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ABSTRACT

Most human infectious diseases are caused by microorganisms growing as biofilms. These three-
dimensional self-organized communities are embedded in a dense matrix allowing microorgan-
isms to persistently inhabit abiotic and biotic surfaces due to increased resistance to both antibi-
otics and effectors of the immune system. Consequently, there is an urgent need for novel
strategies to control biofilm-associated infections. Natural products offer a vast array of chemical
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structures and possess a wide variety of biological properties; therefore, they have been and con-
tinue to be exploited in the search for potential biofilm inhibitors with a specific or multi-locus
mechanism of action. This review provides an updated discussion of the major bioactive com-
pounds isolated from several natural sources — such as plants, lichens, algae, microorganisms,
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animals, and humans - with the potential to inhibit biofilm formation and/or to disperse estab-
lished biofilms by bacterial pathogens. Despite the very large number of bioactive products, their
exact mechanism of action often remains to be clarified and, in some cases, the identity of the
active molecule is still unknown. This knowledge gap should be filled thus allowing development
of these products not only as novel drugs to combat bacterial biofilms, but also as antibiotic
adjuvants to restore the therapeutic efficacy of current antibiotics.

1. Introduction related infections, etc (Dongari-Bagtzoglou 2008;
Jakobsen et al. 2017). More to the point, biofilm cells

Through evolutionary changes, microorganisms have
possess a higher capacity for adaptive resistance to anti-

developed survival strategies thus adapting to hostile

environments. One such adaptation is existence as bio-
films, a collective of multicellular microorganisms adher-
ing to a surface and enclosed in an extracellular matrix
(Cirié et al. 2019). Biofilms can be considered a significant
threat to global health, and food and pharmaceutical
industries. Reports from the National Institutes of Health
indicate that about 80% of human infections are caused
by pathogenic biofilms including nosocomial pneumonia
cases, surgical and burn wound infections, catheter-

biotics and disinfectants than their planktonic counter-
parts. Antibiotic resistance is a major obstacle in treating
biofilm-related infections (Lu et al. 2019). Therefore, new
strategies other than antibiotics should be developed to
counteract the biofilm formation.

Several researchers have investigated natural prod-
ucts to find agents to prevent and control biofilms
(Song et al. 2018). Indeed, there is a long history of
human use of natural products and their secondary
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metabolites as drugs, in food and in cosmetics. In this
context, natural products can offer a broad range of
applications for the control of bacterial infections. Many
studies have shown that various natural products have
antimicrobial activity as well as inhibit biofilm formation
(Lau and Plotkin 2013; Karbasizade et al. 2017; Ciri¢
et al. 2019). Therefore, they could be promising for the
discovery of potential components as antibio-
film agents.

Here, we reviewed bioactive molecules — mostly
from natural sources - that have the potential to
improve the treatment of biofilm-associated infections.

2, Biofilm formation, structure and physiology

The term biofilm, coined by Costerton et al. (1978),
refers to a cluster of single or diverse species of
microbial cells (bacteria or fungi) attached to a biotic or
abiotic surface. This community is encased in a self-pro-
duced extracellular polymeric substance (EPS) which
constitutes 90% of the total organic material and con-
sisting of proteins, exopolysaccharides, lipids, minerals,
and extracellular DNA (Costerton et al. 1995; Donlan
2002; Flemming and Wingender 2010; Kostakioti et al.
2013). EPS provides mechanical stability to the biofilm
structure, supporting its survival in hostile environmen-
tal conditions, such as limited nutrient availability, and
exposure to both antimicrobial agents and immuno-
logical defense systems (Coughlan et al. 2016;
Flemming et al. 2020).

Biofilm development is a multi-step process
(Stoodley et al. 2002; Nishitani et al. 2015). It starts with
a reversible attachment of planktonic cells to a surface,
followed by the formation of the so-called
“microcolony”, because of simultaneous bacterial aggre-
gation, clonal growth, and stable cell-cell interactions.
Once attached, the cells secrete EPS and microcolony
growth leads to a mature biofilm. This stage is irrevers-
ible and promotes coordinated agglomeration along
with differentiation of cells based on their metabolic
state (Chmielewski and Frank 2003). The cells are
embedded within a thick and stable complex biomolec-
ular layer acquiring the typical “mushroom-like” struc-
ture with water channels that allow the diffusion of
nutrients, oxygen, and signalling molecules (Lehner
et al. 2005; Roy et al. 2018). The final step consists of
the detachment and dispersal, via active or mechanical
processes (Stoodley et al. 2002; Nishitani et al. 2015), of
single or clustered cells able to colonize surrounding
sites either in planktonic form or by forming new sessile
communities (Landini et al. 2010).

Within a biofilm, microorganisms can communicate
with each other through quorum sensing (QS). This
relies upon a system that includes diffusible chemical
signalling molecules called autoinducers: mainly
n-acyl-homoserine lactones in Gram-negative, autoin-
ducing peptides in Gram-positive, and autoinducer-2
in both Gram-positive and Gram-negative bacteria. In
response to cell-population density or environmental
inductions, QS regulates the metabolic activity of
planktonic cells via specific signal transduction path-
ways. In this way, QS reprograms nutrient utilisation
and alters the virulence and the tolerance of the indi-
vidual cells to harsh environmental conditions
(Costerton et al. 1995).

An important feature of biofilm is its physiological
heterogeneity. Mature biofilms exhibit a complex
3D-structure with numerous microenvironments that
differ in terms of osmolarity, nutritional supply, oxygen,
chemicals, and cell density (Fux et al. 2005). The variety
of phenotypes deriving from this heterogeneity allows
different groups of cells (e.g. biofilm matrix producers
or persister cells) to perform specialized tasks within
the biofilm for the benefit of the cellular community
(van Gestel et al. 2015). Three distinctive microenviron-
ments can be identified inside a mature biofilm: (i) an
outer surface layer surrounding the biofilm with a high
concentration of substrates, nutrients, and oxygen; (ii) a
central zone where cells depend exclusively on fermen-
tation for survival, rich in substrates but poor in oxygen;
and (iii) an inner zone, close to the adhesion surface,
mainly consisting of metabolically quiescent cells and
deficient in substrates and oxygen (Stewart and
Franklin 2008). Cells on the surface of the biofilm grow
fast, while cell growth becomes increasingly restricted
in the innermost layers. The first two zones are rich in
matrix-producing cells, while the inner part can host a
divergent subpopulation of persister cells, which repre-
sent an impediment to the development of targeted,
effective, and strategic antimicrobial therapies.
Exposure to antibiotics kills the susceptible cells allow-
ing the persister cells to repopulate the biofilms, thus
rendering the antimicrobial strategy ineffective and
leading to chronic infections (Lewis 2007).

3. Inherent resistance of biofilm to
conventional antibiotics

According to the World Health Organization (World
Health Organization 2017), antibiotic resistance is one
of the most complex and serious global health chal-
lenges of the 21st century. Biofilm-forming bacteria are
related to this phenomenon because they exhibit



increased resistance to antibiotics, disinfectants, and
host immunity (Hgiby et al. 2010; McDougald et al.
2011; Tenke et al. 2012). Antibiotic resistance of biofilms
is easily reproduced in vitro, thus indicating that host
factors are not required to express this biofilm trait
(Stewart 2002). Even in individuals with competent
innate and adaptive immune responses, biofilm-based
infections are extremely difficult to cure (Stewart and
Costerton 2001). Bacteria incorporated into biofilms are
intrinsically more resistant to antibiotic treatments than
non-adherent planktonic (free-living) cells of the same
strain, as a subset of biofilm bacterial cells can survive
in presence of high concentrations of bactericidal anti-
biotics up to 1,000-fold the Minimum Inhibitory
Concentration (MIC) (Lebeaux et al. 2014; Verderosa
et al. 2019). Initially, this ability of pathogenic biofilms
to survive treatment due to their lower susceptibility to
antibiotics was named "recalcitrance" (Lebeaux et al.
2014; Hall and Mah 2017). However, this concept has
recently been updated as being a reversible and nonin-
herited subset of biofilm bacteria able to survive in the
presence of antibiotics. This disappears when the bio-
film is disrupted, and bacteria return to a planktonic
state (Lebeaux et al. 2014). The recalcitrance of biofilm
makes it extremely difficult to successfully treat and
eradicate (Verderosa et al. 2019). The resistance mecha-
nisms of biofilm-forming bacteria are modulated by
both intracellular and intercellular communication and
regulation of gene expression in a coordinated manner,
where QS signalling systems play an essential role
(Singh et al. 2017). Therefore, the multicellularity of bio-
film bacterial communities is substantially involved in
antibiotic resistance (Sharma et al., 2019). The multifac-
torial phenomenon of biofilm recalcitrance is based on
a mixture of resistance and tolerance events and
involves different mechanisms, depending on the class
of antibiotic used (Mah and O'Toole 2001; Lebeaux
et al. 2014): (i) reduced/delayed antibiotic diffusion/
penetration through EPS; (ii) expression of biofilm-
specific genetic mechanisms; (iii) drug indifference and
an altered microenvironment; and (iv) presence of per-
sister cells. In the past, the lack of diffusion/penetration
of the antibiotic through the EPS was considered to be
responsible of biofilm recalcitrance (Lebeaux et al.
2014). In this case, the mechanical and physicochemical
properties of the biofilm matrix explained by its EPS
content may act as a physical or chemically reactive
barrier, due to the presence of numerous anionic and
cationic molecules such as proteins, glycoproteins, and
glycolipids that can bind to charged antibiotics, reduc-
ing, or delaying diffusion/penetration of these substan-
ces (Tenke et al. 2012; Lebeaux et al. 2014). However,
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although the literature describes the importance of this
mechanism, it is not convincing enough to fully explain
the increased resistance of biofilms (Lebeaux et al.
2014; Hall and Mah 2017). From a genetic point of view,
horizontal gene transfer can also occur through the
transfer of plasmids between cells in a biofilm via con-
jugation (Hall and Mah 2017; Sharma et al, 2019). In
fact, biofilms offer appropriate conditions for conjuga-
tion such as high cell density, increased genetic compe-
tence and accumulation of genetic elements or uptake
of resistance genes (Sharma et al., 2019). Moreover,
conjugation is probably more efficient in biofilm-form-
ing bacteria cells than planktonic ones because of the
environment of the biofilm (i.e. sessile nature and spa-
tial proximity of cells) (Hall and Mah 2017). Some gen-
etic resistance mechanisms, such as expression of
periplasmic glucans and efflux pumps within a specie
or among different species, can be activated during the
biofilm lifestyle (Lebeaux et al. 2014). Another resist-
ance mechanism is related to drug indifference and an
altered microenvironment, and deep biofilm layers cor-
respond to a particular physicochemical microenviron-
ment due to different gradients of nutrients, waste, pH,
oxygen, and metabolic by-products through the extra-
cellular matrix (Lebeaux et al. 2014). For example, some
cells deeply located inside the biofilm structure experi-
ence nutrient limitation, and for this reason are in a
slow growing or starved state. These nutrient-depleted
zones can lead to a stationary phase-like dormancy
which can affect antibiotic efficacy and, consequently,
the general antibiotic resistance (Taraszkiewicz et al.
2013). Another important mechanism that should be
considered is the formation of persister (dormant) cells
within the biofilm, which are controlled by the growth
phases of the bacterial communities. These cells prolif-
erate rapidly and survive even in the presence of lethal
concentrations of antibiotics (Lebeaux et al. 2014; Singh
et al. 2017).

