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ABSTRACT Biofilm-associated bacteria are less sensitive to antibiotics than free-
living (planktonic) cells. Furthermore, with variations in the concentration of antibiot-
ics throughout a biofilm, microbial cells are often exposed to levels below inhibitory
concentrations and may develop resistance. This, as well as the irresponsible use of
antibiotics, leads to the selection of pathogens that are difficult to eradicate. The
Centers for Disease Control and Prevention use the terms “antibiotic” and “antimi-
crobial agent” interchangeably. However, a clear distinction between these two
terms is required for the purpose of this assessment. Therefore, we define “antibiot-
ics” as pharmaceutically formulated and medically administered substances and “an-
timicrobials” as a broad category of substances which are not regulated as drugs.
This comprehensive minireview evaluates the effect of natural antimicrobials on
pathogens in biofilms when used instead of, or in combination with, commonly pre-
scribed antibiotics.
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As many as 80% of pathogens that form biofilms are associated with persistent
infections (1, 2). Approximately 90% of the biofilm mass is composed of extracel-

lular polysaccharides (EPS), proteins, and DNA (3). EPS provides stability to the cells,
mediates surface adhesion, and serves as a scaffold for cells, enzymes, and antibiotics
to attach (4–8). Pseudomonas aeruginosa, associated with cystic fibrosis (9), and Staph-
ylococcus aureus, which is responsible for most wound infections (10), are typical
examples of persistent pathogens that form biofilms.

Cells in biofilms experience stringent growth conditions. Survival depends on their
ability to mutate and exchange genetic information, e.g., through horizontal gene
transfer (4, 11). Resistance to antibiotics may thus be seen as a phenotypic shift in
behavior when cells adapt to a sessile lifestyle (12). This hypothesis is supported by cells
developing tolerance to antimicrobial peptides and phagocytosis (13). Some staphylo-
cocci produce poly-�-DL-glutamic acid (PGA) that binds to antimicrobial peptides and
protects bacterial cells from neutrophil phagocytosis (14). Other physiological changes
occur due to oxygen deprivation or nutrient deprivation, especially in deeper layers of
the biofilm. Oxygen deprivation and low metabolic activity in biofilms render P.
aeruginosa more tolerant to antibiotics (15). Rapid changes in pH between layers in a
biofilm may lead to the accumulation of organic acids and the deactivation of pene-
trating compounds (15). Complex (polymicrobial) biofilms composed of multiple spe-
cies are generally more resistant to antibiotics than biofilms composed of a single
species (16, 17). The diversity and metabolic state of cells in a biofilm play key roles
in antibiotic resistance. Persistent cells are generally more resistant to antibiotics,
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and they play an important role in supporting the reestablishment of the biofilm
community (8, 18, 19). Cells in dormant sections of a biofilm are usually not affected
by antibiotics, as recorded with studies on �-lactams, ciprofloxacin, tetracycline,
and tobramycin (9, 20).

P. aeruginosa showed an increase in antibiotic tolerance when the cells were
immobilized in a biofilm. The efflux pump PA1874-1877 in P. aeruginosa was more
actively expressed in biofilm-associated cells than in planktonic cells (21). Efflux pumps
in Pseudomonas spp. are also used for secretion of biocides, such as glutaraldehyde
(22). Moreover, cells with inactive efflux pumps may have diminished ability to form
biofilms (23). Therefore, antimicrobial agents inactivating efflux pumps, such as thior-
idazine and Phe-Arg-naphthylamide (PAN) (23), might be helpful in the prevention of
biofilm formation.

Failure to develop new antibiotics, combined with the spread of resistance, may
result in increased morbidity and mortality, especially in health care facilities. Chal-
lenges to the discovery of alternative treatments have been mentioned in other reviews
(7, 24, 25). Estrela and Abraham (26) discussed the potential of combining antimicrobial
compounds with antibiotics to inhibit quorum sensing in a biofilm.

In this review, the combination of different classes of antimicrobial compounds with
antibiotics to control biofilm formation is discussed and summarized (Fig. 1). This is in
line with the recent approach taken by the National Center for Complementary and
Integrative Health (NCCIH) of the NIH, i.e., combining conventional treatments with
complementary methods to uncover “potential usefulness and safety issues of natural
products” (27).

ANTIMICROBIAL PEPTIDES: SYNERGY WITH ANTIBIOTICS WHEN AIMED AT
DIFFERENT TARGETS

Antimicrobial peptides (AMPs) are naturally produced by eukaryotes and pro-
karyotes as a part of their innate immune/defense system (28). The unique features of
many AMPs are their small size (15 to 30 amino acids), charge (often overall positive),
and that they target cell membranes (28, 29). The positively charged peptides are
attracted to the negatively charged cell membranes of bacteria and biofilm surfaces.
Active and slow-growing bacteria in biofilms are killed by AMPs (30), and manipulation
of the amino acid composition of AMPs may result in increased antimicrobial activity
(31–33). One example of genetic manipulation is construction of the broad-spectrum
bactericidal peptide R-FV-I16 by removing the functional “defective” sequence RR7 and

FIG 1 Persistence of microbial pathogens in biofilms requires a sophisticated arsenal of killing machines
to break their party.
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by inserting the antibiofilm sequence FV7 embedded in peptide RI16 (32). The speci-
ficity of AMPs can also be manipulated by designing specifically targeted AMPs
(STAMPs) highly selective against pathogens but harmless to nonpathogenic bacteria
(34, 35).

Many AMPs either form pores in the cell membrane or act as membrane perturbers
(36). However, at low concentrations, AMPs may act bacteriostatically (7). de la Fuente-
Núñez and coworkers have shown that AMP 1037 stimulates the swarming of P.
aeruginosa PA2204 cells but inactivates twitching motility and biofilm formation (37).
The peptide antimicrobial NA-CATH:ATRA1-ATRA1, a synthetic cathelicidin, inhibited S.
aureus biofilm formation, and the peptide LL-37 controlled P. aeruginosa biofilm
formation when used at levels below the MIC (38, 39). These AMPs prevented expres-
sion of the genes encoding proteins involved in biofilm formation. In P. aeruginosa, the
downregulated genes are coding for type IV pili, rhamnolipid synthesis, quorum
sensing, and the assembly of flagella (38). Some AMPs have specific antimicrobial
features; for example, milk lactoferrin chelates iron and inhibits biofilm formation by P.
aeruginosa (40). Moreover, binding of AMPs to extracellular DNA may enhance the
detachment of biofilms (41).

To survive in the presence of AMPs, bacteria utilize various approaches, e.g.,
mutations that change the structure and charge of the cytoplasmic membrane, mod-
ification of lipopolysaccharides in the cell wall, and secretion of AMPs by specific efflux
pumps, etc. (42). In addition, the S. aureus biofilm formation regulatory system (GraRS)
plays an important role in the microorganism’s resistance to AMPs (43). This resistance
was reversed when AMPs were added in combination with other antimicrobial com-
pounds. AMPs from various sources, when combined with commonly prescribed
antibiotics, effectively prevented biofilm formation by P. aeruginosa (44–48). Moreover,
STAMP G10KHc synergized with tobramycin against planktonic and biofilm-associated
cells of P. aeruginosa (44). This peptide destabilized the cell membrane, which en-
hanced the penetration of tobramycin into bacterial cells. Tobramycin and AMP GL13K
synergized for 67.5% eradication of P. aeruginosa (47). Similarly, broad-spectrum AMP
tachyplesin III synergized with antibiotic piperacillin-tazobactam (TZP) against biofilm-
associated P. aeruginosa (49). Inhalation of the amphipathic polypeptide colistin, com-
bined with ciprofloxacin, killed biofilm-associated cells of P. aeruginosa and improved
the lung functions of cystic fibrosis (CF) patients (46) over a 4-week treatment. Notice-
ably, colistin inhibited persister cells.

In vivo studies showed a synergistic effect on biofilms of methicillin-resistant S.
aureus (MRSA) when nisin was combined with daptomycin/ciprofloxacin, indolicidin
with teicoplanin, and cecropin(1-7)-melittin A(2-9) amide (CAMA) with ciprofloxacin (50,
51). Pretreatment of central venous catheters (CVCs) with cathelicidin peptide BMAP-28,
in combination with traditional antibiotics quinupristin-dalfopristin (Q/D), linezolid
(LZD), and vancomycin, reduced S. aureus on CVC and prevented bacteremia (52). To
effectively eradicate biofilms on CVCs, the “antibiotic lock” technique (also called
“intraluminal therapy”) was suggested, which involves the filling of CVCs with a
predetermined concentration of AMPs. A combination of the cationic peptide IB-367
and LZD in the antibiotic lock technique eradicated S. aureus biofilms on CVCs (53). A
noticeable reduction in biofilm-associated S. aureus on vascular grafts was observed
when sub-MIC levels of vancomycin were combined with the lipopeptides Pal-Lys-Lys-
NH2 and Pal-Lys-Lys (54). Some AMPs with broad antibiofilm activity, such as peptide
1018, blocked or degraded guanosine pentaphosphate [(p)ppGpp], which is essential
for biofilm formation. At low concentrations, peptide 1018 inhibited biofilm formation
but eradicated preformed biofilms when applied at higher concentrations (55). In a
separate study, the same authors reported on the in vivo and in vitro antibiofilm activity
of newly synthesized broad-spectrum D-enantiomeric AMPs (56). These peptides syn-
ergized with antibiotics in the inhibition and eradication of pathogenic biofilms of P.
aeruginosa.

AMPs combined with conventional antibiotics may be a better alternative than
antibiotics alone. The synergy of AMPs and antibiotics against biofilm-associated
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pathogens should attract the attention of scientists to explore the mechanistic actions
of these combinations.

BIOFILM-DEGRADING ENZYMES: EFFECTIVE HELPERS WHEN IT COMES TO
MATRIX DESTRUCTION

Adhesion to surfaces stimulates bacterial cells to produce EPS (57), which is mainly
composed of polysaccharides, proteins, and nucleic acids (58). These components play
a key role in cell-cell or cell-surface attachment, supporting the integrity of biofilm
architecture and protecting biofilm cells from the shearing stress factors (59, 60).
Enzymes could inhibit and disrupt the EPS matrix formation and then facilitate the
detachment of biofilm. However, a second antimicrobial substance is required to target
the detached cells (61, 62).

