching the surface have been proposed. Indeed, in such
responsive approaches, both enzymes and acids excreted by the bacteria themselves
have been used as triggers for antimicrobial release to combat their adhesion.
Komnatnyy et al. (2014) introduced an enzyme-sensitive link into a poly(ethylene
glycol) material. The bioactive compounds, i.e. quorum sensing signals and
antimicrobial drugs, were only released in presence of the microorganisms that secrete
the specific enzymes that cleave the sensitive linkage in the construction. Pavlukhina et
al. (2014) constructed a pH/bacteria-responsive material providing a novel hydrogel-
like montmorillonite/polyacrylic acid film able to keep gentamicin safely sequestered
for months under physiologic conditions. When challenged with bacteria, the coating
released gentamicin because microorganisms locally acidify the environment, e.g. by
secreting lactic or acetic acid. Similarly, Wang et al. (2017) developed a new multilayer
film with a high loading capacity for triclosan. In this system, the permeability of the
films is altered in response to pH changes in the environment caused by bacteria
providing the release of the antibiotic.

These responsive materials are supposed to provide new antimicrobial
approaches with the following advantages: i) they exhibit the antibacterial activity only
when and where needed; ii) they extend the useful life time of coatings, decreasing the
premature depletion of the drug reservoir; and iii) they minimize side-effects related to
continuous and uncontrolled molecule release, e.g. its accumulation in vital tissues.

Though these materials are interesting, they are seldom used as antibacterial
coatings. The main challenges are: i) to achieve release of meaningful doses over
multiple cycles; ii) to minimize non-triggered background leaching from surfaces; iii)
the limited effect against multiple microbial infections; and iv) the altered efficacy of
many antimicrobials due to changes in pH during microbial growth (Cloutier et al.
2015; Alvarez-Lorenzo et al. 2016).



Immobilization of antimicrobials

Important achievements have also been made to covalently immobilize
antimicrobials on surfaces to completely overcome the problem of constant release
(Antoci et al. 2008; Gharbi et al. 2015; Gerits et al. 2016; Peng et al. 2017). These so-
called contact-killing surfaces are not intended to release antimicrobials into the
surroundings, but to kill bacteria upon contact.

The active molecule, covalently bound to the polymeric chain, reaches the site
of action on the bacterial envelope or inside the bacterium, e.g. by penetrating its cell
wall. Therefore, the bond with the surface is generally performed by using flexible
spacers that allow a certain degree of freedom of the bound antibacterial agents (Nie et
al. 2016). Indeed, chain length and chain density are important parameters for polymer
brush anchors (Adhart et al. 2018). Jose et al. (2005) used a double
aminoethoxyethoxyacetate linker combined with a 3-aminopropyltriethoxysilane-
modified titanium surface to provide vancomycin with a distance of about 4 nm from
the polymer surface.

In contrast to the release coatings, surface binding technology of antibiotic
agents creates a high local concentration, minimizing the risk of exposing bacteria to
sub-inhibitory concentrations and thereby reducing the likelihood of resistance
development (Nie et al. 2016). Little is known about the possible development of
bacterial resistance against these materials and it remains to be seen whether or not this
occurs upon their increasing usage. Certainly, it has been well documented that the
constant use of antimicrobial agents inevitably leads to the development of antibiotic
resistant strains and could even promote biofilm formation (Hoffman et al. 2005;
Andersson and Hughes 2010). Moreover, the effectiveness of such material is most
likely limited to infections caused by bacteria that are sensitive to the specific antibiotic
(Hetrick and Schoenfisch 2006). No less important: the application of such surface-
active systems is restricted to some surfaces for safety reasons, e.g. their use is less
suitable for specific food contact materials as the carrying over of antimicrobials into
food products might occur (Simdes et al. 2010; Lucera et al. 2012; Cappitelli et al.
2014).



Metal-based antimicrobial materials

Metal coatings

Heavy metals have been used as an anti-biofilm agent, the metal being deposited
on biomaterial surfaces by means of a coating technology (Stobie et al. 2008; Gallo et
al. 2014).

Among the metals, the one that has long been the center of attention is silver
(Knetsch and Koole 2011). There are indications that the antimicrobial activity of silver
Is dependent on the silver cation Ag+, which reacts with, and disrupts, the function of
bacterial cell membranes, DNA molecules, crucial metabolic proteins and enzymes, and
ultimately leads to cell death (Feng et al. 2000; Jung et al. 2008; Randall et al. 2013).
Indeed, silver has been coated onto medical implants (Darouiche 1999; Devasconcellos
et al. 2012), wound dressings (Heggers et al. 2005; Ip et al. 2006) and textiles (Sataev et
al. 2014). However, such silver coating has its faults, including poor silver adhesion and
lack of coating uniformity; it also requires special processing conditions (Kumar and
Munstedt 2005). Furthermore, the incorporation of silver into polymers does not always
result in efficient antimicrobial activity because of the poor solubility of most silver

salts in polymeric materials (Knetsch and Koole 2011).

Metal-nanoparticles based materials

Over the last decade a great deal of interest has been shown in metal
nanoparticles. This is because of the superior and unique features that make them
particularly attractive for new and emerging nanoparticle-based anti-biofilm materials
(Polo et al. 2011; Ahire et al. 2016; Mu et al. 2016; Qayyum and Khan 2016;
Ramasamy and Lee 2016; Gambino et al. 2017). Among others, silver nanoparticle-
based materials have been successfully proposed to limit biofilm formation on both
medical and industrial applications, e.g. medical implants (Roe et al. 2008), air and
water treatment filters (Mpenyana-Monyatsi et al. 2012; Gehrke et al. 2015), clothing
(Zhang et al. 2009; Zhang et al. 2014), food processing surfaces (Araujo et al. 2013) and
food packaging materials (Bumbudsanpharoke et al. 2015; Souza and Fernando 2016).
Although it seems that bacteria are less prone to develop resistance against silver than
they do against conventional antibiotics, concerns associated with the overuse of silver

and the consequent emergence of bacterial resistance have been raised (Hobman and



Crossman 2015; Ebrahiminezhad et al. 2016). Moreover, these nanotechnology-based
emerging novel anti-biofilm strategies are still in the nascent phase and more research is
needed to clarify a number of safety, environmental, ethical, policy and regulatory
issues (Fabrega et al. 2011; Gottschalk et al. 2013; Sajid et al. 2015; Gambino et al.
2015; Reed et al. 2016; Garuglieri et al. 2016; Hoseinnejad et al. 2017; Garuglieri et al.
2018).

Preventive green biocide-free surfaces

Numerous concerns have put pressure on the scientific community to develop
alternative, more effective strategies; strategies perceived by the public as safe, and as
posing negligible risk to human health and the environment.

Indeed, efforts are being directed towards developing innovative anti-biofilm
materials with functional features targeting molecular determinants of biofilm genesis,
instead of fighting biofilm with antimicrobial materials and coatings (Chen et al. 2013;
Villa et al. 2013). In these approaches microorganisms are deprived of their virulent
properties but their existence remains unaffected. Thus, selection pressure decreases,
with the promising perspective of restoring the efficacy of traditional antimicrobial
agents (Rasko and Sperandio 2010).

On considering the process of biofilm formation, different key steps can be
identified as promising targets for the development of innovative anti-biofilm products.
The first is to avoid surface microbial adhesion: this can be done by interacting with the
surface sensing process in order to keep the pioneering cells in a planktonic form.
Another good point of attack that has emerged is the disruption of mature biofilm.
Indeed, interference with cell-to-cell communication processes inevitably results in
biofilm matrix damage, leading to the destabilization of biofilm physical integrity.
Finally, the promotion of biofilm dispersal by forcing the planktonic state is another
interesting target (Kaplan 2010; Kostakioti et al. 2013).

Needless to say, the above strategies do not presume to be the solution to
preventing biofilm development, but they could be used in combination with other
conventional treatments to maximize the anti-biofilm performance of polymeric
materials. Indeed, these strategies could be a step forward in applications where it
would be advantageous to slow down contamination. Indeed, in many industrial and

clinical activities, surface treatments that retard adhesion, and consequently biofilm
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formation, could greatly enhance the efficiency of daily cleaning and disinfection
procedures, because, once dispersed from the biofilm, free-floating microbes are more
susceptible to detergents and biocides than those in the biofilm itself (Davey and
O'Toole 2000; Dell’Orto et al. 2017). The synergic combination of antimicrobial and
anti-biofilm agents is even recommended by the Infectious Diseases Society of America
guidelines for the treatment of selected biofilm-associated infection (Pappas et al. 2004;
Cui et al. 2015).

Already, to date, a number of natural and synthetic compounds based on this
innovative biocide-free anti-biofilm strategy have been proposed. The latter includes a
broad range of molecules, free in solution as well as coated or immobilized on a surface,
that interfere with quorum sensing cell-to-cell communications and promote biofilm
dispersal (Ding et al. 2011; Wu et al. 2015; Alexander et al. 2015; Brackman and
Coenye 2015; Abraham 2016; Chen et al. 2016), as well as matrix-targeting enzymes
able to effectively destroy biofilm architecture (Pavlukhina et al. 2012; Villa et al. 2015;
Spadoni Andreani et al. 2016; Sadekuzzaman et al. 2015; Meireles et al. 2016; Spadoni
Andreani et al. 2017; Snarr et al. 2017).

Surface modification with natural anti-biofilm compounds

Present day awareness of ecological problems, together with the increased
number of safety laws, has prompted the scientific community to address the
development of more eco-sustainable anti-biofilm materials with non-toxic and
biodegradable properties. Thus, there is great demand for new approaches based on
molecules displaying suitable environmental-fate parameters such as high water
solubility, low partition coefficient, low bioaccumulation in biological systems, and no
ecotoxicity; such molecules used in anti-biofilm materials would give them great
potential as safe anti-biofilm agents (Qian et al. 2010). To date, a multitude of
compounds found in nature have revealed promising anti-biofilm properties suitable for
the development of improved effective eco-friendly, bio-inspired anti-biofilm materials
able to replace, or integrate with, current dominating biocide-based strategies (Villa et
al. 2013; Sadekuzzaman et al. 2015; Qian et al. 2015; Almeida et al. 2017). However,
compared to the great amount of work devoted to the discovery of potent natural

biofilm inhibitors, relatively little research has dealt with the design of anti-infective
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bio-hybrid surfaces based on natural products and, of these, only a few materials display
anti-biofilm properties without biocidal activity.

