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Abstract

Bacterial biofilms are multicellular aggregates enclosed in a self-created biopolymer matrix. Biofilm-producing bacteria
have become a great public health problem worldwide because biofilms enable these microorganisms to evade several
clearance mechanisms produced by host and synthetic sources. Over the past years, different flavonoids including quercetin
have engrossed considerable interest among researchers owing to their potential anti-biofilm properties. To our knowledge,
there is no review regarding effects of quercetin towards bacterial biofilms, prompting us to summarize experimental evi-
dence on its anti-biofilm properties. Quercetin inhibits biofilm development by a diverse array of bacterial pathogens such
as Enterococcus faecalis, Staphylococcus aureus, Streptococcus mutans, Escherichia coli, and Pseudomonas aeruginosa.
Prevention of bacterial adhesion, suppression of quorum-sensing pathways, disruption or alteration of plasma membrane,
inhibition of efflux pumps, and blocking nucleic acid synthesis have been documented as major anti-biofilm mechanisms of
quercetin. Overall, anti-biofilm activity of quercetin can open up new horizons in a wide range of biomedical areas, from

food industry to medicine.
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Introduction

Biofilm is an organized, complex, and sessile microbial com-
munity enclosed in a self-created biopolymer matrix, which
can be formed on both biotic and abiotic surfaces (Flem-
ming et al. 2016). From the human perspective, biofilm has
a tremendous impact in the field of medicine, in particu-
lar healthcare-associated infections related to indwelling
devices such as catheters, implants, artificial heart valves,
and prosthetic joints. Indeed, biofilm formation is an adap-
tive mechanism of bacterial cells, allowing them to survive
and persist in harsh environments (Koo et al. 2017). Due
to low-metabolic activity of biofilm-encased bacteria and
insufficient penetration of antibiotics into biofilm, bacteria
residing within biofilm are able to withstand up to thousand
times greater concentrations of antibiotics compared with
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their planktonic counterparts (Wu et al. 2015; Memariani
et al. 2019a).

Inhibition of biofilm development is considered as a
major drug target for the treatment of numerous bacterial
infections. Heretofore, a plethora of diverse anti-biofilm
molecules with unique structures including herbal com-
pounds, chelating agents, anti-microbial peptides, lantibi-
otics, and synthetic chemicals has been discovered (Sad-
ekuzzaman et al. 2015). These molecules hamper biofilm
formation in a number of different ways such as impediment
in AHL (N-acyl homo-serine lactones)-mediated quorum-
sensing, inhibition of stringent response by bacteria, disper-
sion of extracellular polysaccharide substance of biofilm,
cleavage of peptidoglycan, biofilm disassembly, neutraliza-
tion of lipopolysaccharides (LPS), alteration of membrane
permeabilization, prevention of cell division or survivabil-
ity, direct interaction with nucleic acid synthesis, interfer-
ing with cyclic di-GMP (c-di-GMP) signaling system, and
blocking curli biogenesis (Roy et al. 2018).

Utilization of naturally occurring compounds of plant
origin has proved to be a promising strategy for preven-
tion and treatment of various diseases since ancient times
(Vikram et al. 2010). Plant secondary metabolites have been
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extensively exploited in pharmaceutical industry as a source
of food additives, flavors, drugs, dyes, insecticides, and fra-
grances (Hussain et al. 2012). In this respect, flavonoids and
other phenolic compounds constitute one of the chief classes
of secondary metabolites. Flavonoids have two or more aro-
matic rings, each bearing at least one aromatic hydroxyl and
connected with a carbon bridge (Panche et al. 2016). They
are categorized into several classes including flavonols,
flavones, isoflavonoids, proanthocyanidins, catechins, and
anthocyanidins (Nabavi and Silva 2019). Flavonoids can
exert multiple health-promoting features including anti-oxi-
dant, anti-inflammatory, anti-neoplastic, and anti-microbial
effects. In particular, anti-bacterial and anti-biofilm prop-
erties of different flavonoids have engrossed considerable
interest among researchers during the last decade (Vipin
et al. 2019a).

Quercetin (3,3',4",5,7-pentahydroxyflavone) is a plant-
derived flavonol that usually exists in various foods includ-
ing capers, onions, peppers, cranberries, tomatoes, apples,
and grapes. The name quercetin stems from the Latin word
“Quercetum” (oak woodland), and has been used since
1857 (Nabavi and Silva 2019). Quercetin is continuing to
receive great attention owing to its potential anti-oxidant,
anti-allergic, anti-cancer, anti-inflammatory, anti-diabetic,
anti-microbial, and cardioprotective activities (Anand David
et al. 2016). Reviews on physicochemical properties, bio-
logic activities, and therapeutic values of quercetin have
been previously published (Smith et al. 2016; Li et al. 2016).
However, there is no review on anti-biofilm properties of
quercetin. Thus, the present review sought to summarize
findings from multiple studies with regard to anti-biofilm
effects of quercetin on a broad spectrum of bacterial patho-
gens. For the reader’s convenience, we described the impor-
tance of biofilm-producing bacteria for which anti-biofilm
effects of quercetin have been evaluated. Besides, the details
of bacterial targets for anti-biofilm action of quercetin are
further discussed in this review.