4. Role and impact of biofilm formation
in healthcare

Biofilms play a crucial role in our healthcare system.
Due to the biofilm’s inherent recalcitrance to antibiotics
and ability to evade the immune responses (Ciofu et al.
2017; Jamal et al. 2018), it is estimated that its forma-
tion accounts for most chronic microbial infections in
humans, including both device-related infections and
those established on biotic surfaces (Del Pozo 2018).
Consequently, the development of biofilms poses a
clinical challenge to healthcare professionals (Vestby
et al. 2020), with implications for aetiological diagnosis,
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treatment, and clinical outcome (Ciofu et al. 2017;
Khatoon et al. 2018; Sharma et al., 2019).

Biofilms cause infections associated with various
indwelling medical devices, mainly those described for
dental and orthopaedic prosthetics (Lamagni et al.
2015; Khatoon et al. 2018), along with central venous
catheters, prosthetic heart valves, prosthetic joints, and
urinary catheters (Agarwal et al. 2010; Rabin et al. 2015;
Del Pozo 2018). The formation of a biofilm on indwel-
ling medical devices can be exceptionally challenging
as eradication of infection often requires complete sur-
gical removal or the replacement of the infected for-
eign body (Khatoon et al. 2018; Chomsky-Higgins and
Kahn 2019; Bernhardt et al. 2020).

Biofilms are found on almost every tissue of the
human body, causing persistent infections such as otitis
media and sinusitis, lung infections in cystic fibrosis
(CF) patients, wound infections as well as diabetic foot
ulcers, urinary tract infections, and periodontitis (Del
Pozo 2018).

Most clinically relevant microorganisms can form a
biofilm, either as single species or as consortia of
microbes from multiple species (Wolcott et al. 2013;
Pompilio et al. 2015). The capability to form biofilm
has been demonstrated in both Gram-positive (e.g.
Staphylococcus epidermidis, Staphylococcus aureus) and
Gram-negative (e.g. Pseudomonas aeruginosa,
Stenotrophomonas maltophilia, Escherichia coli,
Enterobacter cloacae, Klebsiella pneumoniae) bacteria
(Hall-Stoodley et al. 2004; Agarwal et al. 2010; Rabin
et al. 2015).

Biofilm-associated infections have a major impact on
public health as they are associated with higher health-
care costs due to prolonged hospitalisation, administra-
tion of antimicrobial therapies for long periods (Haiby
et al. 2010), and management of infected prostheses
(Lamagni et al. 2015; Khatoon et al. 2018).

Therefore, alternative therapeutic approaches are
required to efficiently address the morbidity and mor-
tality associated with biofilm infections worldwide.

5. Bioactive molecules with antibiofilm activity

In recent decades, a variety of bioactive compounds
have been discovered from nature. Here, we report the
antibiofilm properties of the most representative com-
pounds, dividing them according to their natural
source. Bioactive molecules from plants, lichens and
algae, microorganisms, animal sources, including
humans have been reviewed.

5.1. Compounds extracted from plants

Several studies pointed out the antibiofilm activity of
natural products extracted from plants (Signoretto et al.
2012; Lu et al. 2019; Walsh et al. 2019), many of which
are derived from edible vegetables (berries, fruits, the
genus Allium, the genus Capsicum and other spices and
aromatic plants such as cumin and coriander, mush-
rooms, tea, wine, and coffee). Their antibiofilm activity —
mainly due to the abundant presence of phenolic com-
pounds, flavonoids, certain oligosaccharides, and lipids
including terpenes and fatty acids - is generally con-
centration-dependent and occurs via various mecha-
nisms of action. The most promising compounds are
those active at very low concentrations, also able to dis-
rupt the preformed biofilm, and whose antibiofilm
activity does not rely on cells inactivation. Some exam-
ples can be found in Table 1.

The most important feature of these bioactive com-
pounds is that usually they exert antibiofilm activity at
sub-lethal concentrations, thus not imposing any select-
ive pressure on cells, and avoiding promoting the
development of resistant populations. For example, a
reducing effect of the cranberry oligosaccharide-
containing fraction Cran1b-F2 on the formation of bio-
film by uropathogenic E. coli has been demonstrated
for at least 48 h without inhibiting growth, thus con-
firming that the effect was not due to a delay in cells
growth (Sun et al. 2015). In another study, sub-inhibi-
tory concentrations of caprylic acid, a medium chain
saturated fatty acid found in palm and coconut oil,
were effective in preventing biofilm formation by multi-
drug-resistant (MDR) K. pneumoniae (Gupta et al. 2020).
Coating catheter with caprylic acid was effective in pre-
venting biofilm formation thus highlighting the poten-
tial for preventing device related Klebsiella biofilm
infections (Gupta et al. 2020).

The activity at low concentrations, which is often
dose-dependent, suggests that the antibiofilm effect
depends on mechanisms of action other than inhibition
of cell growth. A variety of natural products such as
pepper, garlic, allicin from onions, curcumin from tur-
meric, ginger, cinnamon, cumin, and compounds
derived from grapes have been demonstrated to ham-
per and even inhibit biofilm formation by interfering
with the QS signalling (Sybiya Vasantha Packiavathy
et al. 2012; Kalia et al. 2015; Kim et al. 2015; Von
Borowski et al. 2019). Moreover, by suppressing the
expression of QS-regulated genes, particularly those
related to virulence, bacteria also exhibit reduced motil-
ity (particularly swarming and swimming), adhesion,
virulence, and pigment production (Kumar et al. 2020).
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Study
(Shibata et al. 2003)

Mechanism
| adhesion to gastric mucin

Antibiofilm activity

The length of the 3-alkyl chain and the
Inhibition of attachment to porcine gastric

mucin at pH 2.0 and 4.0
60% at 100 pg/mL

The bromine at position 4 is crucial for the
100% at 1 mg/mL

biofilm inhibitory activity
Prevention of colonisation of Mongolian

gerbils gastric mucosa:

20% at 0.59/100 ml
, methicillin-resistant S. aureus; P. mirabilis, Proteus mirabilis; S. mutans, Streptococcus mutans; S. sobrinus, Streptococcus sobrinus; V. harveyi,

were needed for biofilm inhibition by 1'-

bromination pattern of the ring structure
unsubstituted furanones

Dose-dependent effect
, Biofilm inhibitory concentration (i.e. the lowest concentration without growth). "MBC, Minimum bactericidal concentra-

Target

microorganism®
i; S. epidermidis, Staphylococcus epidermidis; S. Typhimurium, Salmonella Typhimurium. H. pylori, Helicobacter pylori. bQS, Quorum

H. pylori ATCC 43504

Source
PS, Extracellular polymeric substance. °BIC

Cladosiphon okamuranus

Vibrio harveyi; P. aeruginosa, Pseudomonas aeruginosa; C. jejuni, Campylobacter jejun

sensing. “MIC, Minimum inhibitory concentration. °E
tion. 91Cso, concentration of compound needed to inhibit biofilm formation by 50%.

aS. aureus, Staphylococcus aureus; E. faecalis, Enterococcus faecalis; MRSA,

Table 2. Continued.
Bioactive compound

Fucoidan
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On the contrary, stress regulons are activated caus-
ing biofilm dispersion. It should be noted that biofilm
formation is also related to stress response, explaining
why low concentrations of bioactive molecules could
instead promote biofilm formation, as observed for
Salmonella enterica, Listeria monocytogenes and E. coli
in the presence of 50 mg/mL of oven dried and lyophi-
lized extracts of black grape, apple, and pitahaya
(Zambrano et al. 2019). Other mechanisms of action
include the inactivation by cranberry of key enzymes
in biofilm formation and maturation, such as glucosyl-
and fructosyl-transferases (Sanchez et al. 2020). In
addition, the flavonoid procyanidins contained in ber-
ries could prevent the cell aggregation by altering the
cell surface and decreasing bacterial hydrophobicity
(Riihinen et al. 2014).