The biofilm-degrading enzymes DNase I, �-amylase, and dispersin B (DspB) reduced
the EPS mass and biofilm cell numbers (62–65). However, the older the P. aeruginosa
biofilm, the more difficult it was to be dissolved by DNase I. The production of high
quantities of EPS and proteolytic exo-enzymes by the mature biofilms inactivated
DNase I (64). Nevertheless, purified recombinant DNase I derivative (DNase1L2), ex-
tracted from human stratum corneum, effectively controlled biofilm-associated P.
aeruginosa and S. aureus (63). Bacillus subtilis S8-18 �-amylase was evaluated against
biofilms of a clinical MRSA strain and P. aeruginosa ATCC 10145 (65). Efficient biofilm
inhibition and degradation of mature biofilms were reported due to the disruption of
EPS. Interestingly, B. subtilis-derived �-amylase was more effective in degrading the EPS
in biofilms of S. aureus and P. aeruginosa than amylases from human saliva and sweet
potato (66). In a different study (67), strong degradation activity of �-amylase (82%
biofilm reduction) against biofilm-associated P. aeruginosa was also reported. Biofilm-
degrading enzymes, such as lysostaphin (68) and alginate lyase (69), showed antibiofilm
activities against various pathogenic bacteria. Although these enzymes destroy and
detach biofilms, biofilm reestablishment is not guaranteed.

Treatment of S. aureus biofilm with combinations of recombinant human DNase I
(rhDNase I) and topical antiseptics (chlorhexidine gluconate and povidone iodine)
reduced the number of viable cells by an additional 4 to 5 logs compared to treatment
with antibiotics only (70). DNase is likely acting against biofilms by changing their
texture and morphology and influencing biofilm-associated cell numbers (71). In turn,
alteration of biofilm structure enhances the activity of antibiotics against biofilms of P.
aeruginosa and S. aureus.

Donelli and coworkers (72) found that dispersin B (DspB), produced by Actinobacillus
actinomycetemcomitans, alone or in synergy with cefamandole nafate, hydrolyzed the
EPS of a staphylococcal biofilm, promoted antibiotic penetration, and augmented the
killing of microbial cells. Furthermore, DspB synergized with triclosan against S. aureus
biofilms formed on vascular catheters (61).

Using a continuous-flow culture, alginate lyase showed remarkable sensitization and
elimination of mucoid biofilm-associated P. aeruginosa when administered with gen-
tamicin (69). The enzyme lysostaphin, extracted from Staphylococcus simulans, killed S.
aureus by cleaving the pentaglycine cross-bridges in the cellular membrane’s pepti-
doglycan, and it destroyed extracellular polymeric substance matrix of lysostaphin-
sensitive staphylococci (73). Furthermore, lysostaphin (15 mg/kg) combined with naf-
cillin (50 mg/kg) effectively killed MRSA biofilms on a medical device (68). Lysostaphin
has shown synergy with five of nine antibiotics, with the highest eradication of MRSA
in combination with clarithromycin, which suppresses hexose polymerization (74). Early
adhesion and dispersion of S. aureus in mature biofilms were inhibited by proteinase K
(75).

Despite the high cost of production, biofilm-eradicating enzymes could possibly be
used as an alternative or as a synergistic helper to antibiotics in the treatment of
persistent infections.
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QUORUM-SENSING INHIBITORS: STOP TALKING, HELP KILLING

Quorum sensing (QS) regulates virulence behaviors, including biofilm formation
(76). QS compounds include N-acyl-homoserine lactones (AHLs), produced by Gram-
negative bacteria, and autoinducing peptides (autoinducer 2 [AI-2]) produced by
Gram-positive bacteria. Inhibition of biofilm formation by QS quenchers or inhibitors
(QSQ or QSI, respectively) may play a significant role in preventing biofilm formation by
many pathogens. Therefore, enzymatic degradation of QS signals, such as lactonase,
acylase, oxidoreductase, and paraoxonase, could be considered a promising approach
in controlling biofilm formation (77). QSQs can also attenuate QS by blocking or
shutting down the expression of QS genes in pathogens, which leads to biofilm
inhibition without killing planktonic cells or influencing normal growth.

Recently, inhibition of QS and biofilm formation had been reported in several
studies (78–80). The injection of RNAIII-inhibiting peptide (RIP) in rats with MRSA graft
infection repressed staphylococcal RNAIII-activating protein (RAP) and agr QS systems,
which are required for staphylococcal biofilm formation (79). In addition, usnic acid, a
natural secondary metabolite of lichen, interfered with QS, which resulted in the
prevention of S. aureus biofilm formation and changed the morphology of P. aeruginosa
biofilms (78). A pungent oil of fresh ginger (6-gingerol) adhered to QS receptors in P.
aeruginosa and paused biofilm maturation. Transcriptomic analysis confirmed that
6-gingerol inhibited QS-induced gene expression and the production of virulence
factors (81).

Several compounds were reported to have QS-inhibiting effects, including penicillic
acid, solenopsin A, catechin, ellagic acid derivatives, and curcumin (82). Rasmussen et
al. (83) referred to the activity of patulin and penicillic acid, which were isolated from
Penicillium species, as active QSI compounds that controlled QS gene expression in P.
aeruginosa. The use of QSI alone, or in combination with antibacterials, creates an
opportunity for their implementation in biofilm-controlling formulations.

Interestingly, a clearance of P. aeruginosa biofilm and reduction in pyocyanine
production were reported when phenyl-DPD (phenyl-4,5-dihydroxy-2,3-pentanedione),
an AI-2 analog, was combined with gentamicin, indicating the possible role of QS
systems in biofilm maturation and/or dispersion (84). Furthermore, while lactonase
from Bacillus spp. did not affect the growth of P. aeruginosa, it reduced biofilm
formation (85). The perturbation of biofilm formation by lactonase increased the
susceptibility of biofilms to antibiotics and significantly reduced the production of
virulence factors when lactonase was used in combination with ciprofloxacin and
gentamicin. It is still to be explored if QSIs from various sources possess similar
antibiofilm activity.

Plant-derived QSIs often exhibit remarkable biofilm reduction ability, especially
when combined with antibiotics. An in vivo study by Brackman and coworkers (86)
assessed the activity of tobramycin against P. aeruginosa biofilm, and the activities of
clindamycin and vancomycin against an S. aureus biofilm, alone and in combination
with QS inhibitors (baicalin hydrate, cinnamaldehyde, and hamamelitannin). The com-
bined treatments strengthened the antibiotics’ potential (86).

The traditional Chinese medicine baicalein proteolytically digested the signal recep-
tor (TraR protein) in P. aeruginosa, which is likely contributing to its antibiofilm activity
as a QSQ (87). In addition, 14-alpha-lipoyl andrographolide (AL-1), an antimicrobial
diterpenoid lactone from green chiretta (Andrographis paniculata), inhibited the Las
and Rhl QS systems in P. aeruginosa by suppressing the transcriptional level of
QS-regulated genes (88). Both baicalein and AL-1 synergized with the tested antibiotics
against P. aeruginosa biofilm. Furthermore, fruit extract of Lagerstroemia speciosa (LSFE)
caused the downregulation of QS genes (las and rhl) and N-acyl-homoserine lactones
in P. aeruginosa PAO1 (89). Also, LSFE increased the antibiotic potential of tobramycin
in P. aeruginosa PAO1 biofilms. A garlic extract, ajoene, inhibited or controlled QS-
associated virulence factors, such as rhamnolipids, in P. aeruginosa (90). In the same
study, ajoene synergized with tobramycin, killed P. aeruginosa in biofilms, and pre-
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vented lytic necrosis of polymorphonuclear leukocyte (PMN) cells (91). Recently, a
comprehensive in vivo study was performed by Christensen et al. (92), evaluating
differences between single treatments (ajoene or horseradish juice extract) and com-
bination treatment (QS inhibitors with tobramycin) of BALB/c mice in which wild-type
P. aeruginosa were injected into the peritoneal cavity. Mice treated with a combination
of the antimicrobials showed a significant decrease in the number of biofilm-associated
P. aeruginosa cells compared to mice treated with a single formulation.

Overall, QSIs combined with antibiotics could have a great impact on future
applications to prevent biofilm formation of clinically important pathogens, especially
P. aeruginosa.

ESSENTIAL OILS: BROAD-SPECTRUM COMPOSITIONS, MULTIPLE MECHANISMS
OF ACTION IN ASSISTING ANTIBIOTICS

Essential oils (EOs) are natural antimicrobial formulations with broad-spectrum
activities against bacteria, fungi, and viruses (93). EOs may inhibit ATP production and
ATPase activity. Moreover, EOs disrupt membrane permeability and modify proton
motive forces and membrane fatty acids, leading to the leakage of metabolites and
ions. Some EOs act as QSIs by interfering with and regulating QS genes, leading to a
reduction in biofilm formation and virulence factor production (see Table 1 in the
review of Nazzaro et al. [94]). The ease of EO extraction, nontoxicity to the tissue culture,
quick degradation in water, and positive health impacts (95–97) may increase the value
of EOs as alternative antimicrobial agents.

Kavanaugh and Ribbeck (98) referred to the high biofilm-eradicating effect of three
EOs, cassia, Peru balsam, and red thyme, compared to ofloxacin and gentamicin against
biofilms of Pseudomonas and S. aureus. Biofilm formation was also inhibited when
oregano essential oils, carvacrol and thymol, were used against S. aureus (99). Five of
nine biofilms formed by coagulase-negative staphylococci (CoNS) strains were com-
pletely eradicated when 5% tea tree oil (TTO) was used, while the same concentration
of TTO achieved complete eradication of methicillin-susceptible S. aureus (MSSA) and
MRSA biofilm growth as microcolonies in glycocalyx during 1 h of treatment (100). The
antimicrobial function of TTO was attributed to the disruption of the hydrophobic
phospholipid bilayers in the cell membrane.