Passive and active natural molecule-based strategies

Barrios and coauthors (2005) and Newby and colleagues (2006) incorporated
zosteric acid into silicone coatings, developing different strategies to achieve its slow
release into the surrounding area. Bryers and collaborators (2006) and Rosenberg and
colleagues (2008) proposed salicylic acid-releasing poly(anhydride-ester) polymers able
to inhibit Pseudomonas aeruginosa and Salmonella enterica biofilms respectively. In a
further study, Nowatsky and coauthors (2012) developed a new salicylic acid-releasing
polyurethane acrylate polymer. Under aqueous environments, the polymer hydrolyzed
and released salicylic acid, leaving the backbone intact and reducing biofilm formation
of Staphylococcus epidermidis, Bacillus subtilis, Escherichia coli, P. aeruginosa, and S.
aureus. Others examples are reported in Table 2.

Unfortunately, in most cases, these materials exhibited a discontinuous release,
this release being initially high but soon followed by an exponential decrease. In
addition, a very large number of molecules appeared close to the surface, reaching
concentrations lethal for the microorganisms. The amount of released substance and its
rate is influenced by factors like processing parameters, loading dose, applied
technique, molecular size of the molecule and the physic-chemical properties of the
polymeric material, all of which makes it arduous to carry out a strict monitoring of the
anti-biofilm rate from the surface. Indeed, the problem of release rate in an aqueous
medium can be attributed to the fact that most polymeric matrices and anti-biofilm
compounds have incompatible physical characteristics. Most of the coating matrices are
hydrophobic polymers, while some anti-biofilm compounds are hydrophilic, making
their miscibility with the coating matrices difficult. The result is a non-uniform
molecule distribution within the material, which increases the tendency of the surfaces
to absorb and diffuse water through the polymer matrix; this allows the anti-biofilm
molecules to diffuse out (Barrios et al. 2005; Newby et al. 2006; Nowatzki et al. 2012).
To solve the problem, Barrios and coauthors (2005) investigated various techniques for
incorporating zosteric acid into a model silicone material. When the zosteric acid
distribution within the polymer was uniform, with small aggregates or even individual

molecules, leaching took place at a reasonable rate, extending the material working
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time. However, the optimal, and desired, constant rate was never reached as, at the
beginning, the rate was quite high, reaching an almost constant value only later.

Covalent immobilization of natural molecules

The binding of natural molecules to surfaces could easily side-step the problem
of constant release, guaranteeing the material long life as the molecules become
permanently attached and integrated into the scaffold structure of the polymers. Indeed,
grafting active compounds to polymers is preferred to covalent incorporation as biofilm
development is a process that occurs at the surface and not in the bulk. This kind of
approach requires very good knowledge of the exact functional groups required by
molecules to exert anti-biofilm activity, identifying the molecular structure’s binding
site needed for the group’s immobilization on the surface, without destroying the
biological activity of the material. However, in most cases this information is not
available. Hume et al. (2004) proposed two different methods for the covalent
immobilization of the furanone 3-(1’-bromohexyl)-5-dibromomethylene-2(5H) on
biomaterials: a furanone co-polymerization with a styrene polymer and a plasma-1-
ethyl-3-(dimethylaminopropyl) carbodiimide reaction to produce furanone-grafted
catheters. Biofilm formation by S. epidermidis in vitro was inhibited by 80% whereas in
an in vivo sheep model immobilized furanones were found effective at controlling
infection for up to 65 days. A study by Catto et al. (2015) concerning the relationship
between zosteric acid structure and anti-biofilm activity clarified that the carboxylic
acid moiety conjugated to the double bond in trans configuration is necessary in the
molecule to guarantee good anti-biofilm performance, while deletion of the sulphate
ester group does not compromise molecule anti-biofilm activity. In addition, Catto et al.
(2017) showed that the para-position of the phenyl ring in the salicylic acid structure
proved suitable for its immobilization on a N-hydroxysuccinimide polymeric matrix. On
the basis of these two studies, Dell’Orto et al. (2017) covalently grafted modified
cinnamic and salicylic acid on a low density polyethylene surface, previously activated
by oxygen plasma treatment and using 2-hydroxymethylmetacrylate as linker. Both
functionalized polymers displayed optimal anti-biofilm performance against E. coli,
reducing biofilm surface coverage, thickness and cellular biovolume by more than 80%.
Catto et al. (2018) later confirmed that the reduction of biofilm biomass was achieved in

both functionalized surfaces by a mechanism that did not affect bacterial viability,
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which is an important factor in the challenge to limit the risk of developing resistant
microbial strains. Additionally, the authors demonstrated that the functionalized
surfaces strongly reduced polysaccharides in the biofilm matrix, maximizing the biofilm
sensitivity to conventional antimicrobial agents. Noteworthy, the new polymers
preserved their anti-biofilm activity over time.

Although anti-biofilm mechanisms are still poorly understood, current findings
document that, in most cases, anti-biofilm materials affect microbial settlement by
acting as an environmental cue that leads bacteria to global stress, providing conditions
by which the best microbial strategy is to escape from the adverse environment rather
than activate drug resistant sessile mechanisms. This response is often mediated by
reactive oxygen species, used by cells as signals in adapting to changing environments
(Gambino and Cappitelli 2016). For example, both zosteric acid and salicylic acid affect
the bacterial oxidative balance by interacting with NADH: quinone reductase (WrbA),
an enzyme belonging to a family of flavoprotein quinone reductases widespread in both
bacteria and fungi (Catto et al. 2015; Catto et al. 2017). The outcome of this oxidative
imbalance is the production of signal molecules that discourage the firm adhesion of

bacteria on surfaces (Villa et al. 2012; Catto et al. 2015).

Methods for evaluating the anti-biofilm performance of new bio-inspired
polymeric surfaces

After the design and creation of bio-inspired polymeric surfaces, the validation
of the new materials’ anti-biofilm performance becomes a critical step for field
applications. However, the in vivo testing of new anti-biofilm materials remains a
difficult task due to the poor control over experiments and justified ethical concerns
(Sjollema et al. 2018). Therefore, simplified in vitro systems have been developed to
mimic different conditions encountered in vivo (Gomes et al. 2017).

While a number of industrial standard tests are available to assess the
antimicrobial efficacy of medical and non-medical products, no accepted standard
methods exist to properly evaluate the anti-biofilm activity of new surfaces with a
mechanism of action that is different from simple killing or growth inhibition. Indeed,
available surface evaluation standard tests are mostly intended to assess the efficacy of
surface by testing the material ability to decrease microbial viability without

considering differences in the mechanism of action (Sjollema et al. 2018). Therefore,
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the only way to test is by adapting the standard lab-scale devices and procedures to
reproduce the biofilms on the functionalized biocide-free materials.

Lab-scale systems for growing biofilms on anti-biofilm surfaces

The simplest experimental system relies on the use of microtiter well plates, a
static assay particularly useful for examining early events in biofilm formation (Merritt
et al. 2005). Microtiter plates allow surfaces to be modified or, alternatively, new bio-
functionalized polymers can be further inserted into the wells. The general protocol
allows for the inoculation of microtiter wells with a cell suspension for a desired period
of time, after which the attached biomass is analyzed.

While microtiter tray based techniques are inexpensive and appropriate for large
scale screening purposes, the static nature of these systems leaves them prone to
nutrient exhaustion, thus limiting the generation of mature biofilm (Azeredo et al.
2017). As a consequence, the full effect of new tested materials on biofilm growth and
dispersion cannot be evaluated with this system.

The dynamic solution lies in continuous-flow systems to produce mature
biofilms on surfaces. Indeed, continuously pumping high shear and nutrients into the
reactor provides stress conditions that promote biofilm development on the polymer
surfaces (Goeres et al. 2005). Standardized protocols employing the Center for Disease
Control biofilm reactor (CDC reactor), the rotating disk reactor (RD reactor) and the
drip flow reactor (DF reactor), have been approved by the American Society for Testing
and Materials (ASTM E2562-12 2012; ASTM E2196-02 2012; ASTM E2871-13 2013;
ASTM E2647-13 2013).

The CDC reactor allowed Cai et al. (2012) to prove that diazeniumdiolate-doped
poly(lactic-co-glycolic acid)-based nitric oxide releasing films applied in indwelling
biomedical devices exhibit considerable anti-biofilm properties against gram-positive S.
aureus and gram-negative E. coli. In another experiment, the CDC reactor was used to
challenge dentin-composite and hydroxyapatite disks with multi-species oral biofilms,
mimicking acidogenic meals and snacks (Li et al. 2014). Dell’Orto and colleagues
(2017) tested a new anti-biofilm material obtained by the covalent grafting of p-
aminocinnamic or p-aminosalicylic acids on low density polyethylene coupons against
E. coli biofilm grown in the CDC reactor. Sawant and colleagues (2013) tested the anti-

biofilm properties of silver nanocomposites against E. coli biofilm by the use of a DF
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reactor. With the same device, Pérez-Diaz et al. (2016) evaluated the anti-biofilm
capacity of chitosan gel formulations loaded with silver nanoparticles on strains of
clinical isolates under conditions that mimic the flow of nutrients in the human skin.
All the described continuous-flow systems offer the advantages of the
simultaneous use of different surface materials, the possibility of analyzing samples
noninvasively, and standardized protocols, making it possible to compare different
materials within one laboratory alone and among different laboratories (Gomes et al.
2017). Additionally, bioreactors allow to sample the materials aseptically at different

time points during the sessile growth, without compromising the whole experiment.

Methods for quantification and structural assessment of biofilm on anti-biofilm
surfaces

Once grown on a surface, the most widely used technique to estimate biofilm is
the determination of viable cells by plate counting on agar media (Azeredo et al. 2017).
Alternatively, flow cytometry, is a fast and precise way to count live and dead cells in a
biofilm (Kerstens et al. 2015; Sgier et al. 2016). Quantification can be also achieved
through colorimetric methods by staining biofilms and measuring the amount of
desorbed dye by spectrophotometric measurement (Honraet et al. 2005; Welch et al.
2012; Larimer et al. 2016; Sabatini et al. 2018). Depending on the stain, this method
enables guantification of the total biofilm biomass (e.g., crystal violet), the biofilm
matrix (e.g. dimethyl methylene blue), or the metabolic activity of the biofilm cells (e.g.
XTT 2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide inner
salt and resazurin). Furthermore, quantitative polymerase chain reaction (qPCR) could
be used to account for the uncultivable portion of the biofilm microbial community
(Dalwai et al. 2007).