The flavonoid phloretin, a dihydrochalcone which is
enriched in apple tree leaves, has inhibitory effects on
biofilm formation of E. coli O157:H7 strain by prevent-
ing bacterial attachment and TNF-o-induced inflam-
matory response. Furthermore, phloretin suppressed
the translation of toxin genes such as hlyE and stx,,
curli genes (csgA and c¢sgB), autoinducer-2 importer
genes (IsrACDBF) and prophage genes in E. coli (Lee
et al. 2011).

The antioxidant flavonoid catechins present in
green tea, such as epigallocatechin and epigallocate-
chin gallate, markedly reduced the biofilm formation
of Porphyromonas gingivalis and E. coli via bacterial
membrane damage (Gopal et al. 2016). In addition,
both galloyl and pyrogallol type catechins inhibited
the biofilm formation by the periodontopathogenic
bacterium Eikenella corrodens probably by interfering
with the Al-2-mediated QS system, although the
authors did not report the underlying mechanism
(Matsunaga et al. 2010). Quercetin is another potent
antioxidant flavonoid abundant in many plants such
as green tea and apple. It has been shown to have a
significant inhibitory effect on biofilm formation by
reducing the expression of lasl, lasR, rhll and rhiR QS
systems. By blocking the sialic acid expression, quer-
cetin also has an inhibitory effect on biofilm formation
of Streptococcus pneumoniae (Wang et al. 2018).
Another compound showing antibiofilm potential is
the alkaloid berberine, which is found in many plants
such as Oregon grape, goldenseal, and tree turmeric.
In an in vitro study using a single-canal tooth model,
berberine combined with 1% chlorhexidine markedly
reduced biofilm formation of Enterococcus faecalis
(Chen et al. 2016). In addition, berberine affected the
biofilm formation of S. epidermidis via binding to the
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amyloid proteins associated with EPS
et al. 2009).

Very common in nature is the monoterpenic phenol
isomer carvacrol, which is abundant in the leaves of
many plants including thyme, bergamot, and oregano.
Burt et al. (2014) showed that carvacrol noticeably
reduced the formation of S. aureus, S. enterica, and
Chromobacterium violaceum biofilm. Furthermore, car-
vacrol reduced the biofilm production of methicillin-
resistant strains of S. aureus (MRSA), and L. monocyto-
genes. The mechanisms underlying the antibiofilm activ-
ity of carvacrol include decreased production of N-acyl-
L-homoserine lactone, and impairment of the bacterial
QS, such as the production of chitinase and violacein in
C. violaceum (Burt et al. 2014).

In addition, several studies have shown an antibio-
film activity of the triterpene glycoside saponins against
various pathogens such as Streptococcus agalactiae, and
S. aureus (Dong et al. 2020; Pu et al. 2020). In detail, tea
saponin - extracted from seeds, leaves and other parts
of the tea plant - downregulated the expression of
genes involved in biofilm formation such as srtA, fbsC,
neuA, and cpsE in S. agalactiae (Shang et al. 2020).
Moreover, aqueous extracts of Ziziphus joazeiro leaves
rich in saponins, inhibited S. aureus and P. aeruginosa
biofilm formation (Cosmo Andrade et al. 2019).

Limonoids, one of the triterpenoid classes, are found
in citrus fruits and many plants. Studies have indicated
that isolimonic acid and ichangin are modulator of luxO
expression and type lll secretion system, and prevent
biofilm formation in Vibrio harveyi (Vikram et al.
2011, 2012).

Vicilin and legumin B peptides released from hydrol-
ysate of Vicia faba seed proteins showed interesting
antibiofilm activity against P. aeruginosa with a minimal
biofilm inhibitory concentration (MBICso) ranging from
12 to 35uM (Karkouch et al. 2017). It has been sug-
gested that bioactive peptides, particularly those con-
taining hydrophobic and basic amino acids, could
interact with the fatty acyl chains, reducing cell surface
hydrophobicity and therefore hampering cells adhesion
(Pletzer et al. 2016). Furthermore, the limitation of iron
induced by the iron-chelating ability of peptide vicilin
might contribute to inhibit biofilm formation of P. aeru-
ginosa since iron availability was reported to be import-
ant for biofilm formation (Karkouch et al. 2017).

All compounds described above are active as inhibi-
tors of biofilm formation. Some studies also report the
disruptive action of plant compounds against the
mature biofilm. For example, leaves extract from Allium
ursinum containing various sulphur compounds caused
a 70% reduction of mature biofilm of K. pneumoniae

(Wang

(Galdiero et al. 2020). Some polysaccharides can also
affect and eradicate preformed biofilms. For example,
beta-glucans from Eleusine coracana (Finger millet) at
0.1 mg/mL (MIC: 0.07 mg/mL) caused 100% mature bio-
film disruption with the disintegration of the biofilm
architecture of E. faecalis, Lysinibacillus fusiformis,
Proteus vulgaris and Shigella sonnei (Divya et al. 2020).
In another study, caprylic acid was effective against
72 h-old biofilms formed by clinical MDR K. pneumoniae,
causing 86% of eradication when tested at 15xMIC
(Gupta et al. 2020).

In some cases, cytotoxicity of plant extracts has been
reported. The ethanolic extract of Eugenia brasiliensis L.,
containing polyphenols, at a concentration of
0.625mg/mL resulted in the reduction of 50% of
mature biofilm of Lactobacillus acidophilus, with negli-
gible toxicity against macrophages and in larvae of wax
moth Galleria mellonella (Goldoni Lazarini et al. 2018).
Similarly, the aqueous extract of red pepper Capsicum
baccatum significantly reduced S. epidermidis and P. aer-
uginosa biofilm formation, independently on microbial
cells death and without any toxic effect on G. mellonella
(Von Borowski et al. 2019). Also, Coriander sativum L.
extract reduced biofilm formation by E. coli and S. aur-
eus and was safe for G. mellonella (Molina et al. 2020).

Most of these studies have confirmed the antibiofilm
activity of plant components in preventing biofilm for-
mation in vitro, while the effectiveness in disrupting
mature biofilm is often lower and requires further inves-
tigations. Moreover, the research should be focussed
more on in vivo and ex-vivo activity. In this regard, Lee
et al. (2011) observed that phloretin, an antioxidant
agent which is enriched in apples, inhibited E. coli
0157:H7 adhesion to human colon epithelial cells but
not commensal E. coli. In another study, a micronized
formulation of curcumin - aimed at improving curcu-
min solubility and biological activity — was shown
effective in preventing adhesion and biofilm formation
of P. aeruginosa onto mouse pulmonary epithelial cells,
thus indicating the potential to improve the infection
outcome in the lungs (Xue et al. 2020). Lu et al. found
that the treatment with 1/4xMIC of Lonicerae Japonicae
Flos crude extract was effective in reducing the viability
of biofilm formed by P. aeruginosa onto a catheter in a
biofilm-based infection murine model, with lower col-
ony counting and less pathological changes (i.e.
abscess, bleeding, and inflammation) (Lu et al. 2021a).
Gene expression data indicated a significant downregu-
lation of rhlA, rhiR and rhiB in rhl system in QS signalling
pathway (Lu et al. 2021a).

Even if overall promising, these findings need to be
confirmed by further studies to support development



of new antibiofilm strategies through use of plants-
derived compounds.

5.2. Compounds extracted from lichens and algae

Lichens are fungi, photosynthetic partners of green
algae or cyanobacteria, and compulsory symbiotic sys-
tems for some bacteria (Hodkinson and Lutzoni 2009;
Selbmann et al. 2010). Lichens produce more than 100
secondary metabolites, including xanthones, depsides,
dibenzofurans, depsidones, and terpene derivatives.
Many of these metabolites have been shown to have
antitumor, antiviral, or antimicrobial activities (Molnar
and Farkas 2010). Specifically, the antibacterial proper-
ties have been increasingly demonstrated against many
susceptible and MDR bacterial strains (Selbmann et al.
2010; Bate et al. 2020), it is observed that there is less
focus on antibiofilm activities. A list of the most repre-
sentative studies focussed on the antibiofilm activity of
lichens and their metabolites is shown in Table 2.

Diethyl ether and chloroform-methanol-acetone
extracts of the lichen Hypogymnia tubulosa (Schaer.)
Hav. were investigated for their antibacterial and anti-
biofilm effects against S. aureus and E. faecalis. The
chloroform-methanol-acetone extract of the Bolu sam-
ple had a lower antibacterial effect against planktonic
cells but it significantly decreased the biofilm formation
by strains representative of both species, compared to
the control groups (Ozyigitoglu et al. 2017).

In a study by Pompilio et al. (2013) some lichen
metabolites - i.e. usnic acid, atranorin and fumarproto-
cetraric acid - were evaluated in vitro for their antibac-
terial and antibiofilm activities against MRSA and
methicillin-sensitive S. aureus strains from CF patients.
Usnic acid and atranorin showed comparable activity
against biofilm formation, although atranorin was par-
ticularly active against MRSA. In contrast, usnic acid was
significantly more active than atranorin against pre-
formed (mature) biofilms. In another study, Pompilio
et al. (2016) observed that antibacterial activity of usnic
acid was related to damaged peptidoglycan synthesis,
whereas the effect against biofilm was primarily due to
an impairment of binding to host matrix proteins and a
decrease in lipase and thermonuclease expression.
Unfortunately, the liver toxicity of usnic acid reported
by the US Food and Drug Administration greatly
reduces its potential as antibiofiim agent (Guo
et al. 2008).