Anti-biofilm effects on Gram-positive
bacteria

Bacillus subtilis

Bacillus subtilis is a rod-shaped, endospore-forming bacte-
rium that long-served as a facile model organism to delin-
eate the molecular mechanisms of biofilm establishment.
Information with regard to food-poisoning due to B. sub-
tilis is rare (Earl et al. 2008). Quercetin is able to decrease
in vitro biofilm formation by B. subtilis. In this context,
500 pg/mL of quercetin was sufficient for 84% reduction
of biofilm development in comparison to untreated control
(Bordeleau et al. 2018). A quercetin/multi-walled carbon
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nano-tube/titanium dioxide nano-composite (Q/MWCNTs/
TiO,) has been demonstrated to lessen either adhesion or
biofilm formation in B. subtilis compared to quercetin
alone, as evidenced by confocal laser-scanning micros-
copy (CLSM). Unlike MWCNTSs/TiO,, Q/MWCNTSs/TiO,
was less protective against biofilm formation. This can
be attributed to the improved hydrophilicity of the glass
surface in the presence of quercetin, thereby decreasing
electrostatic repulsion between negatively charged B. sub-
tilis surface and Q/MWCNTs/TiO, coated surface (Raie
et al. 2018).

Enterococcus faecalis

As a gut-dwelling opportunistic pathogen, Enterococcus
faecalis has long been recognized to be notoriously associ-
ated with nosocomial infections as a result of its capability
to form biofilms on stents and artificial devices (Ch’ng
et al. 2019). This is further exacerbated by the fact that
this organism is intrinsically resistant to numerous classes
of antibiotics and has the propensity to obtain antibiotic
resistance determinants through horizontal gene transfer
(Miller et al. 2015).

In a recent survey, quercetin was found to be effective
against E. faecalis MTCC 2729 at sub-minimum inhibi-
tory concentrations (sub-MICs). At 1/2 x MIC (256 pg/
mL), quercetin inhibited 95% of biofilm formation, which
was further confirmed by scanning electron microscopy
(SEM) and CLSM (Qayyum et al. 2019). In another study,
Kim et al. (2018) found that a quercetin—pivaloxymethyl
conjugate (Q-POM) at 5 pg/mL waned 70% of biofilm
establishment by a vancomycin-resistant E. faecium iso-
late. Two-dimensional gel electrophoresis (2DE) and
matrix assisted laser desorption ionization-time of flight
mass spectrometry (MALDI-TOF/MS) analysis divulged
that nineteen proteins represented differential intensities
in biofilm-inhibited condition after exposure to quercetin,
among which ten and nine proteins were over-expressed
and suppressed, respectively (Qayyum et al. 2019). Notice-
ably, quercetin augmented expression of stress marker
proteins DnaK and GroES, both of which are involved in
protein folding as well as stress management of the cells
(Bghle et al. 2010). Additionally, quercetin is able to sup-
press several glycolytic enzymes such as 2,3-bisphospho-
glycerate-dependent phosphoglycerate mutase (GpmA)
and ATP-dependent phosphofructokinase (PfkA). Data
relating to interactome networks also exhibited robust con-
nections among translation elongation factors, namely Tuf,
Frr, Tsf, and FusA (Qayyum et al. 2019). Hence, quercetin
simultaneously affects multiple proteins to cease E. faeca-
lis biofilm formation. This multi-target mode of action can
decrease the likelihood of resistance to quercetin.
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Enterococcus faecium

Enterococcus faecium is the second-most frequently
encountered Enterococcus species linked with diseases
in hospitalized patients, particularly urinary tract infec-
tions, bacteremia, and endocarditis (Ch’ng et al. 2019; Lee
2017). The species also exhibits natural resistance to a
broad range of antibiotics (Miller et al. 2015). Q-POM
has been demonstrated to mitigate biofilm development
by a vancomycin-susceptible E. faecium isolate in a dose-
dependent manner (Kim et al. 2018).

Listeria monocytogenes

Listeriosis is a relatively rare but potentially life-menacing
foodborne illness, usually affecting pregnants, the elderly,
and immunocompromized individuals. Listeria monocy-
togenes biofilms have been shown to grow on polystyrene,
stainless steel, rubber or glass surfaces in food processing
facilities (Rodriguez-Lépez et al. 2018). Recent evidence
reveals that teichoic acid is the major polysaccharide in L.
monocytogenes biofilm matrix, which ostensibly resembles
cell wall teichoic acid (Brauge et al. 2016).

Quercetin, at sub-MIC concentrations, hinders abi-
otic surface colonization of L. monocytogenes (Vazquez-
Armenta et al. 2018). Following administration of querce-
tin at 0.4 mM for 2 h, the attachment of L. monocytogenes
to stainless steel was entirely abrogated, while this con-
centration significantly decreased viability of bacterial
cells (p <0.05) after 24 h. No viable bacterial cells were
recovered from the stainless steel coupons following
24 h of exposure to 0.8 mM of quercetin. Compared to
the untreated control, 1 h treatment with quercetin was
enough for substantial reduction of bacteria encased in
24 h-old biofilms (p < 0.05). Likewise, 0.2 mM of querce-
tin considerably diminished bacterial cell density on stain-
less steel during early and late stages of biofilm devel-
opment (Table 1). A 41% reduction in total extracellular
protein content was also discernible in quercetin-treated
biofilms, whereas neither DNA nor polysaccharide content
in biofilms was affected by quercetin (Vazquez-Armenta
et al. 2018). Some phenolic compounds including gal-
lic acid and ferulic acid have been proven to influence
physico-chemical characteristics of bacteria such as free
energy of adhesion between the bacterial cells and polysty-
rene, thereby making the surface attachment unfavorable
(Borges et al. 2012). Furthermore, it has been reported that
quercetin can repress genes associated with bacterial adhe-
sion (Lee et al. 2013). Overall, these studies showed that
quercetin has the potential to be applied as a food additive
to minimize adhesion, proliferation, and biofilm growth
of L. monocytogenes.