Few studies focused on the antimicrobial combinations of EOs and antibiotics. EOs
modify the tolerance of bacterial cells to antibiotics (reviewed by Yap et al. [101]). In this
regard, synergistic activity was reported when Pelargonium graveolens essential oil was
used in combination with norfloxacin against two strains of S. aureus (102). In the same
study, EOs increased the norfloxacin uptake by bacterial cells. This may reduce the side
effect(s) of antibiotics. Moreover, the antibiofilm potential of several EOs, including
eugenol, cinnamaldehyde, citral, and geraniol, had been elucidated (103). Three essen-
tial EOs, cinnamon (Cinnamomum zeylanicum), TTO (Melaleuca alternifolia), and palma-
rosa (Cymbopogon martini), synergized with ciprofloxacin against preformed biofilm of
P. aeruginosa (104).

The antimicrobial tolerance of P. aeruginosa was effectively controlled when two
antimicrobials that targeted more than one component of the bacterial cell (105) were
combined in a single formulation. The targets included DNA synthesis (106) and the
cytoplasmic membrane (107). EOs from Origanum vulgare L., carvacrol and thymol,
were identified as putative efflux pump inhibitors facilitating the uptake of antibiotics,
norfloxacin, erythromycin, and tetracycline (108).

More in vitro and in vivo studies are required to verify the safety and efficacy of EOs
as drug resistance modulators, alone or in combination, with conventional antibiotics.

NANOPARTICLES: NEW GENERATION OF ANTIBIOTIC HELPERS

Various nanoparticles (NPs) are often reported as having an inhibitory effect against
planktonic and biofilm cells. This activity is related to ATP-associated metabolism,
permeability of the outer membrane, and the generation of hydroxyl radicals that are
induced by bactericidal compounds (109). Silver nanoparticles (Ag NPs) at concentra-
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tions of 100 mg/ml showed antibiofilm activity by causing a 4-log reduction in P.
aeruginosa cell growth (110). Moreover, a 95% inhibition in biofilm formation by P.
aeruginosa was noted when Ag NPs were used as an antibiofilm agent for 24 h (111).
A synergism was noticed when NPs were combined with antibiotics against S. aureus,
leading to disruption of the biofilm architecture and modulation of the antibiotic
resistance of pathogens. Ag NPs were reported to inhibit QS and prevent biofilm
formation by S. aureus (112). In the same study, a synergistic antibiofilm effect was
noticed when Ag NPs were combined with chloramphenicol and gentamicin. The
antimicrobial activity of Ag NPs is influenced by their net charge and their ability to
diffuse through a biofilm (113).

Recently, Gurunathan et al. (114) generated new cost-effective Ag NPs prepared by
combining silver ions with leaf extract of Allophylus cobbe. These NPs showed higher
antibacterial and antibiofilm activities against P. aeruginosa and S. aureus when com-
bined with ampicillin and vancomycin than when using NPs or antibiotics alone. The
interaction of Ag� with the bacterial cell membrane disrupted membrane permeability,
inhibiting respiratory enzymes and thus production of reactive oxygen species (ROS)
(115). It had been suggested that at higher production levels of ROS, cellular mem-
branes become more damaged, leading to increased ampicillin and vancomycin uptake
(115).

In an attempt to improve the bactericidal activity of NPs, Habash and coworkers
(116) evaluated different sizes of citrate-capped Ag NPs, alone and in combination with
aztreonam, against P. aeruginosa. Ten-nanometer capped Ag NPs synergized with
aztreonam, efficiently disrupting the biofilm structure of P. aeruginosa.

A combination of antibiotics (ampicillin, oxacillin, and penicillin) with selenate NPs
(SeNPs) was more effective (94%) in disrupting and inhibiting MRSA biofilms than the
antibiotics alone (117).

Overall, the antimicrobial potential of NPs compounds may depend on their sizes,
charges, and stability in order to enhance antibiotics and control biofilm. However, the
safe consumption of NPs must be established before using them in pharmaceutical
formulation as antibacterial agents.

CONCLUSION: COMPLEMENTARY APPROACH MAY BE A SOLUTION THAT
WORKS WITHOUT ABANDONING “OLD-TIMER” ANTIBIOTICS

In this minireview, the attempt was made to bring the reader’s attention to the
abovementioned challenges, illustrating them with two representative organisms from
the groups of Gram-positive and Gram-negative pathogens. With the goal of provoking
and inspiring the reader’s interest to the topic of this review, we consider it important
to mention another target, the so-called “Gram-variable” pathogens, such as Gardner-
ella vaginalis, one of the major contributors to a multimicrobial infection known as
bacterial vaginosis (118). Similar to discussed representatives of two groups of infec-
tious bacteria, G. vaginalis biofilms are effectively controlled by combinations of DNase
(enzyme) and metronidazole (antibiotic) (119). Subtilosin (AMP) inhibited biofilms of G.
vaginalis when combined in synergistic formulations with antibiotics (metronidazole or
clindamycin) or naturally derived substances, such as lauramide arginine ethyl ester
(120, 121). Also, thymol had been found to interfere with the adhesion of G. vaginalis
to human vaginal cells (122), and the combination of thymol and eugenol showed
synergistic activity against newly established and matured G. vaginalis biofilm, reducing
the microbial adhesion to the human vaginal epithelial cells (122). Moreover, in the in
vivo study, a synergistic activity between thymol and eugenol vaginal douche was
reported to reduce the recurrence rate of bacterial vaginosis (BV) infection (123). All of
these are sound examples of the complementary approach’s validity and significance
when applied to traditional and unorthodox pathogens.

Finding an effective strategy to control biofilm formation remains a challenge (Table
1). Antibiotic resistance and the recurrence of infections reflect the failure of conven-
tionally used antibiotics in the treatment of biofilm-associated persistent infections.
Alternative methods for biofilm prevention and/or eradication are urgently required to
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modify the traditional treatments. The ability of several novel natural antimicrobial
compounds to efficiently control biofilm formation on biotic and abiotic surfaces has
been identified. Compared to the activity of each one individually, stronger antibiofilm
activity (synergistic or enhancement) was reported when traditional antibiotics were
used in combination with alternative antimicrobials reviewed here, or when used in the
presence of other recently reported compounds, such as chitosan (124–129), nitric
oxide (130), and cis-2-decenoic acid (131). The potency of antimicrobial combinations
is ultimately determined by the synergy of interacting antimicrobials, where each one
of them is acting on different targets (Table 2 and Fig. 1).

Overall, the beneficial properties of the complementary approach in controlling
biofilms of health-threatening bacteria prove it to be a promising strategy that could
be used in personal care and pharmaceutical applications.

REFERENCES
1. Donlan RM, Costerton JW. 2002. Biofilms: survival mechanisms of clin-

ically relevant microorganisms. Clin Microbiol Rev 15:167–193. https://
doi.org/10.1128/CMR.15.2.167-193.2002.

2. National Heart, Lung, and Blood Institute. 2002. Research on microbial
biofilms (PA-03-047). National Heart, Lung, and Blood Institute, Na-
tional Institutes of Health, Bethesda, MD.

3. Costerton JW. 1999. Introduction to biofilm. Int J Antimicrob Agents
11:217–221. https://doi.org/10.1016/S0924-8579(99)00018-7.

4. Stewart PS, Costerton JW. 2001. Antibiotic resistance of bacteria in
biofilms. Lancet 358:135–138. https://doi.org/10.1016/S0140-6736(01)
05321-1.

5. Flemming HC, Wingender J. 2010. The biofilm matrix. Nat Rev Microbiol
8:623– 633. https://doi.org/10.1038/nrmicro2415.

6. Mann EE, Wozniak DJ. 2012. Pseudomonas biofilm matrix composition
and niche biology. FEMS Microbiol Rev 36:893–916. https://doi.org/
10.1111/j.1574-6976.2011.00322.x.

7. Beloin C, Renard S, Ghigo JM, Lebeaux D. 2014. Novel approaches to
combat bacterial biofilms. Curr Opin Pharmacol 18:61– 68. https://
doi.org/10.1016/j.coph.2014.09.005.

8. Vega NM, Gore J. 2014. Collective antibiotic resistance: mechanisms
and implications. Curr Opin Microbiol 2:28 –34. https://doi.org/10.1016/
j.mib.2014.09.003.

9. Høiby N, Ciofu O, Bjarnsholt T. 2010. Pseudomonas aeruginosa biofilms
in cystic fibrosis. Future Microbiol 15:1663–1674. https://doi.org/
10.2217/fmb.10.125.

10. Archer NK, Mazaitis MJ, Costerton JW, Leid JG, Powers ME, Shirtliff ME.
2011. Staphylococcus aureus biofilms: properties, regulation and roles in
human disease. Virulence 2:445– 459. https://doi.org/10.4161/
viru.2.5.17724.

11. Driffield K, Miller K, Bostock JM, O’Neill AJ, Chopra I. 2008. Increased
mutability of Pseudomonas aeruginosa in biofilms. J Antimicrob Che-
mother 61:1053–1056. https://doi.org/10.1093/jac/dkn044.

12. Ghannoum M, O’Toole GA. 2004. Microbial biofilms. ASM Press, Wash-
ington, DC.

13. Watnick P, Kolter R. 2000. Biofilm, city of microbes. J Bacteriol 182:
2675–2679. https://doi.org/10.1128/JB.182.10.2675-2679.2000.

14. Kocianova S, Vuong C, Yao Y, Voyich JM, Fischer ER, DeLeo FR, Otto M.
2005. Key role of poly-�-DL-glutamic acid in immune evasion and
virulence of Staphylococcus epidermidis. J Clin Invest 115:688 – 694.
https://doi.org/10.1172/JCI200523523.

15. Wilkins M, Hall-Stoodley L, Allan RN, Faust SN. 2014. New approaches to
the treatment of biofilm-related infections. J Infect 69:S47–S52. https://
doi.org/10.1016/j.jinf.2014.07.014.

16. van der Veen S, Abee T. 2011. Mixed species biofilms of Listeria mono-
cytogenes and Lactobacillus plantarum show enhanced resistance to
benzalkonium chloride and peracetic acid. Int J Food Microbiol 144:
421– 431. https://doi.org/10.1016/j.ijfoodmicro.2010.10.029.