The antibiofilm activity of Cladonia foliacea and
Hypogymnia physodes extracts (methanol, acetone, and
ethyl-acetate) was evaluated by Mitrovic et al. (2015)
towards S. aureus and Proteus mirabilis. The methanol
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and ethyl-acetate extracts of H. physodes were found to
be more active than those from C. foliacea with a
Minimum Bactericidal Concentration (MBC) of 0.31 mg/
mL for S. aureus. The antibiofilm activity for both lichens
was confirmed with more pronounced results for C.
foliacea. In another study focussed on S. aureus and P.
mirabilis, the acetone and ethyl acetate extracts of
Platismatia glauca were better than methanol extract
with MBIC of 0.63mg/mL for both species (Mitrovic
et al. 2014). At the same time, the methanol extract of
Pseudevernia furfuracea was effective with inhibitory
concentrations of 1.25mg/mL on S. aureus and
0.63 mg/mL on P. mirabilis (Mitrovic et al. 2014).

To the best of our knowledge, the antibiofilm activity
of lichens and derivates were not yet evaluated in
in vivo models.

Marine organisms, such as algae, are considered as
one of the potential sources of diverse bioactive mole-
cules for fighting the increasing emergence of anti-
biotic-resistant and biofilm-forming bacteria. Jun et al.
(2018) investigated sulphated polysaccharides from
various algae against bacteria forming dental plaque. At
concentrations higher than 0.25 mg/mL, fucoidan com-
pletely  suppressed  Streptococcus mutans  and
Streptococcus sobrinus biofilm formation and planktonic
cell growth, although it never eradicated biofilm.

The antibiofilm activity of the macroalga Halimeda
sp. and its effects on EPS production have been eval-
uated against biofilm-forming V. harveyi (Abdullah
Gadhi et al. 2018). The methanol extract prepared from
dried algae showed the strongest activity and caused a
significant decrease in EPS production by the biofilm
cells, compared to other extracts. Treatment with the
surface methanol extract of Halimeda sp. significantly
inhibited biofilm development in a microtiter plate
assay (Abdullah Gadhi et al. 2018).

The antibiofilm activity of several extracts obtained
from the freshwater microalgae Chlorella vulgaris was
investigated using the clinically relevant pathogens P.
aeruginosa and S. aureus. The methanol extract at a
concentration of 1 mg/mL significantly affected biofilm
formation, with a reduction of 82.5% for P. aeruginosa
and 88.0% for S. aureus (Sridevi et al. 2019).

The sulphated polysaccharides extracted from green
algae Chlamydomonas reinhardtii were shown effective
against biofilm formation by Neisseria mucosa, E. coli,
Streptococcus sp. and Bacillus subtilis (Vishwakarma and
Vavilala 2019). Exposure at T mg/mL caused 50% biofilm
inhibition, achieving total inhibition at 4-8 mg/mL.
Complete dissolution of preformed biofilms was also
observed, probably mediated by interaction with EPS
and its subsequent degradation.
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14 A. POMPILIO ET AL.

Table 4. Some representative bioactive compounds from fungal microorganisms with antibiofilm activity and
related mechanisms.
Bioactive compound Source Target microorganism? Antibiofilm activity Mechanism Study

Diterpenoid
sphaeropsidin A

Vulculic acid, curvulol

Organic fungal extracts

Cytochalasans

Organic extracts of:

Laetiporus sulphureus
Macrolepiota fuliginos
Macrolepiota procera

Crude extracts

Terreic acid
Equisetin (from

crude extracts)

Thiodiketopiperazine
derivatives

Diploidia corticola from
forest plants

Chaetosphaeronema
achilleae

Penicillium sp. strains
from the leaf and the
root rhizosphere of

Baltic Zostera marina

Hypoxylon fragiforme

Basidiomycotina
fruiting bodies, both
saprophytic and
ectomycorrhizal

Alternaria alternate
(foliar endophyte)

Aspergillus terreus

Fusarium sp. Z10
(marine fungus)

Phoma sp. GGTF1
(endophyte of
Glycyrrhiza glabra Linn)

MRSA
MDR P. aeruginosa

S. aureus DSM 1104
(human pathogen)

P. aeruginosa

S. aureus DSM 1104

P. aeruginosa PA14
(human pathogen)
S. aureus DSM 1104

P. aeruginosa PAO1

(human pathogen)

E. coli ATCC25922

P. aeruginosa PAO1

S. aureus
S. pyogenes

Biofilm formation reduction:
62% at 1/4xMIC® (P.
aeruginosa)

53% at 1/4xMIC (MRSA)

Biofilm formation reduction:
96.8% at 8xMIC (vulculic
acid)

91.9% at 4xMIC (vulculic
acid)

96.2% at 4xMIC (curvulol)

Biofilm formation reduction
is strain- and culture
medium-dependent

Biofilm formation reduction:
85% at 1/3xMIC
(chaetoglobosin A)

61% at 1/8xMIC
(chaetoglobosin A)

40-60% at sub-MICs
(cytochalasin C; L-696,474;
19, 20-epoxycytochalasin C;
phenochalasin D)

44% at 1/32xMIC
(cytochalasin A)

91% at 1/32xMIC (L-696,474)
45%-91% at sub-MICs
(other compounds)

Biofilm formation reduction
(MBICY) at:

1/4xMIC (M. fuliginosa, M.
procera)

125 pg/mL (L. sulphureus)

Biofilm formation reduction:
up to 65.2% at sub-MICs

MBIC equals to 2xMIC

Biofilm formation reduction:
58.3% at sub-MIC (300 uM)

Biofilm formation reduction:
28-57% at sub-MICs (S.
aureus)

60.7-86% at sub-MICs

(S. pyogenes)

Not reported

Not reported

QS¢ inhibition

Not reported

Not reported

| alginate production
| cell surface
hydrophobicity

| EPS® biosynthesis

| motility (swimming,
swarming)

QS inhibition

Not reported
Inhibition of las and
rhl QS systems

| motility (swarming)

Not reported

(Roscetto et al. 2020)

(Narmani et al. 2019)

(Petersen et al. 2019)

(Yuyama et al. 2018)

(de Carvalho
et al. 2015)

(Rashmi et al. 2018)

(Sharma et al. 2016)

(Zhang et al. 2018)

(Arora et al. 2016)

®MRSA, methicillin-resistant Staphylococcus aureus; MDR, multidrug-resistant; P. aeruginosa, Pseudomonas aeruginosa; S. aureus, Staphylococcus aureus; E.
coli, Escherichia coli; S. pyogenes, Streptococcus pyogenes. EMIC, Minimum inhibitory concentration. “QS, Quorum sensing. 4MBIC, Minimal biofilm inhibitory
concentration (i.e. the lowest concentration of an antimicrobial substance at which there is no time-dependent increase in the mean number of biofilm
viable cells). °EPS, Extracellular polymeric substance.

Particularly interesting are furanones from Delisea
pulchra algae due to their broad spectrum of antibio-
film effect. Brominated furanone decreased biofilm for-
mation onto polystyrene by Campylobacter jejuni
(Castillo et al. 2015), S. epidermidis and P. aeruginosa
(Pereira et al. 2014), with little or no inhibition of

planktonic bacterial growth. Similarly, furanones with
side chains were active towards Salmonella
Typhimurium biofilm, probably due to the bromination
patterns of the furanone ring structure and/or to the
alkyl chain length at the three position on the ring
(Steenackers et al. 2010).



Despite the increasing evidence for in vitro antibio-
film activity of algae and algae-derived compounds,
only one study indicated their potential for in vivo use.
Shibata et al. (2003) found that fucoidans from the
brown alga Cladosiphon ocamuranus, contrarily to non-
sulphated (dextran and mannan) and carboxylated pol-
ysaccharides, significantly suppressed the attachment
of Helicobacter pylori to the gastric mucosa in
Mongolian gerbils at pH 2.0.

Overall, the findings from in vitro studies suggest
that lichens and algae might represent an important
resource for providing antibiofilm compounds.
However, these preliminary findings should be con-
firmed by further studies aimed to study the mecha-
nisms underlying antibiofilm activity, as well as to
evaluate the in vivo potential and the safety profile, also
considering targeted delivery systems.

5.4. Microbial compounds

Several microorganisms in complex ecological niches
produce bioactive compounds with antimicrobial activ-
ities to gain advantages over other microbes. Recent
studies have identified several secondary metabolites,
extracted from both bacteria (Table 3) and fungi (Table
4), with antibiofilm properties (de Carvalho et al. 2015;
Deepa et al. 2015; Oja et al. 2015; Rybalchenko et al.
2015; Stumpp et al. 2015; Arora et al. 2016; Ben Taheur
et al. 2016; Melo et al. 2016; Sharma et al. 2016; Younis
et al. 2016; Chang et al. 2017; Kang et al. 2017;
Krishnamoorthy et al. 2018; Rashmi et al. 2018; Shokri
et al. 2018; Song et al. 2018; Tiwari et al. 2018; Wasfi
et al. 2018; Yuyama et al. 2018; Zhang et al. 2018; Chen
et al. 2019; Narmani et al. 2019; Petersen et al. 2019;
Song et al. 2019; Mangzira Kemung et al. 2020;
Roscetto et al. 2020; Shin and Eom 2020).