Staphylococcus aureus

Over the past decades, Staphylococcus aureus has caused
wreaking havoc in both the community and healthcare set-
tings (Memariani et al. 2018). The bacterium produces a
wide spectrum of diseases, ranging from relatively mild skin
infections, such as impetigo, furuncles, and folliculitis, to
even serious and potentially fatal diseases, including sepsis,
endocarditis, and osteomyelitis. Indeed, an extraordinary
repertoire of virulence factors contributes to the pathogenic-
ity of S. aureus (Kane et al. 2018; Memariani et al. 2019b).
Other than that, the aptitude of S. aureus to form biofilms
on indwelling medical devices such as artificial heart valves,
prosthetic joints, and catheters impedes successful treatment
of infections (Moormeier and Bayles 2017).

A contemporary study demonstrated inhibitory impacts of
quercetin (at both MIC and sub-MIC) on biofilm production
in both reference and clinical isolates of S. aureus. In this
context, quercetin (at concentrations ranging from 250 to
500 pg/mL) was enough to decrease almost half of biofilm
formation by methicillin-resistant S. aureus (MRSA) and
vancomycin-resistant S. aureus (VRSA) (da Costa Janior
et al. 2018). A study conducted on methicillin-sensitive S.
aureus strain (MSSA) ATCC 6538 showed that quercetin
significantly (p < 0.05) inhibited biofilm production at both
20 pg/mL and 50 pg/mL after 24 h (Cho et al. 2014). It has
been evinced that both number and position of the hydroxyl
group in flavonoid structures affect their anti-biofilm activi-
ties. For instance, quercetin with five hydroxyl groups dis-
played the highest inhibitory effects on biofilm establish-
ment (more than 80%) compared to other flavonoids. The
authors also demonstrated that red wines markedly enhanced
viability of S. aureus-infected Caenorhabditis elegans, prob-
ably thanks to anti-virulence and anti-biofilm properties of
quercetin in red wines (Cho et al. 2014).

In another investigation, Q-POM crippled biofilm pro-
duction by six S. aureus isolates (Table 1) in the range of
1-50 pg/mL. In this regard, 5 pg/mL of Q-POM inhibited
biofilm formation of S. aureus isolates by 24-83%. As for
cytotoxicity, more than 70% of human liver epithelial cells
were viable at 50 pg/mL, demonstrating the higher selectiv-
ity of Q-POM against S. aureus in comparison to human
cells (Kim et al. 2018). Vanaraj et al. (2017) designed hybrid
silver nano-particles (AgNPs) combined with quercetin,
which gave satisfactory results (92% inhibition of biofilm
formation) when applied at a concentration of 100 pg/mL
against a clinical isolate of S. aureus. The hybrid also consid-
erably diminished exopolysaccharide (EPS) production by S.
aureus (p <0.001), and dispersed biofilm-enclosed bacterial
aggregates. Concerning toxicity, negligible hemolytic activ-
ity (<5% at 120 pg/mL) was reported for the hybrid (Vanaraj
et al. 2017). It seems that the hybrid permeabilizes the bacte-
rial membranes, interacts with intracellular components, and
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induces oxidative stress in bacteria, thereby killing micro-
organisms. Another survey revealed 28.5% (p <0.01), 58%
(»<0.01), and 73.7% (p <0.05) reduction in MRSA biofilm
formation after exposure to 10, 20, and 50 pg/mL of querce-
tin-AgNPs, respectively, in comparison to untreated control
(Ahmed et al. 2018). In general, nano-particles enhance sta-
bility, water solubility, and bioactivity of quercetin.

A noticeable inhibition of biofilm establishment by
S. aureus ATCC 6538 was observed when quercetin was
exploited at 20 pg/mL in vitro (Lee et al. 2013). Quercetin
at 1 pg/mL was sufficient to abolish > 50% of biofilm pro-
duction by two MSSA strains as well as one MRSA strain
(Table 1). To shed some light on molecular mechanisms
behind the inhibition of biofilm production, quantitative
reverse transcriptase-polymerase chain reaction (qRT-
PCR) was applied. In this respect, quercetin (10 pg/mL)
efficiently repressed expression of adhesion related genes
icaA and icaD, both of which are indubitably implicated in
biofilm formation (O’Gara 2007). Furthermore, quercetin
suppressed expression of the quorum-sensing gene agrA
together with virulence-regulatory genes sigB and sarA (Lee
et al. 2013). Inhibition of quorum-sensing genes interferes
with bacterial cell-to-cell communication and subsequent
biofilm formation (Markowska et al. 2013).