17. Giaouris E, Chorianopoulos N, Doulgeraki A, Nychas GJ. 2013. Co-
culture with Listeria monocytogenes within a dual-species biofilm com-
munity strongly increases resistance of Pseudomonas putida to ben-
zalkonium chloride. PLoS One 8:e77276. https://doi.org/10.1371/
journal.pone.0077276.

18. Keren I, Kaldalu N, Spoering A, Wang Y, Lewis K. 2004. Persister cells

and tolerance to antimicrobials. FEMS Microbiol Lett 230:13–18. https://
doi.org/10.1016/S0378-1097(03)00856-5.

19. Dawson CC, Intapa C, Jabra-Rizk MA. 2011. “Persisters”: survival at the
cellular level. PLoS Pathog 7:e1002121. https://doi.org/10.1371/journal
.ppat.1002121.

20. Pamp SJ, Gjermansen M, Johansen HK, Tolker-Nielsen T. 2008. Toler-
ance to the antimicrobial peptide colistin in Pseudomonas aeruginosa
biofilms is linked to metabolically active cells, and depends on the pmr
and mexAB-oprM genes. Mol Microbiol 68:223–240. https://doi.org/
10.1111/j.1365-2958.2008.06152.x.

21. Zhang L, Mah TF. 2008. Involvement of a novel efflux system in
biofilm-specific resistance to antibiotics. J Bacteriol 190:4447– 4452.
https://doi.org/10.1128/JB.01655-07.

22. Vikram A, Bomberger JM, Bibbya KJ. 2015. Efflux as a glutaraldehyde
resistance mechanism in Pseudomonas fluorescens and Pseudomonas
aeruginosa biofilms. Antimicrob Agents Chemother 59:3433–3440.
https://doi.org/10.1128/AAC.05152-14.

23. Kvist M, Hancock V, Klemm P. 2008. Inactivation of efflux pumps
abolishes bacterial biofilm formation. Appl Environ Microbiol 74:
7376 –7382. https://doi.org/10.1128/AEM.01310-08.

24. Chen M, Yu Q, Sun H. 2013. Novel strategies for the prevention and
treatment of biofilm related infections. Int J Mol Sci 14:18488 –18501.
https://doi.org/10.3390/ijms140918488.

25. Vuotto C, Longo F, Donelli G. 2014. Probiotics to counteract biofilm-
associated infections: promising and conflicting data. Int J Oral Sci
6:189 –194. https://doi.org/10.1038/ijos.2014.52.

26. Estrela AB, Abraham WR. 2010. Combining biofilm-controlling com-
pounds and antibiotics as a promising new way to control biofilm
infections. Pharmaceuticals (Basel) 3:1374 –1393. https://doi.org/10
.3390/ph3051374.

27. National Center for Complementary and Integrative Health. 2014. Fre-
quently asked questions: name change. National Center for Comple-
mentary and Integrative Health (NCCIH), Bethesda, MD. https://
nccih.nih.gov/news/name-change-faq.

28. Rossi LM, Rangasamy P, Zhang J, Qiu X-Q, Wu GY. 2008. Research
advances in the development of peptide antibiotics. J Pharm Sci 97:
1060 –1070. https://doi.org/10.1002/jps.21053.

29. Melo MN, Ferre R, Castanho MA. 2009. Antimicrobial peptides: linking
partition, activity and high membrane bound concentrations. Nat Rev
Microbiol 7:245–250. https://doi.org/10.1038/nrmicro2095.

30. Jorge P, Lourenco A, Pereira MO. 2012. New trends in peptide-based
anti-biofilm strategies: a review of recent achievements and bioinfor-
matic approaches. Biofouling 28:1033–1061. https://doi.org/10.1080/
08927014.2012.728210.

31. Ma L, Liu X, Liang H, Che Z, Chen C, Dai H, Yu K, Liu M, Ma L, Yang CH, Song
F, Wang Y, Zhang L. 2012. Effects of 14-alpha-lipoyl andrographolide on
quorum sensing in Pseudomonas aeruginosa. Antimicrob Agents Che-
mother 56:6088–6094. https://doi.org/10.1128/AAC.01119-12.

32. Xu W, Zhu X, Tan T, Li W, Shan A. 2014. Design of embedded-hybrid
antimicrobial peptides with enhanced cell selectivity and anti-biofilm
activity. PLoS One 9:e98935. https://doi.org/10.1371/journal.pone
.0098935.

33. Tiwari SK, Noll KS, Cavera VL, Chikindas ML. 2015. Improved antimicro-
bial activities of synthetic-hybrid bacteriocins designed from enterocin

Minireview Applied and Environmental Microbiology

February 2017 Volume 83 Issue 3 e02508-16 aem.asm.org 12

https://doi.org/10.1128/CMR.15.2.167-193.2002
https://doi.org/10.1128/CMR.15.2.167-193.2002
https://doi.org/10.1016/S0924-8579(99)00018-7
https://doi.org/10.1016/S0140-6736(01)05321-1
https://doi.org/10.1016/S0140-6736(01)05321-1
https://doi.org/10.1038/nrmicro2415
https://doi.org/10.1111/j.1574-6976.2011.00322.x
https://doi.org/10.1111/j.1574-6976.2011.00322.x
https://doi.org/10.1016/j.coph.2014.09.005
https://doi.org/10.1016/j.coph.2014.09.005
https://doi.org/10.1016/j.mib.2014.09.003
https://doi.org/10.1016/j.mib.2014.09.003
https://doi.org/10.2217/fmb.10.125
https://doi.org/10.2217/fmb.10.125
https://doi.org/10.4161/viru.2.5.17724
https://doi.org/10.4161/viru.2.5.17724
https://doi.org/10.1093/jac/dkn044
https://doi.org/10.1128/JB.182.10.2675-2679.2000
https://doi.org/10.1172/JCI200523523
https://doi.org/10.1016/j.jinf.2014.07.014
https://doi.org/10.1016/j.jinf.2014.07.014
https://doi.org/10.1016/j.ijfoodmicro.2010.10.029
https://doi.org/10.1371/journal.pone.0077276
https://doi.org/10.1371/journal.pone.0077276
https://doi.org/10.1016/S0378-1097(03)00856-5
https://doi.org/10.1016/S0378-1097(03)00856-5
https://doi.org/10.1371/journal.ppat.1002121
https://doi.org/10.1371/journal.ppat.1002121
https://doi.org/10.1111/j.1365-2958.2008.06152.x
https://doi.org/10.1111/j.1365-2958.2008.06152.x
https://doi.org/10.1128/JB.01655-07
https://doi.org/10.1128/AAC.05152-14
https://doi.org/10.1128/AEM.01310-08
https://doi.org/10.3390/ijms140918488
https://doi.org/10.1038/ijos.2014.52
https://doi.org/10.3390/ph3051374
https://doi.org/10.3390/ph3051374
https://nccih.nih.gov/news/name-change-faq
https://nccih.nih.gov/news/name-change-faq
https://doi.org/10.1002/jps.21053
https://doi.org/10.1038/nrmicro2095
https://doi.org/10.1080/08927014.2012.728210
https://doi.org/10.1080/08927014.2012.728210
https://doi.org/10.1128/AAC.01119-12
https://doi.org/10.1371/journal.pone.0098935
https://doi.org/10.1371/journal.pone.0098935
http://aem.asm.org


E50-52 and pediocin PA-1. Appl Environ Microbiol 81:1661–1667.
https://doi.org/10.1128/AEM.03477-14.

34. Li L, Guo L, Lux R, Eckert R, Yarbrough D, He J, Anderson M, Shi WY.
2010. Targeted antimicrobial therapy against Streptococcus mutans
establishes protective non-cariogenic oral biofilms and reduces sub-
sequent infection. Int J Oral Sci 2:66 –73. https://doi.org/10.4248/
IJOS10024.

35. He J, Anderson MH, Shi W, Eckert R. 2009. Design and activity of a
‘dual-targeted’ antimicrobial peptide. Int J Antimicrob Agents 33:
532–537. https://doi.org/10.1016/j.ijantimicag.2008.11.013.

36. Wimley W, Hristova K. 2011. Antimicrobial peptides: successes, chal-
lenges and unanswered questions. J Membr Biol 239:27–34. https://
doi.org/10.1007/s00232-011-9343-0.

37. de la Fuente-Núñz C, Korolik V, Bains M, Nguyen U, Breidenstein EBM,
Horsman S, Lewenza S, Burrows L, Hancock RE. 2012. Inhibition of
bacterial biofilm formation and swarming motility by a small synthetic
cationic peptide. Antimicrob Agents Chemother 56:2696 –2704. https://
doi.org/10.1128/AAC.00064-12.

38. Overhage J, Campisano A, Bains M, Torfs ECW, Rehm BHA, Hancock
REW. 2008. Human host defense peptide LL-37 prevents bacterial
biofilm formation. Infect Immun 76:4176 – 4182. https://doi.org/
10.1128/IAI.00318-08.

39. Dean S, Bishop B, van Hoek M. 2011. Natural and synthetic cathelicidin
peptides with anti-microbial and anti-biofilm activity against Staphylo-
coccus aureus. BMC Microbiol 11:114. https://doi.org/10.1186/1471
-2180-11-114.

40. Singh PK, Parsek MR, Greenberg EP, Welsh MJ. 2002. A component of
innate immunity prevents bacterial biofilm development. Nature 417:
552–555. https://doi.org/10.1038/417552a.

41. Das T, Sharma PK, Busscher HJ, van der Mei HC, Krom BP. 2010. Role of
extracellular DNA in initial bacterial adhesion and surface aggregation.
Appl Environ Microbiol 76:3405–3408. https://doi.org/10.1128/
AEM.03119-09.

42. Altman H, Steinberg D, Porat Y, Mor A, Fridman D, Friedman M,
Bachrach G. 2006. In vitro assessment of antimicrobial peptides as
potential agents against several oral bacteria. J Antimicrob Chemother
58:198 –201. https://doi.org/10.1093/jac/dkl181.

43. Herbert S, Bera A, Nerz C, Kraus D, Peschel A, Goerke C, Meehl M,
Cheung A, Götz F. 2007. Molecular basis of resistance to muramidase
and cationic antimicrobial peptide activity of lysozyme in staphylo-
cocci. PLoS Pathog 3:e102. https://doi.org/10.1371/journal.ppat
.0030102.