5.4.1. Bacterial compounds

Numerous studies support the potential of
Streptomyces as a promising source of antibiofilm com-
pounds. Mangzira Kemung et al. (2020) reported the
anti-MRSA biofilm activity of the methanolic extract of
Streptomyces sp. strain MUC 125 isolated from man-
grove soil in Malaysia, mainly due to the iron chelating
activity by 2,3-dihydroxybenzoic acid. Among the com-
pounds detected by mass spectrometry analysis, pyr-
rolo[1,2-a]pyrazine-1,4-dione,hexahydro deserves
further study as it was non-cytotoxic to mouse embryo
fibroblast, as well as non-haemolytic. In another study
(Younis et al. 2016), ethyl acetate secondary metabo-
lites extract of a Streptomyces strain from Iragi marine
sediment showed potential for the development of
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new drugs to treat urinary tract infections. Indeed, at
sub-MICs the extract inhibited biofilm formation and
behaviour associated with uropathogenic P. mirabilis by
interfering with the QS base molecule signal and by
affecting swimming motility. Oja et al. (2015) observed
that the presence of the ribose moiety in form of pyra-
nose was essential for the activity of several pyrano-
naphthoquinone polyketides from Streptomyces spp.
towards the mature S. aureus biofilm. Furthermore, the
most active polyketides — alnumycin D and granaticin B
- shared the same structural features required for anti-
biofilm activity: glycosylated and uncharged, with a
similar oxygenation pattern of the lateral naphthoqui-
none ring. However, granaticin B was more toxic to
human adenocarcinoma cells, while alnumycin D dis-
played selective toxicity towards bacterial cells (Oja
et al. 2015).

Other studies highlighted marine microbes as bio-
resources for the development of QS inhibitors (QSlIs)
and the identification of novel antifouling agents.
Song et al. (2018) found that several bacterial strains
isolated from the coral Pocillopora damicornis exhib-
ited QS inhibitory activity. Particularly, the typical
coral symbiotic bacterium H12-Vibrio alginolyticus
inhibited P. aeruginosa PAO1 biofilm formation due
to the disruption of the las and/or rhl system
throughout a rhodamine isothiocyanate analogue.
Previous findings showed that isothiocyanate is non-
toxic to the mammalian cell line L929 (Borges et al.
2014). In another study (Chen et al. 2019), three com-
pounds isolated from marine Oceanobacillus sp.
XC22919 - i.e. 2-methyl-N-(2’-phenylethyl) butyramide,
3-methyl-N-(2’-phenylethyl)-butyramide and  benzyl
benzoate - showed clear QS inhibitory activity caus-
ing a dose-dependent reduction in biofilm formation
by P. aeruginosa. Despite these promising findings,
most QSls are unsuitable for use in humans due to
their toxicity, high reactivity, and instability.

Analogues of N-acyl homoserine lactone-based QS
have been identified by chromatographic analysis from
the extract of the Rhizobium sp. NAO1 isolated from the
North Atlantic Ocean (Chang et al. 2017). These mole-
cules were able to inhibit biofilm formation by P. aeru-
ginosa PAO1 up to 77.9% through QS inhibition, in a
dose-dependent manner and without affecting bacter-
ial growth. The damaged biofilm was also significantly
more susceptible to kanamycin, thus indicating the
rationale for a combined therapeutic approach.
Additional studies aimed at purifying and characterising
Rhizobium sp. NAO1 extracts are necessary to elucidate
the mechanisms of action responsible for the inhibi-
tory properties.
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The production of secondary metabolites with anti-
biofilm activity could represent another strategy
adopted by pathogens to persist in the hospital setting.
In this regard, Tiwari et al. (2018) observed that all
ESKAPE (Enterococcus faecium, S. aureus, K. pneumoniae,
Acinetobacter baumannii, P. aeruginosa, and E. cloacae)
pathogens carried antimicrobial secondary metabolites,
most of which (82.6%) had antibiofilm effect against
each other. Interaction studies indicated that the pro-
duction of ¢-di-GMP, a critical determinant for QS and
biofilm formation, is affected by the inhibition of digua-
nylate cyclases activity. Screening of antimicrobial
metabolites from ESKAPE pathogens could lead to the
development of antibiotics for the control of infections
caused by ESKAPE or other pathogens.

Synthetic derivatives of carolacton - a secondary
metabolite isolated from the extracts of Sorangium cel-
lulosum, a soil-dwelling Gram-negative bacterium
belonging to myxobacteria group - were found to
affect biofilms formed by oral plaque-forming bacteria
(Stumpp et al. 2015). Their activity on S. mutans
requires bacterial enzymatic hydrolysis which provides
native carolacton resulting in biofilm damage in vivo.
The primary effect towards S. mutans, Streptococcus ora-
lis and Streptococcus gordonii consisted in a species-spe-
cific defect in cell wall synthesis and cell division, also
observed in the Gram-negative periodontal pathogen
Aggregatibacter actinomycetemcomitans.

In another study (Deepa et al. 2015), three cyclic
dipeptides purified from the ethyl acetate extract of an
Achromobacter sp. associated with a Rhabditis entomo-
pathogenic nematode, displayed promising antibiofilm
property against wound pathogenic bacteria (B. subtilis,
S. aureus, S. epidermidis, E. faecalis, E. coli, K. pneumo-
niae, P. mirabilis, P. aeruginosa, Salmonella Typhi, P. vul-
garis, and E. faecium). Particularly, the combination of
peptides - cyclo(D-Leu-D-Arg), cyclo(L-Trp-L-Arg), and
cyclo(D-Trp-D-Arg) — and ampicillin acted synergically
against biofilm formation. Cyclic dipeptides showed no
cytotoxicity towards normal fibroblasts, VERO cells, and
L231 normal lung epithelial cells (Deepa et al. 2015),
thus indicating their potential for therapeutic use
against paradigmatic examples of biofilm-based infec-
tions, namely those involving skin and soft-tissue,
and lung.

Several studies have investigated the inhibitory
effect of cell-free supernatants (CFS) derived from pro-
biotics against biofilm formation by pathogenic bac-
teria. CFS from Clostridium butyricum caused a
reduction in biomass and thickness of A. baumannii bio-
film (Shin and Eom 2020), and these effects were closely
related to the inhibition of motility. In another study

(Song et al. 2019), Lactobacillus rhamnosus GG micro-
capsules were found to decrease biofilm formation in E.
coli because of the transcriptional inhibition of the /uxS
QS pathway mediated by the excretion of an Al-2 sig-
nalling molecule. Relevant antibiofilm properties have
been demonstrated by Lactobacillus fermentum CFS as
suggested by the broad spectrum of susceptible patho-
gens (Rybalchenko et al. 2015; Melo et al. 2016; Shokri
et al. 2018). The activity against biofilm formed by MDR
P. aeruginosa is mediated by the production of organic
acids (i.e. lactic acid, acetic acid, and formic acid)
(Shokri et al. 2018), whereas the modulation of the ica
operon is critical in the case of S. aureus biofilm (Melo
et al. 2016). Biofilm formation in S. aureus is also
affected by Ligilactobacillus salivarius whose secretome
contains five proteins - including a LysM-containing
peptidoglycan binding protein and a protein peptidase
M23B - with antibiofilm potential (Kang et al. 2017).
The activity of lactic acid bacteria against oral biofilm
pathogens has also been investigated with a view to
their use in the prevention and treatment of dental car-
ies. Exposure to CFS of Lacticaseibacillus casei,
Limosilactobacillus reuteri, Lactobacillus salivarius, and
Lactiplantibacillus plantarum reduced both adhesion
and biofilm formation by the caries-inducing S. mutans
(Wasfi et al. 2018). L. salivarius was the most active in
affecting adherence and biofilm formation (87% and
47% inhibition, respectively), because of reduced EPS
production mediated by vicRKX operon genes down-
expression. In another study (Ben Taheur et al. 2016),
Levilactobacillus brevis FF2 and Pediococcus pentosaceus
FG1 extracts inhibited 50% of biofilm respectively
formed by Streptococcus constellatus B629 and S. oralis.

5.4.2. Fungal compounds

Among the terrestrial ecosystems, forests represent an
enormous reservoir of pathogenic and endophytic fungi
able to biosynthesize phytotoxic secondary metabolites
that also possess antibiofilm properties.

Sphaeropsidin A - a diterpenoid produced by the
pathogenic fungus Diplodia corticola of forest plants -
significantly affected biofilm formation by MRSA and P.
aeruginosa MDR strains at sub-inhibitory concentrations
(Roscetto et al. 2020). However, it did not show suffi-
cient selectivity between bacteria and human cells -
e.g. keratinocytes - thus warranting further studies for
defining its potential in the treatment of wound infec-
tions. In another study, vulculic acid and curvulol, poly-
ketides from the plant-associated fungus
Chaetosphaeronema achilleae, almost completely inhib-
ited biofilm formation by S. aureus at sub-inhibitory
concentrations, although they showed significant
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cytotoxicity against mouse fibroblast L929 cells and the
cervix carcinoma cell line KB-3-1 (Narmani et al. 2019).

Petersen et al. (2019) isolated thirteen fungal strains,
dominated by Penicillium spp., from the leaf and the
root rhizosphere of the Baltic marine flowering plants
Zostera marina. The organic fungal extracts showed
strong anti-QS activity, and the majority of the
Penicillium extracts displayed antimicrobial and antibio-
film activity against P. aeruginosa.