Interestingly, quercetin prohibited the hemolysis of
human erythrocytes by S. aureus in a concentration-depend-
ent fashion, suggesting its inhibitory effects on S. aureus
hemolysin (Lee et al. 2013). This finding is in line with a
study conducted by Cho et al. (2014) in which 20 pg/mL of
quercetin significantly (p <0.05) lessened lysis of human
erythrocyte by S. aureus after a 16-h of incubation (Cho
et al. 2014). Likewise, satisfactory results were reported
from a recent survey in which Q-POM dose-dependently
repressed the hemolysis by MRSA, MSSA, and VISA strains
(Kim et al. 2018). As a general rule, targeting both biofilm
and exotoxin production by S. aureus simultaneously kills
two birds with one stone.

Staphylococcus saprophyticus

Staphylococcus saprophyticus is the second-most prevalent
etiologic agent of cystitis in young women (Ronald 2003).
Quercetin was shown to hamper biofilm development by
antibiotic-resistant isolates of S. saprophyticus. Recently,
da Costa Janior et al. (2018) demonstrated 39% to 56% inhi-
bition of biofilm production by moderate and strong biofilm
producer S. saprophyticus isolates at sub-MICs of quercetin
(<500 pg/mL).

Streptococcus mutans

Streptococcus mutans is the main culprit in causing den-
tal caries. In fact, one of the most important virulence
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properties of the bacterium is its capacity to form biofilms,
also known as dental plaques, on tooth surfaces (Dani et al.
2016). Quercetin has been shown to exert anti-biofilm effects
on S. mutans (Zeng et al. 2019). In this context, minimum
biofilm inhibition concentration (MBICs,) and minimum
biofilm reduction concentration (MBRCj5j) of quercetin were
16 mg/mL and 32 mg/mL, respectively. Quercetin lessened
viability of biofilm-encased bacteria cells, biofilm dry-
weight, total protein, glucans formation, and acid produc-
tion. Quercetin was superior to chlorhexidine (0.12%) with
respect to reduction in biofilm biomass, interlinked bacteria-
extracellular matrix, and viability of biofilm-residing bac-
teria, as evidenced by SEM and CLSM. Structural analysis
also revealed that quercetin wanes the biofilm thickness and
renders it porous (Zeng et al. 2019). These findings suggest
that quercetin degrades biofilm-extracellular matrix and pen-
etrates deep into biofilm, where it can inhibit metabolically
active, slow growing, or even persister cells.

In another study, quercetin suppressed biofilm production
and maturation by S. mutans UA159 (Table 1). It exhibited
synergistic activity with plant-based compound Deoxyno-
jirimycin (DNIJ) against biofilm formation by S. mutans
(Hasan et al. 2014). When administrated alone or combined
with DNIJ, quercetin noticeably lessened the synthesis of
both water soluble and alkali soluble polysaccharides by
crude glucosyltransferases from S. mutans. Moreover,
quercetin (32 pg/mL) significantly (p <0.05) diminished
cell surface hydrophobicity of S. mutans in comparison
to untreated bacteria. At sub-MICs, quercetin in combina-
tion with DNJ also repressed glass-dependent adherence
of S. mutans, regardless of the presence or absence of 5%
sucrose. An in-depth analysis of gene expression disclosed
that quercetin down-regulates a plethora of virulence genes
including those related to adhesion promotion, surface bio-
genesis, quorum-sensing, and biofilm formation (Hasan
et al. 2014). In this respect, 49.07% and 61.79% suppres-
sion was achieved in expression levels of brpA and smu630,
respectively, both of which are involved in quorum-sensing
regulation of biofilm formation (Brown et al. 2005; Wen
et al. 2006). Incorporation of quercetin into a commercial
adhesive has been reported to impede growth of S. mutans
biofilm (Yang et al. 2017). XTT [2,3-bis-(2-methoxy-4-ni-
tro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide] analysis
and CLSM evaluation of S. mutans biofilms revealed that
quercetin-doped adhesive groups exhibited lower metabolic
activity and higher dead bacteria, respectively, in compari-
son to the unmodified adhesive group. Quercetin-doped
adhesive also retained its bonding properties towards col-
lagenase ageing. Efficient inhibition of matrix metallopro-
teinase activity and acceptable biocompatibility are the other
beneficial properties of quercetin-doped adhesives (Gennaris
and Collet 2013). On the whole, considering the detrimental
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effects of dental plaques on oral health, quercetin can be
added to toothpaste and mouthwash formulations.

Streptococcus pneumoniae

More than a century ago, Streptococcus pneumoniae has
been branded as the “Captain of the Men of Death” by
Sir William Osler owing to its extreme prowess at killing.
Today, the bacterium remains one of the major pathogens
afflicting children and elderly throughout the world (Chao
et al. 2015). Over the past years, studies shed light on the
role of pneumococcal biofilm formation during asympto-
matic colonization as well as disease states such as otitis
media, chronic rhinosinusitis, and, to lesser extent, pneu-
monia (Chao et al. 2015).