44. Eckert R, Brady KM, Greenberg EP, Qi F, Yarbrough DK, He J, McHardy
I, Anderson MH, Shi W. 2006. Enhancement of antimicrobial activity
against Pseudomonas aeruginosa by coadministration of G10KHc and
tobramycin. Antimicrob Agents Chemother 50:3833–3838. https://
doi.org/10.1128/AAC.00509-06.

45. Minardi D, Ghiselli R, Cirioni O, Giacometti A, Kamysz W, Orlando F,
Silvestri C, Parri G, Kamysz E, Scalise G, Saba V, Giovanni M. 2007. The
antimicrobial peptide tachyplesin III coated alone and in combination
with intraperitoneal piperacillin-tazobactam prevents ureteral stent
Pseudomonas infection in a rat subcutaneous pouch model. Peptides
28:2293–2298. https://doi.org/10.1016/j.peptides.2007.10.001.

46. Herrmann G, Yang L, Wu H, Song Z, Wang H, Høiby N, Ulrich M, Molin
S, Riethmüller J, Döring G. 2010. Colistin-tobramycin combinations are
superior to monotherapy concerning the killing of biofilm Pseudomo-
nas aeruginosa. J Infect Dis 202:1585–1592. https://doi.org/10.1086/
656788.

47. Hirt H, Gorr S. 2013. Antimicrobial peptide GL13K is effective in reduc-
ing biofilms of Pseudomonas aeruginosa. Antimicrob Agents Che-
mother 57:4903– 4910. https://doi.org/10.1128/AAC.00311-13.

48. Dosler S, Karaaslan E. 2014. Inhibition and destruction of Pseudomonas
aeruginosa biofilms by antibiotics and antimicrobial peptides. Peptides
62:32–37. https://doi.org/10.1016/j.peptides.2014.09.021.

49. Hirakura Y, Kobayashi S, Matsuzaki K. 2002. Specific interactions of the
antimicrobial peptides cyclic �-sheet tachyplesin I with lipopolysaccha-
rides. Biochim Biophys Acta 1562:32–36. https://doi.org/10.1016/S0005
-2736(02)00358-9.

50. Mataraci E, Dosler S. 2012. In vitro activities of antibiotics and antimi-
crobial cationic peptides alone and in combination against methicillin-
resistant Staphylococcus aureus biofilms. Antimicrob Agents Chemother
56:6366 – 6371. https://doi.org/10.1128/AAC.01180-12.

51. Dosler S, Mataraci E. 2013. In vitro pharmacokinetics of antimicrobial
cationic peptides alone and in combination with antibiotics against

methicillin resistant Staphylococcus aureus biofilms. Peptides 49:53–58.
https://doi.org/10.1016/j.peptides.2013.08.008.

52. Cirioni O, Giacometti A, Ghiselli R, Bergnach C, Orlando F, Mocchegiani
F, Silvestri C, Licci A, Skerlavaj B, Zanetti M, Saba V, Scalise G. 2006.
Pre-treatment of central venous catheters with the cathelicidin
BMAP-28 enhances the efficacy of antistaphylococcal agents in the
treatment of experimental catheter-related infection. Peptides 27:
2104 –2110. https://doi.org/10.1016/j.peptides.2006.03.007.

53. Ghiselli R, Giacometti A, Cirioni O, Mocchegiani F, Silvestri C, Orlando F,
Kamysz W, Licci A, Nadolski P, Della Vittoria A, Łukasiak J, Scalise G,
Saba V. 2007. Pretreatment with the protegrin IB-367 affects Gram-
positive biofilm and enhances the therapeutic efficacy of linezolid in
animal models of central venous catheter infection. JPEN J Parenter
Enteral Nutr 31:463– 468. https://doi .org/10.1177/014860
7107031006463.

54. Cirioni O, Giacometti A, Ghiselli R, Kamysz W, Silvestri C, Orlando F,
Mocchegiani F, Vittoria AD, Kamysz E, Saba V, Scalise G. 2007. The
lipopeptides Pal-Lys-Lys-NH2 and Pal-Lys-Lys soaking alone and in
combination with intraperitoneal vancomycin prevent vascular graft
biofilm in a subcutaneous rat pouch model of staphylococcal infection.
Peptides 28:1299 –1303. https://doi.org/10.1016/j .peptides
.2007.03.017.

55. de la Fuente-Núñez C, Reffuveille F, Haney EF, Straus SK, Hancock REW.
2014. Broad-spectrum anti-biofilm peptide that targets a cellular stress
response. PLoS Pathog 10:e1004152. https://doi.org/10.1371/
journal.ppat.1004152.

56. de la Fuente-Núñez C, Reffuveille F, Mansour SC, Reckseidler-Zenteno
SL, Hernández D, Brackman G, Coenye T, Hancock RE. 2015.
D-Enantiomeric peptides that eradicate wild-type and multidrug-
resistant biofilms and protect against lethal Pseudomonas aeruginosa
infections. Chem Biol 22:196 –205. https://doi.org/10.1016/j
.chembiol.2015.01.002.

57. Low CSF, White DC. 1989. Regulation of external polymer production in
benthic microbial communities, p 228 –238. In Cohen Y, Rosenberg E
(ed), Microbial mat: physiological ecology of benthic microbial com-
munities. American Society for Microbiology, Washington, DC.

58. Bayles KW. 2007. The biological role of death and lysis in biofilm
development. Nat Rev Microbiol 5:721–726. https://doi.org/10.1038/
nrmicro1743.

59. Cooksey KE, Wigglesworth-Cooksey B. 1995. Adhesion of bacteria and
diatoms to surfaces in the sea: a review. Aquat Microb Ecol 9:87–96.
https://doi.org/10.3354/ame009087.

60. Ramasamy P, Zhang X. 2005. Effects of shear stress on the secretion of
extracellular polymeric substances in biofilms. Water Sci Technol 52:
217–223.

61. Darouiche RO, Mansouri MD, Gawande PV, Madhyastha S. 2009. Anti-
microbial and antibiofilm efficacy of triclosan and DispersinB combi-
nation. J Antimicrob Chemother 64:88 –93. https://doi.org/10.1093/jac/
dkp158.

62. Izano EA, Wang H, Ragunath C, Ramasubbu N, Kaplan JB. 2007. De-
tachment and killing of Aggregatibacter actinomycetemcomitans bio-
films by dispersin B and SDS. J Dent Res 86:618 – 622. https://doi.org/
10.1177/154405910708600707.

63. Eckhart L, Fischer H, Barken KB, Tolker-Nielsen T, Tschachler E. 2007.
DNase1L2 suppresses biofilm formation by Pseudomonas aeruginosa
and Staphylococcus aureus. Br J Dermatol 156:1342–1345. https://
doi.org/10.1111/j.1365-2133.2007.07886.x.

64. Whitchurch CB, Tolker-Nielsen T, Ragas PC, Mattick JS. 2002. Extracel-
lular DNA required for bacterial biofilm formation. Science 295:1487.
https://doi.org/10.1126/science.295.5559.1487.

65. Kalpana BJ, Aarthy S, Pandian SK. 2012. Antibiofilm activity of
�-amylase from Bacillus subtilis S8-18 against biofilm forming human
bacterial pathogens. Appl Biochem Biotechnol 167:1778 –1794. https://
doi.org/10.1007/s12010-011-9526-2.

66. Craigen B, Dashiff A, Kadouri DE. 2011. The use of commercially avail-
able alpha-amylase compounds to inhibit and remove Staphylococcus
aureus biofilms. Open Microbiol J 5:21–31. https://doi.org/10.2174/
1874285801105010021.

67. Singh V, Verma N, Banerjee B, Vibha K, Haque S, Tripathi CK. 2015.
Enzymatic degradation of bacterial biofilms using Aspergillus clavatus
MTCC 1323. Microbiology 84:59 – 64. https://doi.org/10.1134/
S0026261715010130.

68. Kokai-Kun JF, Chanturiya T, Mond JJ. 2009. Lysostaphin eradicates
established Staphylococcus aureus biofilms in jugular vein catheterized

Minireview Applied and Environmental Microbiology

February 2017 Volume 83 Issue 3 e02508-16 aem.asm.org 13

https://doi.org/10.1128/AEM.03477-14
https://doi.org/10.4248/IJOS10024
https://doi.org/10.4248/IJOS10024
https://doi.org/10.1016/j.ijantimicag.2008.11.013
https://doi.org/10.1007/s00232-011-9343-0
https://doi.org/10.1007/s00232-011-9343-0
https://doi.org/10.1128/AAC.00064-12
https://doi.org/10.1128/AAC.00064-12
https://doi.org/10.1128/IAI.00318-08
https://doi.org/10.1128/IAI.00318-08
https://doi.org/10.1186/1471-2180-11-114
https://doi.org/10.1186/1471-2180-11-114
https://doi.org/10.1038/417552a
https://doi.org/10.1128/AEM.03119-09
https://doi.org/10.1128/AEM.03119-09
https://doi.org/10.1093/jac/dkl181
https://doi.org/10.1371/journal.ppat.0030102
https://doi.org/10.1371/journal.ppat.0030102
https://doi.org/10.1128/AAC.00509-06
https://doi.org/10.1128/AAC.00509-06
https://doi.org/10.1016/j.peptides.2007.10.001
https://doi.org/10.1086/656788
https://doi.org/10.1086/656788
https://doi.org/10.1128/AAC.00311-13
https://doi.org/10.1016/j.peptides.2014.09.021
https://doi.org/10.1016/S0005-2736(02)00358-9
https://doi.org/10.1016/S0005-2736(02)00358-9
https://doi.org/10.1128/AAC.01180-12
https://doi.org/10.1016/j.peptides.2013.08.008
https://doi.org/10.1016/j.peptides.2006.03.007
https://doi.org/10.1177/0148607107031006463
https://doi.org/10.1177/0148607107031006463
https://doi.org/10.1016/j.peptides.2007.03.017
https://doi.org/10.1016/j.peptides.2007.03.017
https://doi.org/10.1371/journal.ppat.1004152
https://doi.org/10.1371/journal.ppat.1004152
https://doi.org/10.1016/j.chembiol.2015.01.002
https://doi.org/10.1016/j.chembiol.2015.01.002
https://doi.org/10.1038/nrmicro1743
https://doi.org/10.1038/nrmicro1743
https://doi.org/10.3354/ame009087
https://doi.org/10.1093/jac/dkp158
https://doi.org/10.1093/jac/dkp158
https://doi.org/10.1177/154405910708600707
https://doi.org/10.1177/154405910708600707
https://doi.org/10.1111/j.1365-2133.2007.07886.x
https://doi.org/10.1111/j.1365-2133.2007.07886.x
https://doi.org/10.1126/science.295.5559.1487
https://doi.org/10.1007/s12010-011-9526-2
https://doi.org/10.1007/s12010-011-9526-2
https://doi.org/10.2174/1874285801105010021
https://doi.org/10.2174/1874285801105010021
https://doi.org/10.1134/S0026261715010130
https://doi.org/10.1134/S0026261715010130
http://aem.asm.org


mice. J Antimicrob Chemother 6:94 –100. https://doi.org/10.1093/jac/
dkp145.