Several cytochalasans, macrocyclic alkaloids isolated
from the ascomycete Hypoxylon fragiforme and other
fungi (Yuyama et al. 2018), as well as extracts obtained
from the fruiting bodies of several saprophytic fungi
(Laetiporus sulphureus, Macrolepiota fuliginosa, and
Macrolepiota procera) showed significant inhibition of S.
aureus biofilm formation when tested at sub-MICs (de
Carvalho et al. 2015). Further studies aimed at evaluat-
ing the selectivity of cytochalasans against mammalian
cells are needed as they are known inhibitors of actin
and, therefore, could be very toxic to eukaryotic cells.

Another study demonstrated the antagonistic effects
of fungal crude extract of an endophytic fungus,
Alternaria alternata colonising Carica papaya, against
several QS-associated virulent factors (Rashmi et al.
2018). Particularly, a marked decrease in biofilm forma-
tion was observed, probably secondary to a reduction
in EPS production, cell surface hydrophobicity, and
swimming and swarming motilities. These activities
were mediated by sulphurous acid, 2-propyl tridecyl
ester and 1,2-benzenedicarboxylic acid, bis(2-methyl-
propyl) ester present in fungal crude extract (Rashmi
et al. 2018).

Several bioactive compounds with antibiofilm poten-
tial were isolated from Aspergillus terreus. A secondary
metabolite extracted from A. terreus DMTMGK004
significantly affected the production of EPS both in
Gram-positive (S. pneumoniae) and Gram-negative (K.
pneumoniae, Haemophilus influenzae) respiratory patho-
gens at half MIC value (Krishnamoorthy et al. 2018).
Spectral data indicated in carbonyl group and phenolic
hydroxyl group as the major functional groups present
in the compound; furthermore, it exhibited a very low
toxicity against VERO cells. Another secondary metabol-
ite from A. terreus, the quinone epoxide terreic acid,
inhibited the growth of biofilms generated by E. coli
with a MBIC corresponding to 2xMIC (Sharma
et al. 2016).

Secondary metabolites from sea-derived fungi are
potentially a rich source of structurally novel and bio-
logically active compounds. QS inhibitory activity by
secondary metabolites of the marine fungus Fusarium
sp. Z10 was detected using P. aeruginosa QSls-lasl

biosensor (Zhang et al. 2018). Equisetin, a member of
the so-called 3-decalinoyltetramic acid family identified
as the major active compound of this fungus, attenu-
ated P. geruginosa PAO1 biofilm formation by 58.3% at
300uM through the downregulation of QS-related
genes expression (Zhang et al. 2018).

By a screening of endophytes derived from
Glycyrrhiza glabra, Arora et al. (2016) found two thiodi-
ketopiperazine derivatives from a fungal culture of the
genus Phoma that inhibited biofilm formation in S. aur-
eus and even more strongly in Streptococcus pyogenes
at sub-MIC values (biofilm inhibition at 1/2xMIC: up to
57.2% and 85.9%, respectively). However, in previous
studies both derivatives were found to be strongly cyto-
toxic against various cancer lines (Carr et al. 2009;
DelLorbe et al. 2013).

Microorganisms can truly be considered a never-end-
ing goldmine for the development of new antibiofilm
strategies. Indeed, the published literature indicates
that an enormous variety of microbial bioactive com-
pounds have been reported, although much more can
be expected in the future as only a small fraction of
microorganisms (<1%) have been explored in nature.
However, so far these compounds cannot be used for
therapeutic purposes due to low production vyield,
instable production, high-level purity, and high produc-
tion costs. Effective strategies could be to use different
culture techniques and efficient production methods,
such as bacterial recombinant expression, and the isola-
tion of new wild microorganisms from the natural envir-
onment whose bioactive proteins could serve as
templates for synthetic production.

Despite the increasing body of in vitro evidence, to
the best of our knowledge none of the above-cited bio-
active compounds of microbial origin have been yet
evaluated in vivo for antibiofilm potential. Efforts should
be made to scale up the production of these com-
pounds and explore their potential as antibiofilm
agents using in vivo models.

5.5. Compounds extracted from human and
animal sources

Many natural products isolated from humans and ani-
mals exhibit antibiofilm properties. Some representative
bioactive compounds are listed in Table 5.

Several compounds belong to the class of host
defence peptides (HDPs), also called antimicrobial pep-
tides (Galdiero et al. 2019). They are found in both ver-
tebrates and invertebrates where they serve as
antimicrobial effectors of immunity (Wang 2014;
Mahlapuu et al. 2016). In vertebrates, including humans,



HDPs function as the first line of defence against patho-
gens (Chung and Khanum 2017; Dostert et al. 2019),
and often display immunomodulatory properties
(Wang 2014).

In mammals, the major HDP families are the catheli-
cidins and defensins, both of which have antibiofilm
properties (Duplantier and van Hoek 2013; Wang 2014).
LL-37 is the only cathelicidin found in humans and
probably the best studied HDP in terms of antibiofilm
properties and mechanism of biofilm inhibition
(Bandurska et al. 2015; Ridyard and Overhage 2021).
The human cathelicidin proved to be effective against
S. aureus, A. baumannii and P. aeruginosa biofilms
(Overhage et al. 2008; Dean et al. 2011Feng et al., 2013;
Ridyard and Overhage 2021). It was observed that LL-37
caused a higher reduction in viability than silver nano-
particles and rifampin (Kang et al. 2019). Moreover, the
combination therapy with rifampin, silver nanoparticles
and gentamicin was still less effective than LL-37 alone
(Kang et al. 2019). Its shorter derivatives - i.e. LL-13 and
LL-17 - also inhibited S. aureus biofilm production and
restored susceptibility in vancomycin-resistant strains
(Shurko et al. 2018). LL-37 affected preformed P. aerugi-
nosa biofilms and inhibited biofilm formation even at
concentrations far below those required to kill bacteria
(Overhage et al. 2008), suggesting an inhibitory mech-
anism not dependent on killing activity. Although the
exact mechanism by which LL-37 kills biofilm cells is
not fully understood, it has been hypothesized the
involvement of an induced bacterial SOS response, the
promotion of the twitching motility, and the alteration
of the Las and Rhl QS systems resulting in downregula-
tion of genes essential for biofilm development
(Overhage et al. 2008). Other authors observed that LL-
37 can penetrate the biofilm and exert its bactericidal
effect against the embedded bacteria (Kang et al. 2019).

Several non-human cathelicidins have been recog-
nized as having antibiofilm activity although their
mechanism of inhibition has not yet been studied in
detail. The bovine cathelicidin indolicidin inhibited and
dispersed preformed P. aeruginosa CF biofilms at subin-
hibitory concentrations (Overhage et al. 2008). The
cathelicidins SMAP-29 (ovine), and BMAP-28 and BMAP-
27 (bovine) have been shown to reduce biofilm forma-
tion of S. maltophilia, P. aeruginosa and S. aureus
(BMAP-28 only) strains from CF patients, and to affect
preformed biofilms such as tobramycin (Pompilio et al.
2011, 2012). The mechanism of inhibition appears to be
the same as killing activity. Despite these potent anti-
microbial properties, LL-37 and other cathelicidins have
some limitations including high cost, lower activity in
physiological environments, susceptibility to proteolytic
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degradation and, in some cases, toxicity to human cells
(Ridyard and Overhage 2021). Naturally occurring cathe-
licidins have therefore been used as excellent templates
for engineering optimized synthetic peptides with anti-
biofilm activity and improved properties. A series of
novel short LL-37 peptides eliminated MRSA burden
in vivo in both mouse-embedded catheters and their
surrounding tissues (Narayana et al. 2019). Novel deriva-
tives have also proved to affect biofilm through differ-
ent mechanisms. The antibiofilm peptides IDR-1018,
derived from a 12-mer cathelicidin peptide (de la
Fuente-Nunez et al. 2014), and AS10 inspired by mouse
LL-37 (De Brucker et al. 2014), affected biofilm forma-
tion by targeting biofilm-specific properties (Dostert
et al. 2019). In this context, the peptide IDR-1018 was
shown to target (p)ppGpp and marks this important
signal in biofilm development (de la Fuente-Nunez
et al. 2014). Understanding the specific mechanism of
biofilm inhibition will allow the design of more specific
and potent derivatives.