Sialic acid serves as a prominent molecule for both S.
pneumoniae colonization and biofilm development (Parker
et al. 2009; Trappetti et al. 2009). It is worthwhile to men-
tion that S. pneumoniae neuraminidase (NanA) cleaves sialic
acid residues from the airway epithelium, thereby facilitating
bacterial biofilm development (Parker et al. 2009). Further-
more, nanA expression is up-regulated once S. pneumoniae
is grown under biofilm conditions (Oggioni et al. 2006).
NanA also needs transpeptidation by sortase A (SrtA) for
appropriate anchoring to the cell wall of S. pneumoniae.
These findings together with direct role of SrtA in bacte-
rial adherence to host tissues have instigated researchers to
examine the possible effects of quercetin on pneumococcal
biofilms. Quercetin dose-dependently mitigated catalytic
activity of S. pneumoniae sortase in vitro (p <0.01). Querce-
tin exhibited an inhibitory effect on S. pneumoniae biofilm
formation, and reduced colony-forming units (CFUs) of bio-
film-encased bacteria (Wang et al. 2018a). Based on western
blot analysis, quercetin did not influence expression of pneu-
molysin, which has been previously shown to be involved in
early biofilm formation (Shak et al. 2013). Indeed, inhibition
of SrtA transpeptidase activity is the main mechanism by
which quercetin blocks biofilm development. This inhibi-
tion prevents the normal anchoring of NanA. Noticeably,
addition of sialic acid waned inhibitory effects of quercetin
on biofilm growth, corroborating the findings of a previous
study (Trappetti et al. 2009). In general, these findings show
that indirect decrement in sialic acid production is a highly
possible mechanism for reducing biofilm development.

Molecular modelling also revealed that quercetin occu-
pies the substrate channel, thereby causing steric hindrance
between the substrate and S. pneumoniae SrtA. Additionally,
mutational analysis confirmed that both Leul13 and Leul18
play a pivotal role in the engagement of quercetin with the
channel of SrtA (Wang et al. 2018a). Nevertheless, future
studies should explore other factors that interact with querce-
tin in S. pneumoniae. Collectively, these data suggest that

quercetin in aerosol form or gargle solution can be applied
for prevention or treatment of S. pneumoniae infections.

Anti-biofilm effects on Gram-negative
bacteria

Escherichia coli

Escherichia coli is a highly versatile species encompass-
ing both commensals and pathogenic strains (Memariani
et al. 2014). It has long been a major Gram-negative model
organism for in vitro analysis of biofilm formation on abi-
otic surfaces. In many bacterial species, signal autoinducer
2 (AI-2), a potential quorum-sensing signal, has been shown
to be associated with biofilm formation (Gonzalez Barrios
et al. 2006). Because of this, some researchers assessed the
plausible effects of quercetin on biofilm growth of E. coli
strains. For instance, one study demonstrated that quercetin
meaningfully (p <0.01) curtailed biofilm production by E.
coli O157:H7 in a concentration-dependent fashion (Vikram
et al. 2010).

Samoilova et al. (2014) examined the effects of quercetin
on biofilm development by E. coli (Table 2). Contrary to
expectations, substantial increase in biofilm production was
observed when quercetin administrated at concentrations
ranged from 1 to 50 pM. This discrepancy can be attributed
to the different concentrations of quercetin which do not
influence the bacterial survival. Another possible explana-
tion is the culture media used for biofilm formation (Naves
et al. 2008). It should also be borne in mind that biofilm
production greatly varies among bacterial strains of the same
species (Lopez et al. 2010). Moreover, quercetin has been
shown to diminish swimming motility of E. coli, reduce
expression of rpoS, induce transition from exponential to
stationary growth phases, and eventually influence matura-
tion of E. coli biofilms (Ito et al. 2008). Experiments con-
ducted on E. coli knockout mutants suggest that the excess
of RpoS rather than its lack negatively affects biofilm pro-
duction (Adnan et al. 2017; Samoilova et al. 2014; Lopez
et al. 2010).

In a study conducted by Yu and co-workers, significant
reductions in biofilm development by E. coli ECDCM1
treated with quercetin (20 pg/mL; p <0.05) and quercetin-
AgNPs (1 pg/mL; p<0.01) were evident (Yu et al. 2018).
Similarly, Ahmed et al. (2018) found that quercetin-AgNPs
lessened extracellular polymeric substance formation by an
extended-spectrum p-lactamase (ESBL)-producing E. coli
isolate. Severe damage to the biofilm integrity of E. coli
was palpable in SEM images following quercetin treatment
(Yu et al. 2018). Upon the addition of quercetin or querce-
tin-AgNPs, transcription levels of several biofilm-related
genes including bcsA, csgA, fliC, fimA, motA, and wcaF
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were substantially decreased (p <0.01) as compared to the
control (Yu et al. 2018). Altogether, quercetin, especially
when conjugated with nano-particles, is a promising agent
for eradication of E. coli biofilms associated with indwelling
implants as well as recurrent urinary tract infections.

Pseudomonas aeruginosa

Classified as an opportunistic pathogen, Pseudomonas
aeruginosa produces a wide array of deadly infections,
particularly in immunocompromized patients (Memariani
et al. 2016). Alginate, the principal component of exopoly-
saccharide matrix in biofilms, plays a crucial role in clinical
outcomes of patients with cystic fibrosis (CF) and chronic
wounds (Moradali et al. 2017). There is extensive evidence
that blocking the quorum-sensing regulatory systems in P.
aeruginosa interferes with biofilm development. The most
defined quorum-sensing pathways in P. aeruginosa are the
las and rhl systems (Waters and Smyth 2015).