69. Alkawash MA, Soothill JS, Schiller NL. 2006. Alginate lyase enhances
antibiotic killing of mucoid Pseudomonas aeruginosa in biofilms. APMIS
114:131–138. https://doi.org/10.1111/j.1600-0463.2006.apm_356.x.

70. Kaplan JB, LoVetri K, Cardona ST, Madhyastha S, Sadovskaya I, Jabbouri
S, Izano EA. 2012. Recombinant human DNase I decreases biofilm and
increases antimicrobial susceptibility in staphylococci. J Antibiot (To-
kyo) 65:73–77. https://doi.org/10.1038/ja.2011.113.

71. Tetz GV, Artemenko NK, Tetz VV. 2009. Effect of DNase and antibiotics
on biofilm characteristics. Antimicrob Agents Chemother 53:
1204 –1209. https://doi.org/10.1128/AAC.00471-08.

72. Donelli G, Francolini I, Romoli D, Guaglianone E, Piozzi A, Ragunath C,
Kaplan JB. 2007. Synergistic activity of dispersin B and cefamandole
nafate in inhibition of staphylococcal biofilm growth on polyurethanes.
Antimicrob Agents Chemother 51:2733–2740. https://doi.org/10.1128/
AAC.01249-06.

73. Wu JA, Kusuma C, Mond JJ, Kokai-Kun JF. 2003. Lysostaphin disrupts
Staphylococcus aureus and Staphylococcus epidermidis biofilms on arti-
ficial surfaces. Antimicrob Agents Chemother 47:3407–3414. https://
doi.org/10.1128/AAC.47.11.3407-3414.2003.

74. Aguinaga A, Francés ML, Del Pozo JL, Alonso M, Serrera A, Lasa I, Leiva
J. 2011. Lysostaphin and clarithromycin: a promising combination for
the eradication of Staphylococcus aureus biofilms. Int J Antimicrob
Agents 37:585–587. https://doi.org/10.1016/j.ijantimicag.2011.02.009.

75. Kumar Shukla S, Rao TS. 2013. Dispersal of Bap-mediated Staphylococ-
cus aureus biofilm by proteinase K. J Antibiot (Tokyo) 66:55– 60. https://
doi.org/10.1038/ja.2012.98.

76. Uroz S, Dessaux Y, Oger P. 2009. Quorum sensing and quorum
quenching: the yin and yang of bacterial communication. Chembi-
ochem 10:205–216. https://doi.org/10.1002/cbic.200800521.

77. Chen F, Gao Y, Chen X, Yu Z, Li X. 2013. Quorum quenching enzymes
and their application in degrading signal molecules to block quorum
sensing-dependent infection. Int J Mol Sci 14:17477–17500. https://
doi.org/10.3390/ijms140917477.

78. Francolini I, Norris P, Piozzi A, Donelli G, Stoodley P. 2004. Usnic acid, a
natural antimicrobial agent able to inhibit bacterial biofilm formation
on polymer surfaces. Antimicrob Agents Chemother 48:4360 – 4365.
https://doi.org/10.1128/AAC.48.11.4360-4365.2004.

79. Balaban N, Cirioni O, Giacometti A, Ghiselli R, Braunstein JB, Silvestri C,
Mocchegiani F, Saba V, Scalise G. 2007. Treatment of Staphylococcus
aureus biofilm infection by the quorum-sensing inhibitor RIP. Antimi-
crob Agents Chemother 51:2226 –2229. https://doi.org/10.1128/AAC
.01097-06.

80. O’Loughlin CT, Miller LC, Siryaporn A, Drescher K, Semmelhack MF,
Bassler BL. 2013. A quorum-sensing inhibitor blocks Pseudomonas
aeruginosa virulence and biofilm formation. Proc Natl Acad Sci U S A
110:17981–17986. https://doi.org/10.1073/pnas.1316981110.

81. Kim HS, Lee SH, Byun Y, Park HD. 2015. 6-Gingerol reduces Pseudomo-
nas aeruginosa biofilm formation and virulence via quorum sensing
inhibition. Sci Rep 5:8656. https://doi.org/10.1038/srep08656.

82. Rasamiravaka T, Labtani Q, Duez P, El Jaziri M. 2015. The formation of
biofilms by Pseudomonas aeruginosa: a review of the natural and
synthetic compounds interfering with control mechanisms. Biomed Res
Int 2015:759348. https://doi.org/10.1155/2015/759348.

83. Rasmussen TB, Skindersoe ME, Bjarnsholt T, Phipps RK, Christensen KB,
Jensen PO, Andersen JB, Koch B, Larsen TO, Hentzer M, Eberl L, Hoiby
N, Givskov M. 2005. Identity and effects of quorum-sensing inhibitors
produced by Penicillium species. Microbiology 151:1325–1340. https://
doi.org/10.1099/mic.0.27715-0.

84. Roy V, Meyer MT, Smith JA, Gamby S, Sintim HO, Ghodssi R, Bentley WE.
2013. AI-2 analogs and antibiotics: a synergistic approach to reduce
bacterial biofilms. Appl Microbiol Biotechnol 97:2627–2638. https://
doi.org/10.1007/s00253-012-4404-6.

85. Kiran S, Sharma P, Harjai K, Capalash N. 2011. Enzymatic quorum
quenching increases antibiotic susceptibility of multidrug resistant
Pseudomonas aeruginosa. Iran J Microbiol 3:1–12.

86. Brackman G, Cos P, Maes L, Nelis HJ, Coenye T. 2011. Quorum sensing
inhibitors increase the susceptibility of bacterial biofilms to antibiotics
in vitro and in vivo. Antimicrob Agents Chemother 55:2655–2661.
https://doi.org/10.1128/AAC.00045-11.

87. Zeng Z, Qian L, Cao L, Tan H, Huang Y, Xue X, Shen Y, Zhou S. 2008.
Virtual screening for novel quorum sensing inhibitors to eradicate

biofilm formation of Pseudomonas aeruginosa. Appl Microbiol Biotech-
nol 79:119 –126. https://doi.org/10.1007/s00253-008-1406-5.

88. Zeng X, Liu X, Bian J, Pei G, Dai H, Polyak SW, Song F, Ma L, Wang Y,
Zhang L. 2011. Synergistic effect of 14-alpha-lipoyl andrographolide
and various antibiotics on the formation of biofilms and production of
exopolysaccharide and pyocyanin by Pseudomonas aeruginosa. Antimi-
crob Agents Chemother 55:3015–3017. https://doi.org/10.1128/
AAC.00575-10.

89. Singh BN, Singh HB, Singh A, Singh BR, Mishra A, Nautiyal CS. 2012.
Lagerstroemia speciosa fruit extract modulates quorum sensing-
controlled virulence factor production and biofilm formation in Pseu-
domonas aeruginosa. Microbiology 158:529 –538. https://doi.org/
10.1099/mic.0.052985-0.

90. Jakobsen TH, van Gennip M, Phipps RK, Shanmugham MS, Christensen
LD, Alhede M, Skindersoe ME, Rasmussen TB, Friedrich K, Uthe F, Jensen
PØ, Moser C, Nielsen KF, Eberl L, Larsen TO, Tanner D, Høiby N,
Bjarnsholt T, Givskov M. 2012. Ajoene, a sulfur-rich molecule from
garlic, inhibits genes controlled by quorum sensing. Antimicrob Agents
Chemother 56:2314 –2325. https://doi.org/10.1128/AAC.05919-11.

91. Yang JY, Della-Fera MA, Nelson-Dooley C, Baile CA. 2006. Molecular
mechanisms of apoptosis induced by ajoene in 3T3-L1 adipocytes.
Obesity 14:388 –397. https://doi.org/10.1038/oby.2006.52.

92. Christensen LD, van Gennip M, Jakobsen TH, Alhede M, Hougen HP,
Høiby N, Bjarnsholt T, Givskov M. 2012. Synergistic antibacterial efficacy
of early combination treatment with tobramycin and quorum-sensing
inhibitors against Pseudomonas aeruginosa in an intraperitoneal
foreign-body infection mouse model. J Antimicrob Chemother 67:
1198 –1206. https://doi.org/10.1093/jac/dks002.

93. Hammer KA, Carson CF, Riley TV. 1999. Antimicrobial activity of essen-
tial oils and other plant extracts. J Appl Microbiol 86:985–990. https://
doi.org/10.1046/j.1365-2672.1999.00780.x.

94. Nazzaro F, Fratianni F, De Martino L, Coppola R, De Feo V. 2013. Effect
of essential oils on pathogenic bacteria. Pharm 6:1451–1474.

95. Fabian D, Sabol M, Domaracka K, Bujnakova D. 2006. Essential oils–their
antimicrobial activity against Escherichia coli and effect on intestinal
cell viability. Toxicol In Vitro 20:1435–1445. https://doi.org/10.1016/
j.tiv.2006.06.012.

96. Warnke PH, Sherry E, Russo PA, Acil Y, Wiltfang J, Sivananthan S,
Sprengel M, Roldàn JC, Schubert S, Bredee JP, Springer IN. 2006.
Antibacterial essential oils in malodorous cancer patients: clinical ob-
servations in 30 patients. Phytomedicine 13:463– 467. https://doi.org/
10.1016/j.phymed.2005.09.012.