Mammalian o- and B-defensins also have numerous
functions other than antimicrobial activity (Hazlett and
Wu 2011). In one study, human B-defensin 3 inhibited
biofilm formation of S. aureus and S. epidermidis (Zhu
et al. 2013) and showed the potential to eradicate a
mature biofilm formed by MRSA strains on orthopaedic
implants (Zhu et al. 2013, 2017). Interestingly, inhibition
and eradication of MDR uropathogenic E. coli biofilm
with truncated o-defensin HNP-1 analogues was
recently observed, although the mechanism underlying
biofilm inhibition has not been investigated (Moazzezy

et al. 2020).
The multifunctional defence protein lactoferrin,
secreted in various mammalian biological fluids

(Giansanti et al. 2016), showed antibiofilm activity
against P. aeruginosa, probably due to its iron-chelating
activity (Kamiya et al. 2012). Interestingly, a study focus-
sing on pneumococcal biofilms showed that lactoferrin
inhibited the colonisation of human airway cells by S.
pneumoniae without affecting bacterial viability
(Angulo-Zamudio et al. 2019). The mechanism of inhib-
ition is likely mediated by the DNase activity of lactofer-
rin, able to degrade extracellular DNA thereby
weakening its structure (Angulo-Zamudio et al. 2019).
The activity of hydrolysates from bovine lactoferrin
(bLFH) was also investigated in vitro against skin borne
staphylococcal biofilms. Lactoferrin fragments showed
better antibiofilm activity than antibacterial activity
with a MBIC of 2.5 mg/mL against a MIC of 10-20 mg/
mL (Quintieri et al. 2020). In addition, MBIC values were
significantly lower for LFcinB or LFmpin, two peptides
purified from the hydrolysate. In another study,
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Quintieri and colleagues have observed that bLFH sig-
nificantly reduced Pseudomonas fluorescens biofilm for-
mation at 3mg/kg. Proteomic analysis showed that
bLFH suppressed the biofilm regulatory proteins such
as PleD, TycC and GbrS and, at the same time, increased
negative regulators of alginate biosynthesis (Quintieri
et al. 2019). Interestingly, lactoferrin from human breast
also exerts antimicrobial and antibiofilm activity against
group B streptococci, inhibiting their adhesion to gesta-
tional membranes in humans (Lu et al. 2021b).

Several compounds with antibiofilm properties have
been isolated from fish including pleurocidin (Gopal
et al. 2013), an HDP found in the mucus secreted by
the skin of winter flounder, and piscidins, HDPs first dis-
covered in hybrid striped bass (Libardo et al. 2017).
While piscidin-1 and piscidin-3 are homologous fish
HDPs, only piscidin-1 was strongly membranolytic,
while piscidin-3 eradicated bacterial biofilms through
DNA-disruptive effects (Libardo et al. 2017).

HDPs are not the only compounds isolated from fish
that exhibit antibacterial properties. Omega fatty acids
from herring oil, particularly docosahexaenoic acid and
eicosapentaenoic acid, markedly repressed S. aureus
biofilm formation by downregulating the expression of
the o-hemolysin hla gene and reducing a-hemolysin
which is necessary for interactions of cells during bio-
film formation (Kim et al. 2018).

Dermal glands of amphibian Anura (frogs and toads)
are one of the largest resources of HDPs (Mangoni
2006) which display numerous activities including
immunomodulatory, anticancer, antiviral and antibio-
film functions (Pantic et al. 2017; Marcocci et al. 2018).
With respect to the latter, most studies have focussed
on the ability of amphibian skin HDPs to inhibit biofilm
formation by clinically relevant microbial species -
encompassing P. aeruginosa and S. aureus - at concen-
trations generally higher than their MICs and ranging
from 3 to 64uM (Dosler and Karaaslan 2014; Dawgul
et al. 2016; Chen et al. 2018; Wu et al. 2018; Chen et al.
2019; Zhong et al. 2019). In comparison, the ability to
eradicate mature biofilm formed on plastic supports or
medical devices (e.g. microtiter plates, catheters, pros-
theses, contact lenses) could be achieved at concentra-
tions 4-6 folds higher (Luca et al. 2013; Dawgul et al.
2016; Song et al. 2020). Recent reports have under-
scored the capability of frog skin HDPs to prevent bio-
film development by downregulating the expression of
virulence genes, in this way modulating the production
of biofilm EPS matrix, as well as QS and/or bacterial
motility (Casciaro et al. 2019; Zhong et al. 2019). For
some frog-skin derived peptides active against pre-
formed biofilm, a membrane perturbing activity has

been proposed as a plausible mechanism underlying
killing of biofilm cells, like that previously described for
the planktonic counterpart (Luca et al. 2013; Casciaro
et al. 2020).

This promising scenario has been strengthened by
their in vivo antimicrobial efficacy either in a mouse
model of Propionibacterium acnes-induced inflamma-
tion (Wu et al. 2020) or P. aeruginosa-induced keratitis/
lung infections (Kolar et al. 2015; Chen et al. 2017), and
by their evidence in accelerating healing of infected
skin lesions in experimental animal models of bacterial-
infected wounds (Simonetti et al. 2012). In all these
cases, the peptides did not elicit toxicity, thus highlight-
ing their safety profile for clinical use (Wu et al. 2018).
Furthermore, the N-terminal fragment of the frog skin
antimicrobial peptide esculentin 1a was found to pro-
vide protection against lethal P. aeruginosa gut infec-
tion in the nematode Caenorhabditis elegans where
bacteria are likely to form biofilms (Uccelletti et al.
2010). In another study, feleucin-K3, an o-helical cat-
ionic AMP isolated from the skin secretion of the Asian
bombinid toad species Bombina orientalis showed bet-
ter antibiofilm activity than amoxicillin in a model of
catheter biofilm infection caused by MRSA (Guo
et al. 2021).

Other studies indicated that HDPs represent the
most abundant compounds from amphibians that pos-
sess antibiofilm properties (Humblot et al. 2009; Gao
et al. 2017; Grassi et al. 2017; Zhou et al. 2019). Unlike
mammals, HDPs from amphibian skin can well preserve
antibacterial activity at concentrations found in their
natural environment and in the presence of biological
fluids. Some of these HDPs have already progressed
into late-stage clinical studies for topical treatment of
various types of infections. For example, pexiganan, an
analogue of the peptide magainin isolated from
Xenopus skin, has been evaluated as a cream in phase
[l clinical trial to cure mild infections in diabetic foot
ulcers (Uccelletti et al. 2010).

Invertebrates, such as insects and molluscs, are also
an important source of bioactive compounds with
antibiofilm properties. The insect haemolytic peptide
melittin has been found to inhibit Gram-negative
attachment and biofilm formation, both alone and
combined with antibiotics (Dosler et al. 2016). Melittin
has also been tested in combination with the naturally
occurring insect peptide cecropin. The melittin—cecro-
pin hybrid proved to have antibiofilm activity against
MRSA and showed synergistic effects when combined
with antimicrobial agents (Mataraci and Dosler 2012).
Propolis (bee glue), a resinous substance produced by
honeybees (Apis mellifera L., has shown in vitro
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antibiofilm activity against P. aeruginosa at 50 pg/mL,
reducing the biofilm mass to 60%; as well, it signifi-
cantly reduced the viability of biofilm cells decreasing
their swimming motility (De Marco et al. 2017). Among
products deriving from bees, Manuka honey presents
very  interesting  properties.  Obtained  from
Leptospermum scoparium, it contains high amounts of
flavonoids, as well as glyoxal and methylglyoxal,
responsible for its antimicrobial activity (Alvarez-
Suarez et al. 2014). Recently, its antibiofilm effect has
been demonstrated against P. aeruginosa MDR strains
in two ex vivo porcine lung models, made of bronchi-
olar and alveolar tissues (Roberts et al. 2019). When
applied as sinus irrigation, methylglyoxal and Manuka
honey were also effective against biofilm formed by S.
aureus into sheep sinuses, being safe for the mucosa
and suggesting a potential use to combat chronic rhi-
nosinusitis (Paramasivan et al. 2014).

Encouraging results were also obtained applying
chestnut honey alone or combined with phages to
control E. coli and P. aeruginosa biofilms formed on
porcine skin, thus paving the way for potential appli-
cations to accelerate wounds healing in vivo (Oliveira
et al. 2018).

Sepia ink from Sepia esculenta contains active com-
pounds, such as melanin and melanin-based enzymes,
proteins, and glycosaminoglycans. Particularly, at a con-
centration of 100pg/mL protein extract from ink
revealed antibiofilm activity against E. faecalis, P. aerugi-
nosa, and P. vulgaris with 85.3%, 78.7%, and 87.7% of
biofilm inhibition, respectively. At the same concentra-
tion, it was even able to disrupt the structure of the
mature biofilm (Kumar et al. 2018).

Interesting compounds with antifouling and antibio-
film properties have been described in marine sponges
(Stowe et al. 2011) which protect themselves by using a
plethora of secondary metabolites. Some classes — such
as the terpenoids (Hertiani et al. 2010) and the pyrrole-
imidazoles (Forte et al. 2009) - have been shown to
modulate biofilm formation without killing the bacteria
or affecting their growth. Among the terpenoids from
sponges, ageloxime-D, manoalide, and two manoalide
congeners were reported to be able to affect bacterial
biofilms formation of S. epidermidis, although the mech-
anism of action remained unknown (Hertiani et al.
2010). In addition, marine sponges can synthesize a
class of potent molecules unique to their phylum, the
pyrrole-imidazole alkaloids (PIAs) (Rogers et al. 2010).
PIAs have been extracted from several sponge families
focussing bromopyrrole derivatives from the family
Agelasidae (Forte et al. 2009). As natural products, PlAs
inhibited biofilm formation by MRSA and A. baumannii

MDR strains by 50% at subinhibitory micromolar con-
centrations. In addition, the most active compound
acted synergistically with oxacillin against MRSA
(Furlani et al. 2013).

6. Concluding remarks and future perspectives

One of the major current challenges in medicine is the
development of control strategies in the treatment of
biofilm-related infections, especially those associated
with indwelling devices and those observed in the lung
of CF patients. Indeed, pathogenic biofilms represent a
persistent source of chronic infections due to their
inherent resistance to both antibiotics and host
immune response. Treatment of biofilm-related infec-
tions requires the administration of several antibiotics,
usually at high doses and for prolonged periods.
However, we cannot rely solely on antibiotics because
their efficiency is beingly compromised by biofilm-spe-
cific structural and physiological properties, and the
emergence of MDR strains. Therefore, new antibiofilm
templates with novel targets and mechanisms of action
are urgently needed.