Quercetin (8—64 pg/mL) has been shown to exert fairly
strong anti-biofilm effects on P. aeruginosa strain PAOI1, as
evidenced by CLSM (Ouyang et al. 2016). Similar inhibi-
tory properties of quercetin were reported in a study con-
ducted on clinical isolates (Vipin et al. 2019a). Using col-
ony-counting method, the authors revealed that 16 pg/mL of
quercetin is more effective than 32 pg/mL of azithromycin
in prevention of PAO1 adhesion to the microtiter plate sur-
face. Of note, quercetin (16 pg/mL) significantly (p <0.05)
repressed expression levels of quorum-sensing associated
genes lasl, lasR, rhil, and rhiR by 34%, 68%, 57%, and 50%,
respectively (Ouyang et al. 2016). Interestingly, quercetin
can inhibit twitching motility (Vipin et al. 2019a), which
has been linked with enhanced surface attachment, cell-
to-cell adhesion, and biofilm production (Shreeram et al.
2018). Moreover, quercetin displayed negligible cytotoxicity
(3.8-4.8%) against HEK 293T cells, even at concentrations
up to 10,000 pg/mL. The agent also neutralized cytotoxic
effects of P. aeruginosa isolates on HEK 293T cells, demon-
strating cell protective efficacy of quercetin during bacterial
infection (Vipin et al. 2019a).

One study showed the beneficial role of quercetin-AgNPs
in mitigating either biofilm establishment or extracellular
polymeric substance production by an ESBL-producing P.
aeruginosa (Table 2). In this respect, quercetin-AgNPs at 10,
20, and 50 pg/mL reduced 39.2% (p <0.01), 62% (p <0.01),
and 81% (p <0.05) of biofilm formation, respectively
(Ahmed et al. 2018). CLSM analysis also demonstrated
that quercetin-AgNPs induced not only active oxygen spe-
cies generation but also damage to bacterial cell membrane
and extracellular DNA (eDNA) release. Combinations of
172X MIC of quercetin (250 pg/mL) with either 1/2XxMIC
of amikacin (4 pg/mL) or 1/2XxXMIC of tobramycin (1.5 pg/
mL) completely extirpated biofilm-embedded bacterial cells

following a 8-h of exposure at 37 °C, suggesting its poten-
tial to enhance anti-bacterial efficiency of existing antibiot-
ics. CLSM analysis by live/dead assay further confirmed
bactericidal synergism of quercetin-antibiotics toward bio-
film-embedded P. aeruginosa isolates (Vipin et al. 2019b).
Therefore, combinations of quercetin with conventional
antibiotics or nano-particles, particularly in an aerosolized
form, propound an auspicious strategy for eradication of
biofilm-producing P. aeruginosa in cystic fibrosis patients.

Pseudomonas fluorescens

Pseudomonas fluorescens is an uncommon pathogen in
humans, and usually occurs in patients with compromized
immune systems. The bacterium is also one of the etiologic
agents that are involved in fin rot disease in fish (Nishimura
et al. 2017). In an attempt to determine the influence of
plate material on biofilm inhibitory activity of quercetin,
biofilm assays for Pseudomonas fluorescens Pf0-1 were
performed in sandblasted polypropylene and polystyrene
microtiter plates containing M63 medium supplemented
with quercetin (50 and 100 pg/mL). Biofilm inhibition in
polypropylene was noticeably higher than that of polystyrene
microtiter plates (Bordeleau et al. 2018). This finding can
be attributed to the aromatic nature of quercetin, resulting
in higher degree of quercetin absorption onto polystyrene in
comparison to polypropylene microtiter plates. The absorp-
tion causes insufficient concentrations of quercetin in media
required for biofilm inhibition.

Proteus mirabilis

Proteus mirabilis is a common cause of urinary tract infec-
tions (UTIs) in patients with functional or structural abnor-
malities or with long-term catheterization (Armbruster et al.
2018). In a study performed by Aygiil et al. (2019), quercetin
(0.12 to 1.00 mM) was shown to activate biofilm production
by P. mirabilis HI4320 compared to the untreated control.
Furthermore, it reduced swarming motility in a concentra-
tion-dependent fashion after 12 and 24 h of incubation. The
authors found that quercetin decreased expression levels of
several virulence genes such as those involved in polyam-
ine synthesis, swarming motility, and flagella expression
(Aygiil et al. 2019). Nevertheless, the possible mechanisms
for stimulatory effects of quercetin on biofilm formation by
P. mirabilis remained unknown and need to be scrutinized
in future studies.

Vibrio harveyi
Vibrio harveyi is a pathogen of marine creatures including

both fish and shrimps (Austin and Zhang 2006). Querce-
tin has been demonstrated to reduce biofilm formation and
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bacterial cell-cell communication by V. harveyi BB120 in
a dose-dependent manner. It seems that quercetin at lower
concentrations mostly inhibits quorum-sensing systems,
while bacterial growth is affected at higher concentrations
(Vikram et al. 2010). In general, quercetin can be used in
aquaculture as prophylactic or therapeutic measures.

Bacterial targets for anti-biofilm effects

The detailed mechanisms of action underlying the anti-
biofilm effects of quercetin will definitely help us to opti-
mize our strategies for combating biofilms. Thus, in this
section, we describe bacterial targets for anti-biofilm action
of quercetin, as depicted in Fig. 1.