Microscopy is one of the most powerful tools to assess the biofilm architecture
on material surfaces. In particular, confocal Laser Scanning Microscopy (CLSM) allows
the representation of the 3D architecture of the biofilm, and the acquisition of
quantitative structural parameters such as biofilm bio-volume, thickness and roughness
(Bridier and Briandet 2014) (Figure 1).

The amount of biomass retrieved on the surface is not the only indication of the anti-
biofilm properties of a new material. In fact, functionalized materials might act by

destabilizing biofilm organization and its physical integrity, compromising its structure
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rather than decreasing the biomass on a surface (Villa et al. 2015). This mode of action
might render the biofilm more prone to detachment and/or more susceptible to
traditional antimicrobial agents. By using micro-bead force spectroscopy, it is possible
to quantify biofilm adhesion and viscoelasticity at the micro-meter scale (Lau et al.
2009; Angeloni et al. 2016). Additionally, Atomic Force Microscopy was used to
determine the adhesion forces between bacteria and goethite (Huang et al. 2015), and
between biofilms and different plastics (vinyl chloride, silicone resin, Nylon 66,
polycarbonate, polypropylene, polyethylene and polymethylmethacrylate)
(Harapanahalli et al. 2015; Hirai et al. 2015).

The susceptibility of biofilms grown on functionalized materials to traditional
antimicrobials is an important aspect to consider. In this respect, CLSM has been shown
to be a powerful tool to analyze antimicrobial actions by a time course (minutes-to-
hours scale) visualization of live and dead cells through the biofilm structure during a
biocidal treatment (Rani et al. 2005; Daddi Oubekka et al. 2012; Singh et al. 2016). The
general protocol consists in staining biofilm grown on the coupon with specific
fluorochromes in order to detect live and dead cells (e.g. LIVE/DEAD BacL.ight
bacterial viability kit) or enzymatic activities (e.g. esterase activity marker CalceinAM).
The biofilm is then exposed to the antimicrobial treatment, and any changes over time
in fluorescent intensity due to cell inactivation are recorded under CLSM (Figure 2 and
Video S1).

Concluding remarks

The use of surfaces that prevent or limit microbial adhesion and biofilm
formation by depriving microorganisms of their biofilm-specific traits, without affecting
their existence, has been proved instrumental in combating surface-associated biofilm.
The integration of such innovative strategies with conventional approaches also appear
to be a good strategy as, once the biofilm is destabilized, microorganisms are more
sensitive to biocide treatments. Now, the hard part is to translate these ideas into
commercial reality: although the value of the previously described research is
indisputable, it is equally true that a number of issues have yet to be solved. In contrast
to the currently used solvent-based approaches, the design and synthesis of such surface
materials needs to be focused on chemical approaches based on solvent-free, non-toxic

reactions, adhering to the principles of green chemistry (Sheldon, 2016). In addition, the
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diffusion of a natural-based surface commercially requires large amounts of natural
materials, as, unfortunately, not all compounds are suitable candidates for commercial
total synthesis due to their structural complexity (Dias et al. 2012). Advances in chemo-
informatics have partially filled previous gaps: high throughput screening has shortened
times whereas structure-activity studies have permitted a drastic reduction in the size
and chirality of bioactive natural products. However, these approaches are often limited
by the general lack of information concerning the mechanism of action, the cellular
receptors and the active chemical scaffold of many bioactive natural products. This
understanding is also necessary to achieve more efficient and better targeted anti-
biofilm surfaces (Chen and Qian 2017).

Acknowledgements
This work was supported by the Fondazione Cariplo under grant number 2011-
0277.

Disclosure of interest

The authors report no conflicts of interest.

References
Abraham WR. 2016. Going beyond the control of quorum-sensing to combat biofilm
infections. Antibiotics. 5(1):3.

Adlhart, Verran J, Azevedo NF, Olmez H, Keindnen-Toivola MM, Gouveia I, Melo LF,
Crijns F. 2018. Surface modifications for antimicrobial effects in the healthcare setting:
a critical overview. J Hosp Infect. [accessed 2018 Feb 2]. [DOI:
10.1016/j.jhin.2018.01.018].

Ahire JJ, Hattingh M, Neveling DP, Dicks LMT. 2016. Copper-containing anti-biofilm

nanofiber scaffolds as a wound dressing material. PloS One. 11(3): e0152755.

Alexander SA, Kyi C, Schiesser CH. 2015. Nitroxides as anti-biofilm compounds for
the treatment of Pseudomonas aeruginosa and mixed-culture biofilms. Org Biomol
Chem 13(16):4751-4759.

Almeida JR, Correia-da-Silva M, Sousa E, Antunes J, Pinto M, Vasconcelos V, Cunha

I. 2017. Antifouling potential of nature-inspired sulfated compounds. Sci Rep. 7: 42424.

18



Alvarez-Lorenzo C, Garcia-Gonzalez CA, Bucio E, Concheiro A. 2016. Stimuli-
responsive polymers for antimicrobial therapy: drug targeting, contact-killing surfaces
and competitive release. Expert Opin Drug Deliv. 13(8):1109-1119.

Alves D, Pereira MO. 2016. Bio-inspired coating strategies for the immobilization of

polymyxins to generate contact-killing surfaces. Macromol Biosci. 16(10):1450—1460.

[ASTM] American Society for Testing and Materials. 2012. E2562-12 - Standard test
method for quantification of Pseudomonas aeruginosa biofilm grown with high shear

and continuous flow using CDC biofilm reactor.

[ASTM] American Society for Testing and Materials. 2012. E2196-02 - Standard test
method for quantification of a Pseudomonas aeruginosa biofilm grown with shear and

continuous flow using a rotating disc reactor.

[ASTM] American Society for Testing and Materials. 2013. E2871-13 - Standard test
method for evaluating disinfectant efficacy against Pseudomonas aeruginosa biofilm
grown in the CDC biofilm reactor using the single tube method.

[ASTM] American Society for Testing and Materials. 2013. E2647-13 - Standard test
method for quantification of Pseudomonas aeruginosa biofilm grown using drip flow

biofilm reactor with low shear and continuous flow; 2013.

Andersson DI, Hughes D. 2010. Antibiotic resistance and its cost: is it possible to
reverse resistance? Nat Rev Microbiol. 8(4):260—271.

Angeloni L, Passeri D, Reggente M, Pantanella F, Mantovani D, Rossi M. 2016.
Microbial cells force spectroscopy by atomic force microscopy: a review. Nanosci
Nanometr. 2(1):30—40.

Antoci V, Adams CS, Parvizi J, Davidson HM, Composto RJ, Freeman TA, Wickstrom
E, Ducheyne P, Jungkind D, Shapiro IM, et al. 2008. The inhibition of Staphylococcus
epidermidis biofilm formation by vancomycin-modified titanium alloy and implications

for the treatment of periprosthetic infection. Biomaterials. 29(35):4684—4690.

Araujo EA, de Andrade NJ, da Silva LHM, Bernardes PC, Teixeira A, Fialho JFQ, de
Sa JPN, Fernandes PE. 2013. Modification of stainless steel surface hydrophobicity by
silver nanoparticles: strategies to prevent bacterial adhesion in the food processing. J
Adhes Sci Technol. 27(24):2686—2695.

19



Ashbaugh AG, Jiang XS, Zheng J, Tsai AS, Kim WS, Thompson JM, Miller RJ,
Shahbazian JH, Wang Y, Dillen CA, et al. 2016. Polymeric nanofiber coating with
tunable combinatorial antibiotic delivery prevents biofilm—associated infection in vivo.
Proc Natl Acad Sci U S A. 113(45):E6919—E6928.

Azeredo J, Azevedo NF, Briandet R, Cerca N, Coenye T, Costa AR, Desvaux M, Di
Bonaventura G, Hebraud M, Jaglic Z, et al. 2017. Critical review on biofilm methods.
Crit Rev Microbiol. 43(3):313—-351.

Barrios CA, Xu Q, Cutright T, Newby BM. 2005. Incorporating zosteric acid into
silicone coatings to achieve its slow release while reducing fresh water bacterial
attachment. Colloids Surf., B. 41(2—3):83-93.

Barthlott W, Mail M, Bhushan B, Koch K. 2017. Plant surfaces: structures and

functions for biomimetic innovations. Nano-Micro Lett. 9(2):23.

Brackman G, Coenye T. 2015. Quorum sensing inhibitors as anti-biofilm agents. Curr
Pharm Des. 21(1):5—11.

Bridier A, Briandet R. 2014. Contribution of confocal laser scanning microscopy in
deciphering biofilm tridimensional structure and reactivity. Methods Mol Biol.
1147:255-266.

Bryers JD, Jarvis RA, Lebo J, Prudencio A, Kyriakides TR, Uhrich K. 2006.
Biodegradation of poly(anhydride-esters) into non-steroidal anti-inflammatory drugs
and their effect on Pseudomonas aeruginosa biofilms in vitro and on the foreign-body

response in vivo. Biomaterials. 27(29):5039—5048.

Bumbudsanpharoke N, Choi J, Ko S. 2015. Applications of nanomaterials in food
packaging. J Nanosci Nanotechnol. 15(9):6357-6372.

Cai WY, Wu JF, Xi CW, Meyerhoff ME. 2012. Diazeniumdiolate-doped poly(lactic-co-
glycolic acid)-based nitric oxide releasing films as antibiofilm coatings. Biomaterials.
33(32):7933—7944.

Cappitelli F, Polo A, Villa F. 2014. Biofilm formation in food processing environments

is still poorly understood and controlled. Food Eng Rev. 6(1-2):29—42.

Cappitelli F, Salvadori O, Albanese D, Villa F, Sorlini C. 2012. Cyanobacteria cause
black staining of the National Museum of the American Indian Building, Washington,

20



DC, USA. Biofouling. 28(3):257-266.

Carman ML, Estes TG, Feinberg AW, Schumacher JF, Wilkerson W, Wilson LH,
Callow ME, Callow JA, Brennan AB. 2006. Engineered antifouling microtopographies-
-correlating wettability with cell attachment. Biofouling. 22(1-2):11-21.

Catto C, Dell'Orto S, VillaF, Villa S, Gelain A, Vitali A, Marzano V, Baroni S, Forlani
F, Cappitelli F. 2015. Unravelling the structural and molecular basis responsible for the
anti-biofilm activity of zosteric acid. PLoS One. 10(7):e0131519.