In this context, natural compounds could represent a
promising alternative. Indeed, the studies reviewed
here suggest that numerous secondary metabolites and
peptides from plants, lichens, algae, bacteria, fungi, ani-
mals and even humans are effective against biofilm for-
mation and, in some cases, have the potential to
disperse mature (established) biofilms (Forte et al. 2009;
Dean et al. 2011; Pompilio et al. 2012; Furlani et al.
2013; Pompilio et al. 2013; Zhu et al. 2013; Bandurska
et al. 2015; Qja et al. 2015; Dawgul et al. 2016; Gao
et al. 2017, Kang et al. 2017; Libardo et al. 2017;
Goldoni Lazarini et al. 2018; Kumar et al. 2018; Angulo-
Zamudio et al. 2019; Chen et al. 2019; Kang et al. 2019;
Song et al. 2019; Zhong et al. 2019; Zhou et al. 2019;
Galdiero et al. 2020; Gupta et al. 2020).

It is interesting to note that some classes of com-
pounds with antibiofilm properties occur in phylogen-
etically very distant organisms. Polyphenols, terpenoids
and fatty acids displaying antibiofilm activity have been
detected in many organisms, especially plants, microor-
ganisms, and invertebrates. In contrast, vertebrates
appear to antagonize biofilms with defense peptides
rather than other secondary metabolites. Thanks to
advances in nanotechnology, computational studies to
improve peptides stability/bioavailability, and peptide
synthesis technologies that reduce manufacturing costs,
HDP-based formulations have acquired great potential
to be developed as innovative drug candidates in either



the cosmetics or in pharmaceutical industries in the
coming decades (Mahlapuu et al. 2020).

Natural products have historically been compounds
of choice in the discovery of new drugs against infec-
tious diseases, especially antibiotics. As genetically
encoded products of natural selection and structurally
shaped by evolution to interact with biological targets,
natural products are a promising pool for the discov-
ery of scaffolds with enormous structural diversity and
various bioactivities. In addition, they act on bacteria
through multiple mechanisms that are also distinct
from those of antibiotics. However, several and not
trivial challenges must be overcome before some nat-
ural molecules can be translated into real clinical inter-
vention strategies, which has contributed to their
unattractiveness to the pharmaceutical industry since
the 1990s.

First, due to chemical stability, structural complexity,
occurrence, identification and purification, the discov-
ery of a new drug is time-consuming and laborious.
Therefore, new technological developments — such as
metabolomics, the use of vast databases of theoretical
natural products spectra, bioinformatics, analytical
chemistry, and synthetic biology — represent promising
tools for drug discovery (Atanasov et al. 2021). High-
throughput screening of large libraries could also speed
up the development of new antibiofilm natural drugs
and their introduction into clinical practice. Considering
that biofilm formation is regulated by multiple, inter-
played, cellular mechanisms, a “top-down” approach -
i.e. whole biofilm cells-based - should be preferred to a
target-based screening (“bottom-up”) which requires
the knowledge of already identified biofilm targets.

A second challenge is the lack of standardized anti-
biofilm methods, due to the uselessness of procedures
applied to classical antimicrobial drugs, and the need
to evaluate the results from in vitro biofilm assays for
their predictive value for in vivo clinical outcome.

Third, we need to understand the exact mechanisms
by which these molecules exert their effects at sub-lethal
concentrations. Many bioactive molecules here described
have not yet been characterized in terms of their mech-
anism of action (Overhage et al. 2008; Hertiani et al.
2010; Steenackers et al. 2010; Mataraci and Dosler 2012;
Gopal et al. 2013; De Brucker et al. 2014; Dosler and
Karaaslan 2014; Castillo et al. 2015; de Carvalho et al.
2015; Deepa et al. 2015; Mitrovic et al. 2015; Sun et al.
2015; Arora et al. 2016; Dawgul et al. 2016; Sharma et al.
2016; Goldoni Lazarini et al. 2018; Jun et al. 2018; Wu
et al. 2018; Yuyama et al. 2018; Narayana et al. 2019;
Narmani et al. 2019; Galdiero et al. 2020; Moazzezy et al.
2020; Roscetto et al. 2020; Song et al. 2020). Further
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studies will, therefore, be necessary to gain further
mechanistic insights into the molecular mechanism of
action by which natural compounds exert their antibio-
film activity. Particular attention should be paid to mech-
anisms of action independent of the antimicrobial
activity of the compound by targeting specific molecular
pathways that regulate biofilm formation. In this regard,
some molecules here discussed, and shown in Figure 1,
have been reported to: (i) prevent bacterial adhesion
(Overhage et al. 2008; Wang et al. 2009; Lee et al. 2011;
Chen et al. 2016; Pompilio et al. 2016; Karkouch et al.
2017; Rashmi et al. 2018; Shurko et al. 2018; Xue et al.
2020); (ii) inhibit QS-related pathways (Overhage et al.
2008; Lee et al. 2011; Burt et al. 2014; Younis et al. 2016;
Chang et al. 2017; Ozyigitoglu et al. 2017; Rashmi et al.
2018; Shurko et al. 2018; Song et al. 2018; Tiwari et al.
2018; Wang et al. 2018; Zhang et al. 2018; Petersen et al.
2019; Song et al. 2019; Sridevi et al. 2019; Kumar et al.
2020; Molina et al. 2020; Lu et al. 2021a); (iii) affect EPS
production (Melo et al. 2016; Pompilio et al. 2016;
Abdullah Gadhi et al. 2018; Rashmi et al. 2018; Von
Borowski et al. 2019; Zhong et al. 2019; Gupta et al.
2020; Lu et al. 2021a); (iv) downregulate genes, others
than QS genes, that control biofilm lifestyle (Lee et al.
2011; de la Fuente-NUnez et al. 2014; Zhong et al. 2019;
Shang et al. 2020); (v) interfere with bacterial motility
(Younis et al. 2016; De Marco et al. 2017; Rashmi et al.
2018; Zhang et al. 2018; Quintieri et al. 2019; Molina
et al. 2020; Shin and Eom 2020); and (vi) destabilize bio-
film structure (e.g. binding to extracellular DNA) (Wang
et al. 2009; Kamiya et al. 2012; Zhu et al. 2013; Chen
et al. 2016; Libardo et al. 2017; Zhu et al. 2017; Kumar
et al. 2018; Angulo-Zamudio et al. 2019; Divya et al.
2020). These mechanisms often act synergically and
seem to be more advantageous as they do not exert
selection pressure on bacteria and because they act spe-
cifically. However, the use of these antivirulence
approaches should be considered with caution since
they may favour or select more virulent strains. In this
frame, several studies have shown the development of
resistance to QSI, although with lower frequency com-
pared to antibiotics (Borges et al. 2016).

Fourth, as for any drug development strategy, in vivo
studies focussed on the pharmacokinetics and pharma-
codynamics are also needed before natural products
can be successfully used in clinical practice. Indeed,
despite the large number of natural products with anti-
biofilm potential, not a single FDA-approved drug has
been developed. This is generally due to failures in
phase Il and phase Il clinical trials (Lu et al. 2019), prob-
ably because of the limited availability of the com-
pound in humans after administration. Another
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important aspect to consider is the evaluation of the
toxicologic profile. Toxicity is not often reported in
research articles, but the few studies evaluating the
toxic potential using in vivo (Goldoni Lazarini et al.
2018; Von Borowski et al. 2019; Molina et al. 2020) or
ex-vivo (Borges et al. 2014; Deepa et al. 2015; Oja et al.
2015; Narmani et al. 2019; Mangzira Kemung et al.
2020; Roscetto et al. 2020) models are very encouraging
for in vivo use of bioactive compounds.

A very promising area of research is the use of nat-
ural compounds in coating the surface of medical devi-
ces (e.g. catheters) to affect bacterial adhesion, the first
step of biofilm formation (Narayana et al. 2019; Lu et al.
2021a). In fact, infections associated with medical devi-
ces are the main cause for recurrent surgeries and even
patient’s death. Further efforts should be made to per-
form in vivo studies and to develop systems in the
micro/nano scale (Xue et al. 2020) to allow controlled
delivery of the antibiofilm compound at the infec-
tion site.

It is also becoming increasingly important to study
more in-depth the potential for combinatorial therapy,
such as the syncretic coupling between clinically used
antibiotics and natural products. Given the ever-increas-
ing prevalence of MDR bacteria, the combinatorial
approach could be a powerful tool to select an anti-
microbial chemotherapy more effective at low doses,
which may reduce both toxicity and emergence of
resistant strains. Using this approach several unex-
pected additive or synergistic interactions with
increased antibiofilm activity have already been identi-
fied (Mataraci and Dosler 2012; Deepa et al. 2015; Chen
et al. 2016; Dosler et al. 2016; Chang et al. 2017; Shurko
et al. 2018).

Finally, natural compounds could be used as anti-
biotic potentiators/adjuvants that can restore the anti-
biotic susceptibility in MDR pathogens.

In conclusion, the relevant impact of biofilm-associ-
ated infections on the national health care system, in
terms of high morbidity and huge costs, provides the
incentive to direct future research towards the identifi-
cation of novel therapeutic strategies. Although the
applicability of compounds from natural sources in clin-
ical settings remains to be determined, the promising
literature data herein reported suggest that the isola-
tion of bioactive molecules should be the next target of
a highly integrated interdisciplinary research to develop
new antibiofilm drugs and strategies, thus providing a
pathway to anti-infective therapeutics.
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