Disruption or alteration of plasma membrane

Bacterial plasma membrane executes a plethora of essen-
tial functions including transport, osmoregulation, respi-
ration processes, biosynthesis of peptidoglycan, and syn-
thesis of lipids. For instance, one study showed that both
quercetin and quercetin-3-O-rhamnoglucoside (rutin) can
decrease bilayer thickness of the cellular membrane, while
only rutin is able to disrupt the lipid monolayer structure

Planktonic bacteria

(Sanver et al. 2016). In a study conducted by Amin et al.,
potassium release was measured to determine the effects
of antibiotic-flavonoids combinations on the plasma mem-
brane of 100 clinical MRSA strains. In this regard, potas-
sium leakage was highest for morin + rutin 4+ quercetin
which improved further in combination with imipenem,
indicating that cytoplasmic membrane damage in con-
junction with cell wall damage can be assumed to be the
mechanism of action of these combinations (Amin et al.
2015). Likewise, Wang et al. demonstrated that querce-
tin is capable of damaging plasma membranes and cell
walls of S. aureus and E. coli, as evidenced by leakage of
B-galactosidase and alkaline phosphatase from the bacte-
rial cells (Wang et al. 2018b). Tentative evidence sug-
gests that the hydroxyl group at C-3 in flavonoids is the
primary determinant for significant membrane interaction
(Wu et al. 2013). Therefore, quercetin can reduce viabil-
ity of both planktonic and biofilm-embedded bacteria by
permeabilizing the bacterial membrane.

Quercetin has been shown to diminish LPS production
in E. coli O157:H7 (Lee et al. 2010).Given the importance
of LPS in the structural integrity of the outer membrane of
Gram-negative bacteria and the bacterial-surface interac-
tions (Nakao et al. 2012), targeting LPS by quercetin may

Fig. 1 Quercetin affects various stages of biofilm development by inhibiting different cellular targets or pathways
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be beneficial in reducing viability of bacteria within biofilms
and bacterial adhesion to surfaces.

Inhibition of cell envelope synthesis

Peptidoglycan is an essential component of the bacterial
cell wall. One study demonstrated that quercetin inhibits
D-alanine-p-alanine ligase, which is responsible for the pro-
duction of the terminal dipeptide of peptidoglycan precur-
sor UDPMurNAc-pentapeptide (Wu et al. 2008). Querce-
tin binds to the active center of p-alanine-p-alanine ligase
(Singh et al. 2013; Wu et al. 2008). Inhibition of p-alanine-
D-alanine ligase induces a cell wall deficiency, compromis-
ing the ability of S. mutans for surface adhesion and biofilm
formation (Qiu et al. 2016). Quercetin also impairs biofilm
formation in both S. aureus and S. pneumoniae by inhibit-
ing SrtA activity (Wang et al. 2018a; Kang et al. 2006; Liu
et al. 2015). As a cysteine transpeptidase in most of Gram-
positive bacteria, SrtA can mediate the anchorage of many
surface protein virulence factors to the cell wall layer.

Prevention of bacterial adhesion

Adherence of bacteria to surface is an initial step in biofilm
development. Various factors such as chemical structure,
surface roughness, and surface free energy have been shown
to affect bacterial cell-surface interactions (Malhotra et al.
2019). Quercetin is capable of reducing bacterial attachment
to surface and blocking the expression of genes involved in
bacterial adhesion (Vipin et al. 2019a; Vazquez-Armenta
et al. 2018; Lee et al. 2013; Hasan et al. 2014). In this con-
text, alterations in the surface free energy and cell surface
hydrophobicity by quercetin are believed to prevent bacte-
rial adhesion to surfaces. Besides, quercetin has the ability
to decrease the expression level of Antigen I/II, a surface
anchored protein of S. mutans involving in adhesion, bio-
film formation, and collagen-dependent bacterial invasion of
dentin (Hasan et al. 2014). Quercetin also inhibits S. aureus
biofilm development by suppressing expression of polysac-
charide intercellular adhesion genes (Lee et al. 2013).

Interfering with quorum-sensing

Autoinducer-2-mediated cell-cell signaling is an impor-
tant regulatory factor for the biofilm production in different
Gram-negative bacteria. Quercetin can act as an antagonist
of cell—cell signaling, resulting in inhibition of biofilm for-
mation in E. coli O157:H7 and V. harveyi (Vikram et al.
2010). It is able to diminish the expression of quorum-sens-
ing genes such as lasl, lasR, rhll, and rhlR in P. aeruginosa
(Ouyang et al. 2016). Interestingly, quercetin up-regulates
the expression of several iron siderophore proteins, limiting

the amount of Fe** that is required for biofilm development
in P. aeruginosa (Symeonidis and Marangos 2012).

In S. aureus, agr quorum-sensing system modulates the
expression of virulence factors as well as biofilm formation
(Boles and Horswill 2008). AgrB is an integral membrane
endopeptidase that converts the precursor AIP (autoin-
ducer peptide), AgrD, to mature AIP and exports it. AIP is
recognized by the AgrC (membrane-bound receptor histi-
dine kinase), which subsequently phosphorylates AgrA in
the cytosol. Upon phosphorylation, AgrA binds to P2 and
P3, up-regulating agr transcription of RNAII and RNAIIIL.
RNALIII regulates the expression of many genes encoding
exoproteins and cell-wall-associated proteins (Tan et al.
2018). Quercetin has been shown to reduce expression of
agrA, which can serve as a potential drug for inhibition of
agr quorum-sensing system (Lee et al. 2013). On the other
hand, many Streptococcus species use quorum-sensing sys-
tems to regulate several physiological properties, including
the ability to incorporate foreign DNA, tolerate acid, form
biofilm, and become virulent (Jimenez and Federle 2014,
Kaur et al. 2015). Interference with quorum-sensing sys-
tems in different species of Streptococcus, in particular S.
mutans, has been reported in the literature (Abachi et al.
2016; Asfour 2018; Lu et al. 2019).