Catto C, Grazioso G, Dell'Orto S, Gelain A, Villa S, Marzano V, Vitali A, VillaF,
Cappitelli F, Forlani F. 2017. The response of Escherichia coli biofilm to salicylic acid.
Biofouling. 33(3):235-251.

Catto C, James G, VillaF, Villa S, Cappitelli F. 2018. Zosteric acid and salicylic acid
bound to a low density polyethylene surface successfully control bacterial biofilm
formation. Biofouling. [DOI: 0.1080/08927014.2018.1462342].

Chen L, Qian PY. 2017. Review on molecular mechanisms of antifouling compounds:
an update since 2012. Mar Drugs. 15(9).

Chen LH, Bu QQ, Xu H, Liu Y, She PF, Tan RC, Wu Y. 2016. The effect of berberine
hydrochloride on Enterococcus faecalis biofilm formation and dispersion in vitro.
Microbiol Res. 186:44—51.

Chen M, Yu QS, Sun HM. 2013. Novel strategies for the prevention and treatment of
biofilm related infections. Int J Mol Sci. 14(9):18488—18501.

Chifiriuc C, Grumezescu V, Grumezescu AM, Saviuc C, Lazar V, Andronescu E. 2012.
Hybrid magnetite nanoparticles/Rosmarinus officinalis essential oil nanobiosystem with
antibiofilm activity. Nanoscale Res Lett. 7:2009.

Claudia Z, Isabelle CRDS, Matthias M, Maryna NK, Wilhelm B, Hendrik H. 2016.
Micro-structures of superhydrophobic plant leaves - inspiration for efficient oil spill

clean-up materials. Bioinspir Biomim. 11(5):056003.

Cloutier M, Mantovani D, Rosei F. 2015. Antibacterial coatings: challenges,
perspectives, and opportunities. Trends Biotechnol. 33(11):637—652.

Coenye T, De Prijck K, Nailis H, Nelis HJ. 2011. Prevention of Candida albicans
biofilm formation. Open Mycol J. 5:9-20.

21


https://www.ncbi.nlm.nih.gov/pubmed/?term=Carman%20ML%5BAuthor%5D&cauthor=true&cauthor_uid=16551557
https://www.ncbi.nlm.nih.gov/pubmed/?term=Estes%20TG%5BAuthor%5D&cauthor=true&cauthor_uid=16551557
https://www.ncbi.nlm.nih.gov/pubmed/?term=Feinberg%20AW%5BAuthor%5D&cauthor=true&cauthor_uid=16551557
https://www.ncbi.nlm.nih.gov/pubmed/?term=Schumacher%20JF%5BAuthor%5D&cauthor=true&cauthor_uid=16551557
https://www.ncbi.nlm.nih.gov/pubmed/?term=Wilkerson%20W%5BAuthor%5D&cauthor=true&cauthor_uid=16551557
https://www.ncbi.nlm.nih.gov/pubmed/?term=Wilson%20LH%5BAuthor%5D&cauthor=true&cauthor_uid=16551557
https://www.ncbi.nlm.nih.gov/pubmed/?term=Callow%20ME%5BAuthor%5D&cauthor=true&cauthor_uid=16551557
https://www.ncbi.nlm.nih.gov/pubmed/?term=Callow%20JA%5BAuthor%5D&cauthor=true&cauthor_uid=16551557
https://www.ncbi.nlm.nih.gov/pubmed/?term=Brennan%20AB%5BAuthor%5D&cauthor=true&cauthor_uid=16551557

Council Recommendation 2002/77/EC (2001) Prudent use of antimicrobial agents in
human medicine (2002/77/EC).
http://antibiotic.ecdc.europa.eu/PDFs/I_03420020205en00130016.pdf.

Cui JH, Ren B, Tong YJ, Dai HQ, Zhang LX. 2015. Synergistic combinations of
antifungals and anti-virulence agents to fight against Candida albicans. Virulence.
6(4):362—371.

Daddi Oubekka S, Briandet R, Fontaine-Aupart MP, Steenkeste K. 2012. Correlative
time-resolved fluorescence microscopy to assess antibiotic diffusion-reaction in
biofilms. Antimicrob Agents Chemother. 56(6):3349—3358.

Dalwai F, Spratt DA, Pratten J. 2007. Use of quantitative PCR and culture methods to
characterize ecological flux in bacterial biofilms. J Clin Microbiol. 45(9):3072—-3076.

Darouiche RO. 1999. Anti-infective efficacy of silver-coated medical prostheses. Clin
Infect Dis. 29(6):1371-1377.

Darouiche RO. 2007. Antimicrobial coating of devices for prevention of infection:
principles and protection. Int J Artif Organs. 30(9):820—827.

Davey ME, O'Toole G A. 2000. Microbial biofilms: from ecology to molecular
genetics. Microbiol Mol Biol Rev. 64(4):847—867.

Dell'Orto S, Catto C, Villa F, Forlani F, Vassallo E, Morra M, Cappitelli F, Villa S,
Gelain A. 2017. Low density polyethylene functionalized with antibiofilm compounds
inhibits Escherichia coli cell adhesion. J Biomed Mater Res A. 105A:3251-3261.

Devasconcellos P, Bose S, Beyenal H, Bandyopadhyay A, Zirkle LG. 2012.
Antimicrobial particulate silver coatings on stainless steel implants for fracture
management. Mater Sci Eng C Mater Biol Appl. 32(5):1112—1120.

Dias DA, Urban S, Roessner U. 2012. A historical overview of natural products in drug
discovery. Metabolites. 2(2):303—336.

Dickson MN, Liang El, Rodriguez LA, Vollereaux N, Yee AF. 2015. Nanopatterned
polymer surfaces with bactericidal properties. Biointerphases. 10(2): 021010.

Ding X, Yin B, Qian L, Zeng ZR, Yang ZL, Li HX, Lu YJ, Zhou SN. 2011. Screening
for novel quorum-sensing inhibitors to interfere with the formation of Pseudomonas
aeruginosa biofilm. J] Med Microbiol. 60(12):1827—1834.

22



Directive 98/8/EC of the European Parliament and of the Council of 16 February 1998
concerning the placing of biocidal products on the market.
http://eurlex.europa.eu/LexUriServ/site/en/consleg/1998/L/ 01998L.000820070119-
en.pdf.

Douterelo I, Jackson M, Solomon C, Boxall J. 2016. Microbial analysis of in situ
biofilm formation in drinking water distribution systems: implications for monitoring
and control of drinking water quality. Appl Microbiol Biotechnol. 100(7):3301-3311.

Dunne WM. 2002. Bacterial adhesion: seen any good biofilms lately? Clin Microbiol
Rev. 15(2):155-166.

Ebrahiminezhad A, Raee MJ, Manafi Z, Jahromi AS, Ghasemi Y. 2016. Ancient and
novel forms of silver in medicine and biomedicine. JAMSAT. 2(1):122-128.

[EFSA] European Food Safety Authority. 2012. Summary report.
https://www.efsa.europa.eu/en/topics/topic/nanotechnology.

Fabrega J, Luoma SN, Tyler CR, Galloway TS, Lead JR. 2011. Silver nanoparticles:

behaviour and effects in the aquatic environment. Environ Int. 37(2):517-531.

Farkas A, Dragan-Bularda M, Muntean V, Ciataras D, Tigan S. 2013. Microbial activity
in drinking water-associated biofilms. Cent Eur J Biol. 8(2):201-214.

Feng G, Cheng Y, Wang SY, Borca-Tasciuc DA, Worobo RW, Moraru CI. 2015.
Bacterial attachment and biofilm formation on surfaces are reduced by small-diameter

nanoscale pores: how small is small enough? NPJ Biofilms Microbiomes. 1:15022.

Feng QL, Wu J, Chen GQ, Cui FZ, Kim TN, Kim JO. 2000. A mechanistic study of the
antibacterial effect of silver ions on Escherichia coli and Staphylococcus aureus. J
Biomed Mater Res. 52(4):662—668.

Flemming HC. 2002. Biofouling in water systems - cases, causes and countermeasures.
Appl Microbiol Biotechnol. 59(6):629-640.

Francolini I, Donelli G. 2010. Prevention and control of biofilm-based medical-device-
related infections. FEMS Immunol Med Microbiol. 59(3):227-238.

Gallo J, Holinka M, Moucha CS. 2014. Antibacterial surface treatment for orthopaedic
implants. Int J Mol Sci. 15(8):13849—-13880.

23



Gambino M, Ahmed M, Villa F, Cappitelli F. 2017. Zinc oxide nanoparticles hinder
fungal biofilm development in an ancient Egyptian tomb. Int Biodeterior
Biodegradation. 122:92—99.

Gambino M, Cappitelli F. 2016. Mini-review: biofilm responses to oxidative stress.
Biofouling. 32(2):167—178.

Gambino M, Marzano V, Villa F, Vitali A, Vannini C, Landini P, Cappitelli F. 2015.
Effects of sublethal doses of silver nanoparticles on Bacillus subtilis planktonic and
sessile cells. J Appl Microbiol. 118(5):1103—1115.

Gao P, Nie X, Zou MJ, Shi YJ, Cheng G. 2011. Recent advances in materials for
extended-release antibiotic delivery system. J Antibiot. 64(9):625—634.

Garuglieri E, Catto C, Villa F, Zanchi R, Cappitelli F. 2016. Effects of sublethal
concentrations of silver nanoparticles on Escherichia coli and Bacillus subtilis under

aerobic and anaerobic conditions. Biointerphases. 11(4):04B308.

Garuglieri E, Meroni E, Catto C, Villa F, Cappitelli F, Erba D. 2018. Effects of sub-
lethal concentrations of silver nanoparticles on a simulated intestinal prokaryotic-

eukaryotic interface. Front Microbiol. 8:2698.

Gbejuade HO, Lovering AM, Webb JC. 2015. The role of microbial biofilms in
prosthetic joint infections. Acta Orthop. 86(2):147—158.

Gehrke 1, Geiser A, Somborn-Schulz A. 2015. Innovations in nanotechnology for water

treatment. Nanotechnol Sci Appl. 8:1-17.

Geiger T, Delavy P, Hany R, Schleuniger J, Zinn M. 2004. Encapsulated zosteric acid
embedded in poly 3-hydroxyalkanoate coatings - Protection against biofouling. Polymer
Bulletin. 52(1):65—72.