97. Isman MB. 2000. Plant essential oils for pest and disease management.
Crop Prot 19:603– 608. https://doi.org/10.1016/S0261-2194(00)00079-X.

98. Kavanaugh NL, Ribbeck K. 2012. Selected antimicrobial essential oils erad-
icate Pseudomonas spp. and Staphylococcus aureus biofilms. Appl Environ
Microbiol 78:4057–4061. https://doi.org/10.1128/AEM.07499-11.

99. Nostro A, Roccaro AS, Bisignano G, Marino A, Cannatelli MA, Pizzimenti
FC, Cioni PL, Procopio F, Blanco AR. 2007. Effects of oregano, carvacrol
and thymol on Staphylococcus aureus and Staphylococcus epidermidis
biofilms. J Med Microbiol 56:519 –523. https://doi.org/10.1099/jmm.0
.46804-0.

100. Brady A, Loughlin R, Gilpin D, Kearney P, Tunney M. 2006. In vitro
activity of tea tree oil against clinical skin isolates of meticillin-resistant
and -sensitive Staphylococcus aureus and coagulase-negative staphylo-
cocci growing planktonically and as biofilms. J Med Microbiol 55:
1375–1380. https://doi.org/10.1099/jmm.0.46558-0.

101. Yap PSX, Yiap BC, Ping HC, Lim SHE. 2014. Essential oils, a new horizon
in combating bacterial antibiotic resistance. Open Microbiol J 8:6 –14.
https://doi.org/10.2174/1874285801408010006.

102. Rosato A, Vitali C, De Laurentis N, Armenise D, Milillo MA. 2007.
Antibacterial effect of some essential oils administered alone or in
combination with norfloxacin. Phytomedicine 14:727–732. https://
doi.org/10.1016/j.phymed.2007.01.005.

103. Jafri H, Husain FM, Ahmad I. 2014. Antibacterial and antibiofilm activity
of some essential oils and compounds against clinical strains of Staph-
ylococcus aureus. J Biomed Ther Sci 1:65–71.

104. Coelho FA, Pereira MO. 2013. Exploring new treatment strategies for
Pseudomonas aeruginosa biofilm infections based on plant essential
oils, p 83– 89. In Méndez-Vilas A (ed), Microbial pathogens and strate-
gies for combating them: science, technology and education, vol 1.
Formatex Research Center, Badajoz, Spain.

105. Cox SD, Gustafson JE, Mann CM, Markham JL, Liew YC, Hartland RP, Bell
HC, Warmington JR, Wyllie SG. 1998. Tea tree oil causes K� leakage and

Minireview Applied and Environmental Microbiology

February 2017 Volume 83 Issue 3 e02508-16 aem.asm.org 14

https://doi.org/10.1093/jac/dkp145
https://doi.org/10.1093/jac/dkp145
https://doi.org/10.1111/j.1600-0463.2006.apm_356.x
https://doi.org/10.1038/ja.2011.113
https://doi.org/10.1128/AAC.00471-08
https://doi.org/10.1128/AAC.01249-06
https://doi.org/10.1128/AAC.01249-06
https://doi.org/10.1128/AAC.47.11.3407-3414.2003
https://doi.org/10.1128/AAC.47.11.3407-3414.2003
https://doi.org/10.1016/j.ijantimicag.2011.02.009
https://doi.org/10.1038/ja.2012.98
https://doi.org/10.1038/ja.2012.98
https://doi.org/10.1002/cbic.200800521
https://doi.org/10.3390/ijms140917477
https://doi.org/10.3390/ijms140917477
https://doi.org/10.1128/AAC.48.11.4360-4365.2004
https://doi.org/10.1128/AAC.01097-06
https://doi.org/10.1128/AAC.01097-06
https://doi.org/10.1073/pnas.1316981110
https://doi.org/10.1038/srep08656
https://doi.org/10.1155/2015/759348
https://doi.org/10.1099/mic.0.27715-0
https://doi.org/10.1099/mic.0.27715-0
https://doi.org/10.1007/s00253-012-4404-6
https://doi.org/10.1007/s00253-012-4404-6
https://doi.org/10.1128/AAC.00045-11
https://doi.org/10.1007/s00253-008-1406-5
https://doi.org/10.1128/AAC.00575-10
https://doi.org/10.1128/AAC.00575-10
https://doi.org/10.1099/mic.0.052985-0
https://doi.org/10.1099/mic.0.052985-0
https://doi.org/10.1128/AAC.05919-11
https://doi.org/10.1038/oby.2006.52
https://doi.org/10.1093/jac/dks002
https://doi.org/10.1046/j.1365-2672.1999.00780.x
https://doi.org/10.1046/j.1365-2672.1999.00780.x
https://doi.org/10.1016/j.tiv.2006.06.012
https://doi.org/10.1016/j.tiv.2006.06.012
https://doi.org/10.1016/j.phymed.2005.09.012
https://doi.org/10.1016/j.phymed.2005.09.012
https://doi.org/10.1016/S0261-2194(00)00079-X
https://doi.org/10.1128/AEM.07499-11
https://doi.org/10.1099/jmm.0.46804-0
https://doi.org/10.1099/jmm.0.46804-0
https://doi.org/10.1099/jmm.0.46558-0
https://doi.org/10.2174/1874285801408010006
https://doi.org/10.1016/j.phymed.2007.01.005
https://doi.org/10.1016/j.phymed.2007.01.005
http://aem.asm.org


inhibits respiration in Escherichia coli. Lett Appl Microbiol 26:335–358.
https://doi.org/10.1046/j.1472-765X.1998.00348.x.

106. Langeveld WT, Veldhuizen EJA, Burt SA. 2014. Synergy between essen-
tial oil components and antibiotics: a review. Crit Rev Microbiol 40:
76 –94. https://doi.org/10.3109/1040841X.2013.763219.

107. Longbottom CJ, Carson CF, Hammer KA, Mee BJ, Riley TV. 2004. Toler-
ance of Pseudomonas aeruginosa to Melaleuca alternifolia (tea tree) oil
is associated with the outer membrane and energy-dependent cellular
processes. J Antimicrob Chemother 54:386 –392. https://doi.org/
10.1093/jac/dkh359.

108. Cirino IC, Menezes-Silva SM, Silva HT, de Souza EL, Siqueira-Júnior JP.
2014. The essential oil from Origanum vulgare L. and its individual
constituents carvacrol and thymol enhance the effect of tetracycline
against Staphylococcus aureus. Chemotherapy 60:290 –293. https://
doi.org/10.1159/000381175.

109. Hwang IS, Hwang JH, Choi H, Kim KJ, Lee DG. 2012. Synergistic effects
between silver nanoparticles and antibiotics and the mechanisms in-
volved. J Med Microbiol 61:1719 –1726. https://doi.org/10.1099/
jmm.0.047100-0.

110. Martinez-Gutierrez F, Boegli L, Agostinho A, Sánchez EM, Bach H, Ruiz
F, James G. 2013. Anti-biofilm activity of silver nanoparticles against
different microorganisms. Biofouling 29:651– 660. https://doi.org/
10.1080/08927014.2013.794225.

111. Kalishwaralal K, BarathManiKanth S, Pandian SR, Deepak V, Gurunathan
S. 2010. Silver nanoparticles impede the biofilm formation by Pseu-
domonas aeruginosa and Staphylococcus epidermidis. Colloids Surf B
Biointerfaces 79:340 –344. https://doi.org/10.1016/j.colsurfb
.2010.04.014.

112. Chaudhari PR, Masurkar SA, Shidore VB, Kamble SP. 2012. Effect of
biosynthesized silver nanoparticles on Staphylococcus aureus biofilm
quenching and prevention of biofilm formation. Nano Micro Lett
4:34 –39. https://doi.org/10.1007/BF03353689.

113. Peulen TO, Wilkinson KJ. 2011. Diffusion of nanoparticles in a biofilm.
Environ Sci Technol 45:3367–3373. https://doi.org/10.1021/es103450g.

114. Gurunathan S, Han JW, Kwon DN, Kim JH. 2014. Enhanced antibacterial
and anti-biofilm activities of silver nanoparticles against Gram-negative
and Gram-positive bacteria. Nanoscale Res Lett 9:373. https://doi.org/
10.1186/1556-276X-9-373.

115. Su HL, Chou CC, Hung DJ, Lin SH, Pao IC, Lin JH, Huang FL, Dong RX,
Lin JJ. 2009. The disruption of bacterial membrane integrity through
ROS generation induced by nanohybrids of silver and clay. Biomaterials
9:5979 –5987. https://doi.org/10.1016/j.biomaterials.2009.07.030.

116. Habash MB, Park AJ, Vis EC, Harris RJ, Khursigara CM. 2014. Synergy of
silver nanoparticles and aztreonam against Pseudomonas aeruginosa
PAO1 biofilms. Antimicrob Agents Chemother 58:5818 –5830. https://
doi.org/10.1128/AAC.03170-14.

117. Cihalova K, Chudobova D, Michalek P, Moulick A, Guran R, Kopel P,
Adam V, Kizek R. 2015. Staphylococcus aureus and MRSA growth and
biofilm formation after treatment with antibiotics and SeNPs. Int J Mol
Sci 16:24656 –24672. https://doi.org/10.3390/ijms161024656.

118. Turovskiy Y, Noll KS, Chikindas ML. 2011. The etiology of bacterial
vaginosis. J Appl Microbiol 110:1105–1128. https://doi.org/10.1111/j
.1365-2672.2011.04977.x.

119. Hymes SR, Randis TM, Sun TY, Ratner AJ. 2013. DNase inhibits Gard-
nerella vaginalis biofilms in vitro and in vivo. J Infect Dis 15:1491–1497.

120. Algburi A, Volski A, Chikindas ML. 2015. Natural antimicrobials subtilo-
sin and lauramide arginine ethyl ester synergize with conventional
antibiotics clindamycin and metronidazole against biofilms of Gardner-
ella vaginalis but not against biofilms of healthy vaginal lactobacilli.
FEMS Path Dis 73:pii�ftv018. https://doi.org/10.1093/femspd/ftv018.