Inhibition of efflux pumps

Although efflux pumps are widely implicated in bacterial
antibiotic resistance, new evidence suggests that the pumps
also play crucial roles in bacterial pathogenesis, virulence,
and biofilm formation. Many well-characterized efflux
systems including AcrAB-TolC of E. coli, ActD of Salmo-
nella enterica, AdeFGH of Acinetobacter baumannii, and
MexAB-OprM of P. aeruginosa are involved in biofilm
formation (Shriram et al. 2018; Ohene-Agyei et al. 2014;
Alav et al. 2018). In silico interaction studies using molecu-
lar docking showed that quercetin can bring down Mmr (in
Mycobacterium tuberculosis) and EmrE (in E. coli) efflux
pumps, suggesting its potential as a non-antibiotic adjuvant
for treatment of bacterial infections (Suriyanarayanan and
Sarojini Santhosh 2015). Quercetin has also been iden-
tified as a high-affinity substrate for TtgR (the transcrip-
tional repressor of TtgABC efflux pump) of Pseudomonas
putida (Alguel et al. 2007). Moreover, quercetin has been
reported as a substrate for AcrB as deletion of acrB from E.
coli resulted in a more than 8-fold reduction in the MIC of
quercetin (Al-Karablieh et al. 2009).

Blocking nucleic acid synthesis
Flavonoids are potent topoisomerase inhibitors. DNA gyrase

is a type II topoisomerase that introduces or removes nega-
tive supercoils, forms or resolves catenanes, and knots or
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unknots DNA (Gérniak et al. 2019). It is pivotal for replica-
tion of DNA and transcription, thus affecting cell division
(Khan et al. 2018). DNA gyrase is necessary for not only
the survival of bacteria within biofilm but also their further
spread to a new area (Roy et al. 2018). One study reported
that quercetin inhibits this enzyme in E. coli (Ohemeng et al.
1993). Moreover, in silico analysis suggested that subunit
B of DNA gyrase (GyrB) from Mycobacterium smegmatis
and Mycobacterium tuberculosis can be targeted by querce-
tin (Suriyanarayanan et al. 2013). It has also been estab-
lished that quercetin suppresses DNA gyrase by two differ-
ent mechanisms. Based on the first mechanism, binding of
quercetin to DNA stabilizes DNA—gyrase complex, resulting
in DNA cleavage. The second mechanism includes competi-
tion of quercetin with ATP for the binding site, leading to
inhibition of DNA supercoiling activity (Plaper et al. 2003).

Outlook

Anti-biofilm properties of quercetin in conjunction with its
negligible adverse effects on human cells suggest this natural
herbal flavonol as a safe and inexpensive compound for treat-
ment of recalcitrant infections caused by biofilm-producing
pathogens. Various strategies can be exploited in order to
introduce novel bio-medical applications and to augment
lucrative features of quercetin. It is worth accentuating that
catheter-related biofilm infections are a major culprit behind
morbidity and mortality in patients who underwent cath-
eterization (Sajeevan et al. 2018). To address this challenge,
impregnation of catheters and artificial joints with quercetin
may be beneficial in abolishing bacterial adhesion and bio-
film establishment. Since quercetin has anti-bacterial and
anti-biofilm effects on S. mutans, it can be applied as an anti-
caries agent by different ways known for oral administration
such as coating on dental floss or even adding into tooth-
pastes and mouth rinse liquids. Besides, quercetin can be
incorporated into gels, lotions, ointments, and dressings, or
spray as a solution onto a wound to prevent bacterial biofilm
development. Another enticing strategy is aerosol adminis-
tration of quercetin for patients suffering from cystic fibrosis,
an inherited disease in which biofilm formation by P. aer-
uginosa can contribute to treatment failure and even hasten
mortality (Oluyombo et al. 2019). Combination of quercetin
with existing antibiotics and/or cationic anti-biofilm peptides
is the other plausible approach which can minimize not only
effective doses of each agent but also the emergence of drug-
resistant superbugs. Last but not least, targeted delivery of
quercetin by nano-size carriers is rather the other way for
prophylaxis or treatment of biofilm-related infections.

@ Springer

Conclusion

As hinted above, quercetin showed broad-spectrum anti-
biofilm properties against diverse bacterial pathogens. For-
tunately, biofilm inhibition can be achieved at concentrations
even lower than required for killing planktonic bacteria. In
addition to negligible cytotoxic effects, quercetin has high
potential for down-regulation of virulence genes such those
associated with hemolysin production in certain pathogens.
In future studies, deployment of microfluidic devices for
assessing anti-biofilm effects of quercetin on different patho-
gens will surely expand our knowledge of biofilm biology.
All in all, anti-biofilm properties of quercetin can open up
new horizons in a wide range of biomedical areas, from food
industry to medicine.
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