Gerits E, Kucharikova S, Van Dijck P, Erdtmann M, Krona A, Lovenklev M, Frohlich
M, Dovgan B, Impellizzeri F, Braem A, et al. 2016. Antibacterial activity of a new
broad-spectrum antibiotic covalently bound to titanium surfaces. J Orthop Res.
34(12):2191-2198.

Gharbi A, Legigan T, Humblot V, Papot S, Berjeaud JM. 2015. Surface
functionalization by covalent immobilization of an innovative carvacrol derivative to

avoid fungal biofilm formation. Amb Express. 5:9.

24



Giacomucci L, Bertoncello R, Salvadori O, Martini I, Favaro M, Villa F, Sorlini C,
Cappitelli F. 2011. Microbial deterioration of artistic tiles from the fa double dagger ade
of the Grande Albergo Ausonia & Hungaria (Venice, Italy). Microb Ecol.
62(2):287-298.

Goeres DM, Loetterle LR, Hamilton MA, Murga R, Kirby DW, Donlan RM. 2005.
Statistical assessment of a laboratory method for growing biofilms. Microbiology.
151:757-762.

Gomes 1B, Meireles A, Goncalves AL, Goeres DM, Sjollema J, Simbes LC, Simdes M.
2017. Standardized reactors for the study of medical biofilms: a review of the principles
and latest modifications. Crit Rev Biotechnol.1-14.

Gottschalk F, Sun TY, Nowack B. 2013. Environmental concentrations of engineered
nanomaterials: Review of modeling and analytical studies. Environ Pollut.
181:287-300.

Guinta RA, Carbone LA, Rosenberg EL, Uhrich EK, Tabak M, Chikindas LM. 2009.
Slow release of salicylic acid from degrading poly(anhydride ester) polymer disrupts
bimodal pH and prevents biofilm formation in Salmonella typhimurium MAES52. In:
Bailey WC, editor. Biofilms: formation, development and properties. New York (NY):
Nova Science Publishers; p. 649—658.

Guillaume O, Garric X, Lavigne JP, Van Den Berghe H, Coudane J. 2012. Multilayer,
degradable coating as a carrier for the sustained release of antibiotics: preparation and
antimicrobial efficacy in vitro. J Control Release. 162(3):492-501.

Hall-Stoodley L, Costerton JW, Stoodley P. 2004. Bacterial biofilms: from the natural

environment to infectious diseases. Nat Rev Microbiol. 2(2):95—-108.
Hammond PT. 2012. Building biomedical materials layer-by-layer. Mater Today. 15:5.

Hany R, Bohlen C, Geiger T, Schmid M, Zinn M. 2004. Toward non-toxic antifouling:
synthesis of hydroxy-, cinnamic acid-, sulfate-, and zosteric acid-labeled poly[3-
hydroxyalkanoates]. Biomacromolecules. 5(4):1452-1456.

Harapanahalli AK, Chen Y, Li J, Busscher HJ, van der Meicorresponding HC. 2015.
Influence of adhesion force on icaA and cidA gene expression and production of matrix

components in Staphylococcus aureus biofilms. Appl Environ Microbiol. 81(10): 3369-

25



3378.

Hasan J, Jain S, Padmarajan R, Purighalla S, Sambandamurthy VK, Chatterjee K. 2018.
Multi-scale surface topography to minimize adherence and viability of nosocomial
drug-resistant bacteria. Mater Des. 140:332-344.

Heggers J, Goodheart RE, Washington J, McCoy L, Carino E, Dang T, Edgar P, Maness
C, Chinkes D. 2005. Therapeutic efficacy of three silver dressings in an infected animal
model. J Burn Care Rehabil. 26(1):53—56.

Hetrick EM, Schoenfisch MH. 2006. Reducing implant-related infections: active release
strategies. Chem Soc Rev. 35(9):780—789.

Hirai N, Mun MK, Masuda T, Itoh H, Kanematsu H. 2015. Atomic force microscopy
analysis of biofilms formed on different plastics. Mater Technol. 30(5):B57-B60.

Hobman JL, Crossman LC. 2015. Bacterial antimicrobial metal ion resistance. J Med
Microbiol. 64(5):471-497.

Hockenhull JC, Dwan KM, Smith GW, Gamble CL, Boland A, Walley TJ, Dickson RC.
2009. The clinical effectiveness of central venous catheters treated with anti-infective
agents in preventing catheter-related bloodstream infections: a systematic review. Crit
Care Med. 37(2):702-712.

Hoffman LR, D'Argenio DA, MacCoss MJ, Zhang ZY, Jones RA, Miller SI. 2005.
Aminoglycoside antibiotics induce bacterial biofilm formation. Nature.
436(7054):1171-1175.

Holmberg K, Bergstrom K, Brink C, Osterberg E, Tiberg F, Harris JM. 1993. Effects on
protein adsorption, bacterial adhesion and contact-angle of grafting peg chains to
polystyrene. J Adhes Sci Technol. 7(6):503—517.

Honraet K, Goetghebeur E, Nelis HJ. 2005. Comparison of three assays for the
quantification of Candida biomass in suspension and CDC reactor grown biofilms. J
Microbiol Methods. 63(3):287—295.

Hoseinnejad M, Jafari SM, Katouzian 1. 2017. Inorganic and metal nanoparticles and

their antimicrobial activity in food packaging applications. Crit Rev Microbiol. 1-21.

Hsu LC, Fang J, Borca-Tasciuc DA, Worobo RW, Moraru CA. 2013. Effect of micro-

and nanoscale topography on the adhesion of bacterial cells to solid surfaces. Appl

26



Environ Microbiol. 79(8): 2703-2712.

Huang KS, Yang CH, Huang SL, Chen CY, Lu YY, Lin YS. 2016. Recent advances in

antimicrobial polymers: a mini-review. Int J Mol Sci. 17(9).

Huang QY, Wu HY, Cai P, Fein JB, Chen WL. 2015. Atomic force microscopy
measurements of bacterial adhesion and biofilm formation onto clay-sized particles. Sci
Rep. 5:16857.

Hume EBH, Baveja J, Muir BW, Schubert TL, Kumar N, Kjelleberg S, Griesser HJ,
Thissen H, Read R, Poole-Warren LA, et al. 2004. The control of Staphylococcus
epidermidis biofilm formation and in vivo infection rates by covalently bound
furanones. Biomaterials. 25(20):5023—5030.

Ip M, Lui SL, Poon VKM, Lung I, Burd A. 2006. Antimicrobial activities of silver

dressings: an in vitro comparison. J Med Microbiol. 55(1):59-63.

Ivanova EP, Hasan J, Webb HK, Gervinskas G, Juodkazis S, Truong VK, Wu AHF,
Lamb RN, Baulin VA, Watson GS, et al. 2013. Bactericidal activity of black silicon.
Nat Commun. 4: 2838.

Jansen B, Goodman LP, Ruiten D. 1993. Bacterial adherence to hydrophilic polymer-
coated polyurethane stents. Gastrointest Endosc. 39(5):670—673.

Johnson JR, Kuskowski MA, Wilt TJ. 2006. Systematic review: antimicrobial urinary
catheters to prevent catheter-associated urinary tract infection in hospitalized patients.
Ann Intern Med. 144(2):116—126.

Johnston EE, Bryers JD, Ratner BD. 1997. Interactions between Pseudomonas
aeruginosa and plasma-deposited PEO-like thin films during initial attachment and
growth. Polym Prepr. 38(1):1016-1017.

Jose B, Antoci V, Zeiger AR, Wickstrom E, Hickok NJ. 2005. Vancomycin covalently
bonded to titanium beads Kills Staphylococcus aureus. Chem Biol. 12(9):1041-1048.

Jung WK, Koo HC, Kim KW, Shin S, Kim SH, Park YH. 2008. Antibacterial activity
and mechanism of action of the silver ion in Staphylococcus aureus and Escherichia
coli. Appl Environ Microb. 74(7):2171-2178.

Kaplan JB. 2010. Biofilm dispersal: mechanisms, clinical implications, and potential
therapeutic uses. J Dent Res. 89(3):205-218.

27



Kerstens M, Boulet G, Van Kerckhoven M, Clais S, Lanckacker E, Delputte P, Maes L,
Cos P. 2015. A flow cytometric approach to quantify biofilms. Folia Microbiol.
60(4):335—42.

Kim YG, Lee JH, Gwon G, Kim SI, Park JG, Lee J. 2016. Essential oils and eugenols
inhibit biofilm formation and the virulence of Escherichia coli O157:H7. Sci Rep.
6:36377.

Kingshott P, Wei J, Bagge-Ravn D, Gadegaard N, Gram L. 2003. Covalent attachment
of poly(ethylene glycol) to surfaces, critical for reducing bacterial adhesion. Langmuir.
19(17):6912—6921.

Knetsch MLW, Koole LH. 2011. New strategies in the development of antimicrobial
coatings: the example of increasing usage of silver and silver nanoparticles. Polymers.
3(1):340-366.

Komnatnyy VV, Chiang WC, Tolker-Nielsen T, Givskov M, Nielsen TE. 2014.
Bacteria-triggered release of antimicrobial agents. Angew Chem Int Ed Engl.
53(2):439-441.

Kostakioti M, Hadjifrangiskou M, Hultgren SJ. 2013. Bacterial biofilms: development,
dispersal, and therapeutic strategies in the dawn of the postantibiotic era. Cold Spring
Harb Perspect Med. 3(4): a010306.

Kumar R, Munstedt H. 2005. Silver ion release from antimicrobial polyamide/silver
composites. Biomaterials. 26(14):2081-2088.

Larimer C, Winder E, Jeters R, Prowant M, Nettleship I, Addleman RS, Bonheyo GT.
2016. A method for rapid quantitative assessment of biofilms with biomolecular
staining and image analysis. Anal Bioanal Chem. 408(3):999—-1008.

Lau PCY, Dutcher JR, Beveridge TJ, Lam JS. 2009. Absolute quantitation of bacterial
biofilm adhesion and viscoelasticity by microbead force spectroscopy. Biophys J.
96(7):2935-2948.

Le Norcy T, Niemann H, Proksch P, Linossier I, Vallee-Rehel K, Hellio C, Fay F. 2017.
Anti-biofilm effect of biodegradable coatings based on hemibastadin derivative in

marine environment. Int J Mol Sci. 18(7).