121. Turovskiy Y, Cheryian T, Algburi A, Wirawan RE, Takhistov P, Sinko PJ,
Chikindas ML. 2012. Susceptibility of Gardnerella vaginalis biofilms to
natural antimicrobials subtilosin, �-poly-L-lysine, and lauramide argi-
nine ethyl ester. Infect Dis Obstet Gynecol 2012:284762.

122. Braga PC, Dal Sasso M, Culici M, Spallino A. 2010. Inhibitory activity of
thymol on native and mature Gardnerella vaginalis biofilms: in vitro
study. Arzneimittelforschung 60:675– 681. https://doi.org/10.1055/s
-0031-1296346.

123. Sosto F, Benvenuti C, CANVA Study Group. 2010. Controlled study on
thymol � eugenol vaginal douche versus econazole in vaginal candi-
diasis and metronidazole in bacterial vaginosis. Arzneimittelforschung
61:126 –131. https://doi.org/10.1055/s-0031-1296178.

124. Rabea EI, Badawy ME-T, Stevens CV, Smuagghe G, Steurbaut W. 2003.
Chitosan as antimicrobial agent: applications and mode of action.
Biomacromolecules 4:1457–1465. https://doi.org/10.1021/bm034130m.

125. Dutta P, Dutta J, Tripathi VS. 2004. Chitin and chitosan: chemistry,
properties and applications. J Sci Ind Res 63:20 –31.

126. Elsabee MZ, Morsi RE, Al-Sabagh AM. 2009. Surface active properties of
chitosan and its derivatives. Colloids Surf B Biointerfaces 74:1–16.
https://doi.org/10.1016/j.colsurfb.2009.06.021.

127. Zhang A, Mu H, Zhang W, Cui G, Zhu J, Duan J. 2013. Chitosan coupling
makes microbial biofilms susceptible to antibiotics. Sci Rep 3:3364.
https://doi.org/10.1038/srep03364.

128. Parker AC, Jennings JA, Bumgardner JD, Courtney HS, Lindner E, Hag-
gard WO. 2013. Preliminary investigation of crosslinked chitosan
sponges for tailorable drug delivery and infection control. J Biomed
Mater Res B Appl Biomater 101:110 –123. https://doi.org/10.1002/jbm
.b.32822.

129. Mahmoud HA, Melake NA, El-Semary MT. 2012. Bactericidal activity
of various antibiotics versus tetracycline-loaded chitosan micro-
spheres against Pseudomonas aeruginosa biofilms. Pharmaceut Anal
Acta 15:1–9.

130. Barraud N, Hassett DJ, Hwang S-H, Rice SA, Kjelleberg S, Webb JS. 2006.
Involvement of nitric oxide in biofilm dispersal of Pseudomonas aerugi-
nosa. J Bacteriol 188:7344 –7353. https://doi.org/10.1128/JB.00779-06.

131. Jennings JA, Courtney HS, Haggard WO. 2012. Cis-2-decenoic acid
inhibits S. aureus growth and biofilm in vitro: a pilot study. Clin Orthop
Relat Res 470:2663–2670. https://doi.org/10.1007/s11999-012-2388-2.

132. Cirioni O, Giacometti A, Ghiselli R, Kamysz W, Orlando F, Mocchegiani
F, Silvestri C, Licci A, Chiodi L, Lukasiak J, Saba V, Scalise G. 2006.
Citropin 1.1-treated central venous catheters improve the efficacy of
hydrophobic antibiotics in the treatment of experimental staphylococ-
cal catheter-related infection. Peptides 27:1210 –1216. https://doi.org/
10.1016/j.peptides.2005.10.007.

133. Pompilio A, Crocetta V, Scocchi M, Pomponio S, Di Vincenzo V, Mard-
irossian M, Gherardi G, Fiscarelli E, Dicuonzo G, Gennaro R, Di Bonaven-
tura G. 2012. Potential novel therapeutic strategies in cystic fibrosis:
antimicrobial and anti-biofilm activity of natural and designed �-helical
peptides against Staphylococcus aureus, Pseudomonas aeruginosa, and
Stenotrophomonas maltophilia. BMC Microbiol 12:145. https://doi.org/
10.1186/1471-2180-12-145.

134. Chennupati SK, Chiu AG, Tamashiro E, Banks CA, Cohen MB, Bleier BS,
Kofonow JM, Tam E, Cohen NA. 2009. Effects of an LL-37-derived
antimicrobial peptide in an animal model of biofilm Pseudomonas
sinusitis. Am J Rhinol Allergy 23:46 –51. https://doi.org/10.2500/
ajra.2009.23.3261.

135. Carmen JC, Nelson JL, Beckstead BL, Runyan CM, Robison RA, Schaalje
GB, Pitt WG. 2004. Ultrasonic-enhanced gentamicin transport through
colony biofilms of Pseudomonas aeruginosa and Escherichia coli. J Infect
Chemother 10:193–199. https://doi.org/10.1007/s10156-004-0319-1.

136. Gerdt JP, Blackwell HE. 2014. Competition studies confirm two major
barriers that can preclude the spread of resistance to quorum-sensing
inhibitors in bacteria. ACS Chem Biol 9:2291–2299. https://doi.org/
10.1021/cb5004288.

137. Bovenkamp GL, Zanzen U, Krishna KS, Hormes J, Prange A. 2013. X-ray
absorption near-edge structure (XANES) spectroscopy study of the
interaction of silver ions with Staphylococcus aureus, Listeria monocy-
togenes, and Escherichia coli. Appl Environ Microbiol 79:6385– 6390.
https://doi.org/10.1128/AEM.01688-13.

138. Estrela AB, Heck MG, Abraham WR. 2009. Novel approaches to control
biofilm infections. Curr Med Chem 16:1512–1530. https://doi.org/
10.2174/092986709787909640.

139. Gelperina S, Kisich K, Iseman MD, Heifets L. 2005. The potential advan-
tages of nanoparticle drug delivery systems in chemotherapy of tuber-
culosis. Am J Respir Crit Care Med 172:1487–1490. https://doi.org/
10.1164/rccm.200504-613PP.

140. Loose C. 2007. The production, design and application of antimicrobial
peptides. Ph.D. thesis. Massachusetts Institute of Technology, Cam-
bridge, MA.

141. Patel DN, Ho HK, Tan LL, Tan M-MB, Zhang Q, Low M-Y, Chan CL, Koh
HL. 2015. Hepatotoxic potential of asarones: in vitro evaluation of
hepatotoxicity and quantitative determination in herbal products.
Front Pharmacol 6:25.

Minireview Applied and Environmental Microbiology

February 2017 Volume 83 Issue 3 e02508-16 aem.asm.org 15

https://doi.org/10.1046/j.1472-765X.1998.00348.x
https://doi.org/10.3109/1040841X.2013.763219
https://doi.org/10.1093/jac/dkh359
https://doi.org/10.1093/jac/dkh359
https://doi.org/10.1159/000381175
https://doi.org/10.1159/000381175
https://doi.org/10.1099/jmm.0.047100-0
https://doi.org/10.1099/jmm.0.047100-0
https://doi.org/10.1080/08927014.2013.794225
https://doi.org/10.1080/08927014.2013.794225
https://doi.org/10.1016/j.colsurfb.2010.04.014
https://doi.org/10.1016/j.colsurfb.2010.04.014
https://doi.org/10.1007/BF03353689
https://doi.org/10.1021/es103450g
https://doi.org/10.1186/1556-276X-9-373
https://doi.org/10.1186/1556-276X-9-373
https://doi.org/10.1016/j.biomaterials.2009.07.030
https://doi.org/10.1128/AAC.03170-14
https://doi.org/10.1128/AAC.03170-14
https://doi.org/10.3390/ijms161024656
https://doi.org/10.1111/j.1365-2672.2011.04977.x
https://doi.org/10.1111/j.1365-2672.2011.04977.x
https://doi.org/10.1093/femspd/ftv018
https://doi.org/10.1055/s-0031-1296346
https://doi.org/10.1055/s-0031-1296346
https://doi.org/10.1055/s-0031-1296178
https://doi.org/10.1021/bm034130m
https://doi.org/10.1016/j.colsurfb.2009.06.021
https://doi.org/10.1038/srep03364
https://doi.org/10.1002/jbm.b.32822
https://doi.org/10.1002/jbm.b.32822
https://doi.org/10.1128/JB.00779-06
https://doi.org/10.1007/s11999-012-2388-2
https://doi.org/10.1016/j.peptides.2005.10.007
https://doi.org/10.1016/j.peptides.2005.10.007
https://doi.org/10.1186/1471-2180-12-145
https://doi.org/10.1186/1471-2180-12-145
https://doi.org/10.2500/ajra.2009.23.3261
https://doi.org/10.2500/ajra.2009.23.3261
https://doi.org/10.1007/s10156-004-0319-1
https://doi.org/10.1021/cb5004288
https://doi.org/10.1021/cb5004288
https://doi.org/10.1128/AEM.01688-13
https://doi.org/10.2174/092986709787909640
https://doi.org/10.2174/092986709787909640
https://doi.org/10.1164/rccm.200504-613PP
https://doi.org/10.1164/rccm.200504-613PP
http://aem.asm.org

	ANTIMICROBIAL PEPTIDES: SYNERGY WITH ANTIBIOTICS WHEN AIMED AT DIFFERENT TARGETS
	BIOFILM-DEGRADING ENZYMES: EFFECTIVE HELPERS WHEN IT COMES TO MATRIX DESTRUCTION
	QUORUM-SENSING INHIBITORS: STOP TALKING, HELP KILLING
	ESSENTIAL OILS: BROAD-SPECTRUM COMPOSITIONS, MULTIPLE MECHANISMS OF ACTION IN ASSISTING ANTIBIOTICS
	NANOPARTICLES: NEW GENERATION OF ANTIBIOTIC HELPERS
	CONCLUSION: COMPLEMENTARY APPROACH MAY BE A SOLUTION THAT WORKS WITHOUT ABANDONING “OLD-TIMER” ANTIBIOTICS
	REFERENCES