Li X, Cheung GS, Watson GS, Watson JA, Lin S, Schwarzkopf L, Green DW. 2016.

28



The nanotipped hairs of gecko skin and biotemplated replicas impair and/or kill
pathogenic bacteria with high efficiency. Nanoscale. 8(45):18860-18869.

Li Y, Carrera C, Chen R, Li J, Lenton P, Rudney JD, Jones RS, Aparicio C, Fok A.
2014. Degradation in the dentin-composite interface subjected to multi-species biofilm
challenges. Acta Biomater. 10(1):375—383.

Lichter JA,Van Vliet KJ, Rubner MF. 2009. Design of antibacterial surfaces and
interfaces: polyelectrolyte multilayers as a multifunctional platform. Macromolecules.
42(22):8573-8586.

Lo J, Lange D, Chew BH. 2014. Ureteral stents and foley catheters-associated urinary
tract infections: the role of coatings and materials in infection prevention. Antibiotics.
3(1):87-97.

Lucera A, Costa C, Conte A, Del Nobile MA. 2012. Food applications of natural
antimicrobial compounds. Front Microbiol. 3:287.

Meireles A, Borges A, Giaouris E, Simoes M. 2016. The current knowledge on the

application of anti-biofilm enzymes in the food industry. Food Res Int. 86:140—146.

Melander C, Moeller PDR, Ballard TE, Richards JJ, Huigens RW, Cavanagh J. 20009.
Evaluation of dihydrooroidin as an antifouling additive in marine paint. International
Biodeterioration Association. 63(4):529—-532.

Merritt JH, Kadouri DE, O'Toole GA. 2005. Growing and analyzing static biofilms.
Curr Protoc Microbiol. 1:1B.1.

Mpenyana-Monyatsi L, Mthombeni NH, Onyango MS, Momba MNB. 2012. Cost-
effective filter materials coated with silver nanoparticles for the removal of pathogenic
bacteria in groundwater. Int J Environ Res Public Health. 9(1):244-271.

Mu HB, Tang JJ, Liu QJ, Sun CL, Wang TT, Duan JY. 2016. Potent antibacterial

nanoparticles against biofilm and intracellular bacteria. Sci Rep. 6: 18877.

Nagel JA, Dickinson RB, Cooper SL. 1996. Bacterial adhesion to polyurethane surfaces
in the presence of pre-adsorbed high molecular weight kininogen. J Biomater Sci Polym
Ed. 7(9):769-780.

Newby BMZ, Cutright T, Barrios CA, Xu QW. 2006. Zosteric acid - An effective

antifoulant for reducing fresh water bacterial attachment on coatings. Jct Research.

29



3(1):69-76.

Nie B, Long T, Ao H, Zhou J, Tang T, Yue B. 2016. Covalent immobilization of
enoxacin onto titanium implant surfaces for inhibiting multiple bacterial species
infection and in vivo methicillin-resistant Staphylococcus aureus infection prophylaxis.
Antimicrob Agents Chemother. 61(1): e01766—16.

Nowatzki PJ, Koepsel RR, Stoodley P, Min K, Harper A, Murata H, Donfack J,
Hortelano ER, Ehrlich GD, Russell AJ. 2012. Salicylic acid-releasing polyurethane
acrylate polymers as anti-biofilm urological catheter coatings. Acta Biomater.
8(5):1869—1880.

Pappas PG, Rex JH, Sobel JD, Filler SG, Dismukes WE, Walsh TJ, Edwards JE. 2004.
Guidelines for treatment of candidiasis. Clin Infect Dis. 38(2):161—189.

Park KD, Kim YS, Han DK, Kim YH, Lee EHB, Suh H, Choi KS. 1998. Bacterial
adhesion on PEG modified polyurethane surfaces. Biomaterials. 19(7-9):851-859.

Park MR, Banks MK, Applegate B, Webster TJ. 2008. Influence of nanophase titania

topography on bacterial attachment and metabolism. Int J Nanomedicine. 3(4):497-504.

Pavlukhina SV, Kaplan JB, Xu L, Chang W, Yu XJ, Madhyastha S, Yakandawala N,
Mentbayeva A, Khan B, Sukhishvili SA. 2012. Noneluting enzymatic antibiofilm
coatings. ACS Appl Mater Interfaces. 4(9):4708—4716.

Pavlukhina S, Zhuk I, Mentbayeva A, Rautenberg E, Chang W, Yu X, van de Belt-
Gritter B, Busscher HJ, van der Mei HC, Sukhishvili SA. 2014. Small-molecule-hosting
nanocomposite films with multiple bacteria-triggered responses. NPG Asia Mater.
6:e121.

Peng KM, Zou T, Ding W, Wang RN, Guo JS, Round JJ, Tu WP, Liu C, Hu JQ. 2017.
Development of contact-killing non-leaching antimicrobial guanidyl-functionalized
polymers via click chemistry. Rsc Advances. 7(40):24903-24913.

Percival SL, Suleman L, Vuotto C, Donelli G. 2015. Healthcare-associated infections,
medical devices and biofilms: risk, tolerance and control. J Med Microbiol.
64:323—-334.

Pérez-Diaz M, Alvarado-Gomez E, Magana-Aquino M, Sanchez-Sanchez R,

Velasquillo C, Gonzalez C, Ganem-Rondero A, Martinez-Castanon G, Zavala-Alonso

30



N, Martinez-Gutierrez F. 2016. Anti-biofilm activity of chitosan gels formulated with
silver nanoparticles and their cytotoxic effect on human fibroblasts. Mater Sci Eng C
Mater Biol Appl. 60:317-323.

Plyuta VA, Lipasova VA, Kuznetsov AE, Khmel IA. 2013. Effect of salicylic, indole-3-
acetic, gibberellic, and abscisic acids on biofilm formation by Agrobacterium
tumefaciens C58 and Pseudomonas aeruginosa PAO1. Appl Biochem Biotechnol.
49(8):706-710.

Polo A, Diamanti MV, Bjarnsholt T, Hoiby N, Villa F, Pedeferri MP, Cappitelli F.
2011. Effects of photoactivated titanium dioxide nanopowders and coating on
planktonic and biofilm growth of Pseudomonas aeruginosa. Photochem Photobiol.
87(6):1387—1394.

Polo A, Gulotta D, Santo N, Di Benedetto C, Fascio U, Toniolo L, Villa F, Cappitelli F.
2012. Importance of subaerial biofilms and airborne microflora in the deterioration of
stonework: a molecular study. Biofouling. 28(10):1093—1106.

Qayyum S, Khan AU. 2016. Nanoparticles vs. biofilms: a battle against another
paradigm of antibiotic resistance. Med Chem Comm. 7(8):1479—1498.

Qian PY, Li ZR, Xu Y, Li YX, Fusetani N. 2015. Mini-review: marine natural products
and their synthetic analogs as antifouling compounds: 2009-2014. Biofouling.
31(1):101-122.

Qian PY, Xu Y, Fusetani N. 2010. Natural products as antifouling compounds: recent

progress and future perspectives. Biofouling. 26(2):223—-234.

Ramasamy M, Lee J. 2016. Recent nanotechnology approaches for prevention and
treatment of biofilm-associated infections on medical devices. Biomed Research
International. 2016:1851242.

Randall CP, Oyama LB, Bostock JM, Chopra I, Oneill AJ. 2013. The silver cation (Ag):
antistaphylococcal activity, mode of action and resistance studies. J Antimicrob
Chemother. 68(1):131—138.

Rani SA, Pitts B, Stewart PS. 2005. Rapid diffusion of fluorescent tracers into
Staphylococcus epidermidis biofilms visualized by time lapse microscopy. Antimicrob
Agents Chemother. 49(2):728—732.

31



Rasko DA, Sperandio V. 2010. Anti-virulence strategies to combat bacteria-mediated
disease. Nat Rev Drug Discov. 9(2):117—128.

Reed RB, Zaikova T, Barber A, Simonich M, Lankone R, Marco M, Hristovski K,
Herckes P, Passantino L, Fairbrother DH, et al. 2016. Potential environmental impacts
and antimicrobial efficacy of silver and nanosilver-containing textiles. Environ Sci
Technol. 50(7):4018—4026.

Roe D, Karandikar B, Bonn-Savage N, Gibbins B, Roullet JB. 2008. Antimicrobial
surface functionalization of plastic catheters by silver nanoparticles. J Antimicrob
Chemother. 61(4):869—-876.

Romano CL, Scarponi S, Gallazzi E, Romano D, Drago L. 2015. Antibacterial coating
of implants in orthopaedics and trauma: a classification proposal in an evolving

panorama. J Orthop Surg Res. 10:157

Roosjen A, de Vries J, van der Mei HC, Norde W, Busscher HJ. 2005. Stability and
effectiveness against bacterial adhesion of poly(ethylene oxide) coatings in biological
fluids. J Biomed Mater Res B Appl Biomater. 73B(2):347-354.

Roosjen A, Kaper HJ, van der Mei HC, Norde W, Busscher HJ. 2003. Inhibition of
adhesion of yeasts and bacteria by poly(ethylene oxide)-brushes on glass in a parallel
plate flow chamber. Microbiology. 149(Pt11):3239—-3246.

Rosenberg LE, Carbone AL, Romling U, Uhrich KE, Chikindas ML. 2008. Salicylic
acid-based poly(anhydride esters) for control of biofilm formation in Salmonella

enterica serovar Typhimurium. Lett Appl Microbiol. 46(5):593—599.

Sabatini V, Catto C, Cappelletti G, Cappitelli F, Antenucci S, Farina H, Ortenzi MA,
Camazzola S, Di Silvestro G. 2018. Protective features, durability and biodegration
study of acrylic and methacrylic fluorinated polymer coatings for marble protection.
Prog. Org. Coat. 114:47-57.

Sadekuzzaman M, Yang S, Mizan MFR, Ha SD. 2015. Current and recent advanced
strategies for combating biofilms. Compr Rev Food Sci F. 14(4):491-509.

Sajid M, llyas M, Basheer C, Tariq M, Daud M, Baig N, Shehzad F. 2015. Impact of
nanoparticles on human and environment: review of toxicity factors, exposures, control

strategies, and future prospects. Environ Sci Pollut Res. 22(6):4122-4143.

32



Saldarriaga Fernandez IC, van der Mei HC, Lochhead MJ, Grainger DW, Busscher HJ.
2007. The inhibition of the adhesion of clinically isolated bacterial strains on multi-
component cross-linked poly(ethylene glycol)-based polymer coatings. Biomaterials.
28(28):4105—4112.

Sataev MS, Koshkarbaeva ST, Tleuova AB, Perni S, Aidarova SB, Prokopovich P.
2014. Novel process for coating textile materials with silver to prepare antimicrobial
fabrics. Colloids Surf A Physicochem Eng Asp. 442:146—151.

Sawant SN, Selvaraj V, Prabhawathi V, Doble M. 2013. Antibiofilm properties of silver
and gold incorporated PU, PCLm, PC and PMMA nanocomposites under two shear
conditions. PloS One. 8(5):e63311.

[SCENIHR] Scientific Committee on Emerging and Newly Identified Health Risks
2013 ISSN:1831-4783.

Schultz MP, Bendick JA, Holm ER, Hertel WM. 2011. Economic impact of biofouling
on a naval surface ship. Biofouling. 27(1):87-98.

Sheldon RA. 2016. Engineering a more sustainable world through catalysis and green

chemistry. J Royal Soc Interface. 13(116).

Shukla A, Fang JC, Puranam S, Hammond PT. 2012. Release of vancomycin from

multilayer coated absorbent gelatin sponges. J Control Release. 157(1):64—71.

Sgier L, Freimann R, Zupanic A, Kroll A. 2016. Flow cytometry combined with ViSNE
for the analysis of microbial biofilms and detection of microplastics. Nat Commun.
7:11587.

Simdes M, Simdes LC, Vieira MJ. 2010. A review of current and emergent biofilm
control strategies. LWT - Food Sci. Technol. 43:573-583.

Singh R, Sahore S, Kaur P, Rani A, Ray P. 2016. Penetration barrier contributes to
bacterial biofilm-associated resistance against only select antibiotics, and exhibits

genus-, strain- and antibiotic-specific differences. Pathog Dis. 74(6).

Sjollema J, Zaat SAJ, Fontaine V, Ramstedt M, Luginbuehl R, Thevissen K, Li J, van
der Mei HC, Busscher HJ. 2018. In vitro methods for the evaluation of antimicrobial

surface designs. Acta Biomater. 70:12—24.
Snarr BD, Baker P, Bamford NC, Sato Y, Liu H, Lehoux M, Gravelat FN, Ostapska H,

33



Baistrocchi SR, Cerone RP, et al. 2017. Microbial glycoside hydrolases as antibiofilm
agents with cross-kingdom activity. Proc Natl Acad Sci U S A. 114(27):7124-7129.

Sousa ACA, Pastorinho MR, Takahashi S, Tanabe S. 2014. History on organotin

compounds, from snails to humans. Environ Chem Lett. 12(1):117-137.

Souza VGL, Fernando AL. 2016. Nanoparticles in food packaging: biodegradability and
potential migration to food- A review. Food Packag Shelf Life. 8:63—70.

Spadoni Andreani E, Magagnin L, Secundo F. 2016. Preparation and comparison of
hydrolase-coated plastics. ChemistrySelect. 1(7):1490—1495.

Spadoni Andreani E, Villa F, Cappitelli F, Krasowska A, Biniarz P, Lukaszewicz M,
Secundo F. 2017. Coating polypropylene surfaces with protease weakens the adhesion
and increases the dispersion of Candida albicans cells. Biotechnol Lett. 39(3):423—428.

Stewart PS. 2002. Mechanisms of antibiotic resistance in bacterial biofilms. Int J Med
Microbiol. 292(2):107-113.

Stewart PS. 2015. Antimicrobial Tolerance in Biofilms. Microbiol Spectr. 3(3).

Stobie N, Duffy B, McCormack DE, Colreavy J, Hidalgo M, McHale P, Hinder SJ.
2008. Prevention of Staphylococcus epidermidis biofilm formation using a low-
temperature processed silver-doped phenyltriethoxysilane sol-gel coating. Biomaterials.
29(8):963-969.

Stowe SD, Richards JJ, Tucker AT, Thompson R, Melander C, Cavanagh J. 2011. Anti-
biofilm compounds derived from marine sponges. Mar Drugs. 9(10):2010—2035.

Strobel C, Bormann N, Kadow-Romacker A, Schmidmaier G, Wildemann B. 2011.
Sequential release kinetics of two (gentamicin and BMP-2) or three (gentamicin, IGF-I
and BMP-2) substances from a one-component polymeric coating on implants. J
Control Release. 156(1):37-45.

Swartjes J, Sharma PK, van Kooten TG, van der Mei HC, Mahmoudi M, Busscher HJ,
Rochford ETJ. 2015. Current developments in antimicrobial surface coatings for
biomedical applications. Curr Med Chem. 22(18):2116—2129.

Tedjo C, Neoh KG, Kang ET, Fang N, Chan V. 2007. Bacteria-surface interaction in the
presence of proteins and surface attached poly(ethylene glycol) methacrylate chains. J
Biomed Mater Res A. 82A(2):479—491.

34



Tenke P, Mezei T, Bode I, Koves B. 2017. Catheter-associated urinary tract infections.
Eur Urol Suppl. 16(4):138—143.

Trentin DS, Silva DB, Frasson AP, Rzhepishevska O, da Silva MV, Pulcini EL, James
G, Soares GV, Tasca T, Ramstedt M, et al. 2015. Natural green coating inhibits
adhesion of clinically important bacteria. Sci Rep. 5:8287.

Tripathy A, Sen P, Su B, Briscoe WH. 2017. Natural and bioinspired nanostructured
bactericidal surfaces. Adv Colloid Interface Sci. 248:85—104.

Villa F, Giacomucci L, Polo A, Principi P, Toniolo L, Levi M, Turri S, Cappitelli F.
2009. N-vanillylnonanamide tested as a non-toxic antifoulant, applied to surfaces in a
polyurethane coating. Biotechnol Lett. 31(9):1407—1413.

Villa F, Remelli W, Forlani F, Vitali A, Cappitelli F. 2012. Altered expression level of
Escherichia coli proteins in response to treatment with the antifouling agent zosteric
acid sodium salt. Environ Microbiol. 14(7):1753—1761.

Villa F, Secundo F, Polo A, Cappitelli F. 2015. Immobilized hydrolytic enzymes exhibit
antibiofilm activity against Escherichia coli at sub-lethal concentrations. Curr
Microbiol. 71(1):106—114.

Villa F, Stewart PS, Klapper I, Jacob JM, Cappitelli F. 2016. Subaerial biofilms on
outdoor stone monuments: changing the perspective toward an ecological framework.
Bioscience. 66(4):285—294.

VillaF, Villa S, Gelain A, Cappitelli F. 2013. Sub-lethal activity of small molecules
from natural sources and their synthetic derivatives against biofilm forming nosocomial
pathogens. Curr Top Med Chem. 13(24):3184-3204.

Véazquez-Nion D, Silva B, Prieto B. 2018. Influence of the properties of granitic rocks
on their bioreceptivity to subaerial phototrophic biofilms. Sci Total Environ.
610-611:44-54.

Wang B, Liu H, Wang Z, Shi S, Nan K, Xu Q, Yea Z, Chen H. 2017. A self-defensive
antibacterial coating acting through the bacteria-triggered release of a hydrophobic
antibiotic from layer-by-layer films. J] Mater Chem. 5(7):1498—1506.

Watson GS, Green DW, Schwarzkopf L, Li X, Cribb BW, Myhra S, Watson JA. 2015.
A gecko skin micro/nano structure — a low adhesion, superhydrophobic, anti-wetting,

35



self-cleaning, biocompatible, antibacterial surface. Acta Biomater. 21:109-122.

Welch K, Cai Y, Stramme M. 2012. A method for quantitative determination of biofilm
viability. J Funct Biomater. 3(2):418—431.

Wu H, Moser C, Wang HZ, Hoiby N, Song ZJ. 2015. Strategies for combating bacterial
biofilm infections. Int J Oral Sci. 7(1):1-7.

Young ME, Alakomi HL, Fortune I, Gorbushina AA, Krumbein WE, Maxwell I,
McCullagh C, Robertson P, Saarela M, Valero J, et al. 2008. Development of a biocidal
treatment regime to inhibit biological growths on cultural heritage: BIODAM. Environ
Geol. 56(3—4):631-641.

Zanini S, Polissi A, Maccagni EA, Dell'Orto EC, Liberatore C, Riccardi C. 2015.
Development of antibacterial quaternary ammonium silane coatings on polyurethane
catheters. J Colloid Interface Sci. 451:78—84.

Zhang F, Wu XL, Chen YY, Lin H. 2009. Application of silver nanoparticles to cotton
fabric as an antibacterial textile finish. Fiber Polym. 10(4):496—501.

Zhang GY, Liu Y, Gao XL, Chen YY. 2014. Synthesis of silver nanoparticles and
antibacterial property of silk fabrics treated by silver nanoparticles. Nanoscale Res Lett.
9(1):216.

Zodrow KR, Schiffman JD, Elimelech M. 2012. Biodegradable polymer (PLGA)
coatings featuring cinnamaldehyde and carvacrol mitigate biofilm formation. Langmuir.
28(39):13993—-13999.

36



Table

Table 1. Comparison of various anti-biofilm strategies presented in the paper.

Anti-biofilm
strategy

Mechanism

Advantages

Disadvantages

Surface modification
1. Passive surfaces
1.1 Surface chemistry
modifications

1.2 Surface
topography
modifications

Anti-adhesive coatings
to reduce the adhesion
force between bacteria
and the solid surface.

Modification of surface
topography with micro-
and nanoscale features
that minimize bacterial
attachment.

2. Active antimicrobial surfaces

2.1 Antimicrobial-
releasing surfaces

2.2 Antimicrobial-
responsive
surfaces

Biocidal agent actively
eluted from the surface
by contact with an
aqueous environment.

Antimicrobial release
triggered by
microorganisms when

approaching the surface.

- Simple and economic.

- No recruitment of
additional cells and
biofilm buildup;

- No resistance against
nanofeatures.

- Incorporation of
different drugs in
separate sets of layers.

- Antimicrobial activity
only when and where
needed;

- Extended material life
time by decreased
premature depletion of
drug reservoir;

- Limited accumulation
of antimicrobials in vital
tissues.
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- Difficulties in creating
surface-bound thin films
amenable to industrial
scale processing;

- Anti-biofilm properties
quickly masked by
bacteria-produced
substances;

- Surface erosion during
application;

- Less suitable for long-
term applications;

- Less biocompatibility
with living tissue;

- Toxicity concerns.

- Nano-structuring
methods expensive and
not available for large
scale production;

- Discordant results
about the efficacy.

- Not controlled elution
of antimicrobials from
the surface;

- Less suitable for long-
term applications;

- Resistance against
antimicrobials.

- Limited applications
for safety reason.

- Not controlled elution
of antimicrobials over
multiple cycles;

- Non-triggered
background leaching
from the surface;
-Limited effect against
multiple microbial
infections;

-Altered environmental
condition by bacteria
affect the release of
antimicrobials.

- Resistance against
antimicrobials.

- Limited applications
for safety reason.




2.3 Immobilization of Antimicrobials

antimicrobials

covalently immobilized
on a surface.

3. Metal-based antimicrobial materials

3.1 Metal coatings

3.2 Metal-
nanoparticles
based materials

Heavy metal with
antimicrobial activity,
deposited on the surface
or incorporated into a
polymeric material.

Metals with
antimicrobial activity,
grouped onto
nanoparticles and then
incorporated into a
polymeric material or
coated or immobilized
on a surface.

Preventive green biocide-free surfaces
1. Surface modification with natural anti-biofilm compounds
1.1 Passive and active Natural molecules with

natural molecule-
based strategies

1.2 Covalent
immobilization of
natural molecules

anti-biofilm activity
coated on or
incorporated into a
polymeric material or
eluted from a surface.

Natural molecules with
anti-biofilm activity
grafted on a surface or
covalently incorporated
into the polymer.

- No release of
antimicrobials from the
surface;

-Minimized risk to
expose bacteria to sub-
inhibitory
concentrations;

- Reduced likelihood of
resistance development;
-Long-term activity.

-Broad spectrum of anti-
microbial activity.

- Nanosized particles
increase the
antimicrobial potency

-No biocidal activity;
-No development of
resistance;

-Enhanced efficacy of
cleaning and disinfection
procedures;

-No toxicity concerns.

- No biocidal activity;
- No release of
compounds from the
surface;

-No development of
resistance;

- Long-term activity;
-No toxicity concerns;
-Enhanced efficacy of
cleaning and disinfection
procedures.

- Efficacy only against
specific microorganism;
- Limited applications
for safety reason.

- Poor solubility of metal
into polymeric materials;
- Poor metal adhesion to
the surface;

- Lack of coating
uniformity;

- Resistance against
metals.

- Nano-structuring
methods expensive and
not available for large
scale production;

- Safety, environmental,
ethical, policy and
regulatory issues;

- Resistance against
metals.

- Discontinuous release
of the compounds;

- Non-uniform molecule
distribution within the
material

- Incompatible physical
characteristics of anti-
biofilm compounds and
most polymeric
matrices;

- Mechanisms of action
poorly understood.

- Knowledge of the
molecule functional
groups required to exert
the anti-biofilm activity;
- Mechanisms of action
poorly understood.
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Table 2. Relevant examples of polymeric surfaces modified with natural anti-biofilm compounds.

Coating agent  Polymer Coating Target Target Remarks Reference
method microorganism mechanism
B-type Permanox plastic Spin coatingontoa  Staphylococcus Bacterial adhesion Treated biofilm composed by  Trentin et al.
proanthocyanidins slide Permanox slide epidermidis, few cell clusters or single 2015
Staphylococcus attached cells; compatibility
aureus, with mammalian cells
Enterococcus
faecalis
Cinnamaldehyde, Poly(lactic-co- Incorporation in the  E. coli, S. aureus, Bacterial adhesion ~ Efficacy against E. coliand S. Zodrow et
carvacrol glycolic acid) polymer mixture Pseudomonas aureus biofilm al. 2012
>- aeruginosa
(La Clove essential oil;  poly(D,L-lactide- Incorporation inthe  Escherichia coli Bacterial adhesion,  Reduction of biofilm Kim et al.
= | Eugenol coglycolide) polymer mixture 0157:H7 and K-12  Biofilm maturation ~ biomass, thickness, and 2016
é substratum coverage by >
[ 90%
9 | Dibromohemibasta-  Poly(e-caprolactone- Varnish applied on  Paracoccus sp., Bacterial adhesion,  39.6% biofilm inhibition for  Le Norcy et
L$J din-1 co-d-valerolactone)  the surface Bacillus sp., Biofilm maturation ~ Paracoccus sp.; no effect on  al. 2017
B Pseudoalteromonas Pseudolateromonas sp.
(<,E) sp. and Bacillus
o | Dihydrooroidin PVC plastic Mixed ina generic  Halomonas pacifica Bacterial adhesion Active after 3 weeks in a Melander et
marine-based paint marine environment al. 2009
and applied on the
surface
N- Polyurethane Dissolution in the Bacillus cereus, Bacterial adhesion No anti-adhesion effect Villaet al.
vanillylnonanamide polymer and Bacillus 2009
sprayed on the thuringiensis,
surface Pseudomanas
stutzeri
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from Lake Erie, P.
putida

and of 55% on RTV11

Rosmarinus Catheter Functionalization on Candida albicans, Fungal adhesion, Important reduction in Chifiriuc et
officinalis essential ~ pieces magnetite Candida Biofilm maturation  adhering cells al. 2012
oil nanoparticles tropicalis and biofilm development
absorbed on the
surface
Salicylic acid Poly(anhydride- Releasing of P. aeruginosa Bacterial adhesion,  47% reduction of bacterial Bryers et al.
esters) salicylic acid quorum sensing adhesion after 3 h; reduction 2006
through the of biofilm formation after 3
hydrolytic days; resistant to cell
degradation of the degradation when implanted
polymer subcutaneously for 4 weeks
Salicylic acid Poly Dispersion in the Salmonella enterica Biofilm maturation  No anti-biofilm effect at the ~ Rosenberg et
(anhydrideesters) polimer serovar air-liquid interface, no effect  al. 2008
Typhimurium on cells attachment
> | Salicylic acid Poly[1,6-bis(o- Built into the Salmonella Bacterial adhesion,  Biofilm inhibition without Guinta et al.
(u'rJ) carboxyphenoxy)- polymer backbone  typhimurium Biofilm maturation  affecting cells viability 2009
— hexanoate] MAES52
é Salicylic acid Polyurethane Co-polymerization  E. coli, P. Biofilm maturation ~ Reduction of biofilm Nowatzki et
— acrylate with an acrylate- aeruginosa formation for up to 5 days al. 2012
wn . L .
w bee}rlng urethane W|_thout affecting cells
S resins existence
I~ | Zosteric acid Polystyrene poly[3-  Dispersion and Activated sludge Bacterial adhesion ~ Efficacy only in the first 48 h  Geiger et al.
%E) hydroxyalkanoate-  loading in of biofilm formation 2004
co0-3 - polystyrene
hydroxyalkenaote] ~ microcapsules
Zosteric acid Polydimethylsilox-  Incorporation in the  Microbial Bacterial adhesion ~ 70% reduction of bacterial Barrios et al.
ane (Sylgard® 184)  polymer mixture consortium isolated attachment 2005
from Lake Erie,
Pseudomonas putida
Zosteric acid Sylicon Sylgard® Incorporation inthe  Microbial Bacterial adhesion 75% reduction of bacterial Newby et al.
184; Sylicon RTV11 polymer mixture consortium isolated attachment on Sylgard® 184 2006

40




Furanone Polystyrene; Silastic Co-polymerisation  S. epidermidis Bacterial adhesion,  Biofilm inhibited up to 89%; Hume et al.

3-(10-bromohexyl)5- Tenckhoff catheters  with a styrene Biofilm maturation  effective in vivo sheep model 2004
dibromomethylene- polymer; plasma-1- up to 65 days
2(5 H)- ethyl-3-

(dimethylaminoprop
yl) carbodiimide

COVALENT ATTACHMENT

reaction
p-aminocinnamic Low-density Covalent grafting on E. coli Bacterial adhesion,  Reduction of biofilm biomass Dell’Orto et
acid; polyethylene the surface Biofilm maturation  up to 73 %; active after al. 2017
p-aminosalicylic multiple use
acid
p-aminocinnamic Low-density Covalent grafting on E. coli Bacterial adhesion,  Decreasing of biofilm Catto et al.
acid; polyethylene the surface Biofilm maturation,  thickness, roughness, 2018
p-aminosalicylic Antimicrobial substratum coverage, cell and
acid susceptibility matrix polysaccharide bio-
volumes by > 80%; no
biocidal activity; biofilm
more susceptible to
ampicillin and ethanol
Zosteric acid Poly[3- Covalent Activated sludge Bacterial adhesion No cell attachment Hany et al.
hydroxyalkanoate- incorporation in the 2004
c0-3- polymer backbone

hydroxyalkenoate]
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Figures

Figure 1. 3D-reconstructed CLSM images of E. coli biofilm grown on non-
functionalized (a) and functionalized with p-aminocinnamic acid (b) low density
polyethylene surfaces. Biofilm grown on non-functionalized surface (a) shows a
complex heterogeneous biofilm, with multi-layers of cells (green) organized in dense
macro-colonies inside a well-structured polysaccharide matrix (red). On the contrary,
biofilm grown on functionalized surface (b) shows a significant decrease in thickness

with a uniform mono-layer of cells (green) and a significant reduction of polysaccharide

matrix (red). Scale bar = 20 um. © Cristina Catto.
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Figure 2. Time lapse CLSM of ethanol action performed on E. coli biofilm grown on
non-functionalized (a) and functionalized with p-aminosalicylic acid (b) low density
polyethylene surfaces. The fluorescence loss from stained E. coli cells is used to
monitor real-time loss in cell viability during the biocide action. The images show that
ethanol treatment did not affect green fluorescence of biofilm grown on the control
surface within the 20 min of the experiment (a). On the contrary, ethanol treatment
significantly affected the biofilm biomass integrity of biofilm grown on the
functionalized surface, with a complete loss in fluorescent intensity in 5 min (b). Scale

bar = 20 um. © Cristina Catto.
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Supplemental material

Video S1. Time lapse CLSM of ethanol action performed on E. coli biofilm grown on
low density polyethylene surface functionalized with modified cinnamic acid. The
technique permits the direct visualization of cell inactivation patterns in biofilm
structures during the biocide action. The method is based on the monitoring of
fluorescence loss from stained E. coli cells, used to monitor real-time loss in cell
viability. © Cristina Catto.
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