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Abstract: Biofilms are microbial sessile communities characterized by cells that are attached to a substratum or interface or to each 
other, are embedded in a self-produced matrix of extracellular polymeric substances and exhibit an altered phenotype compared to plank-

tonic cells. Biofilms are estimated to be associated with 80% of microbial infections and it is currently common knowledge that growth 
of micro-organisms in biofilms can enhance their resistance to antimicrobial agents. As a consequence antimicrobial therapy often fails to 

eradicate biofilms from the site of infection. For this reason, innovative anti-biofilm agents with novel targets and modes of action are 
needed. One alternative approach is targeting the bacterial communication system (quorum sensing, QS). QS is a process by which bacte-

ria produce and detect signal molecules and thereby coordinate their behavior in a cell-density dependent manner. Three main QS sys-
tems can be distinguished: the acylhomoserine lactone (AHL) QS system in Gram-negative bacteria, the autoinducing peptide (AIP) QS 

system in Gram-positive bacteria and the autoinducer-2 (AI-2) QS system in both Gram-negative and -positive bacteria. Although much 
remains to be learned about the involvement of QS in biofilm formation, maintenance, and dispersal, QS inhibitors (QSI) have been pro-

posed as promising antibiofilm agents. In this article we will give an overview of QS inhibitors which have been shown to play a role in 
biofilm formation and/or maturation. 
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INTRODUCTION 

 Biofilms are microbial sessile communities characterized by 
cells that are attached to a substratum or interface or to each other, 
are embedded in a self-produced matrix of extracellular polymeric 
substances and exhibit an altered phenotype compared to planktonic 
cells [1]. Biofilms are estimated to be associated with 80% of mi-
crobial infections [2]. Biofilm formation occurs in different steps. A 
conditioning film is formed by the adsorption of organic and inor-
ganic nutrients and influences initial attachment of bacteria [3]. 
After an initial attachment stage, adhered bacteria will produce an 
exopolysaccharide matrix and will adhere more firmly. The biofilm 
will then undergo maturation, thereby obtaining a complex three-
dimensional structure of biofilm cells, matrix and water channels. 
The biofilm cells will alter their physiological process in response 
to the conditions present in the biofilm [4]. In addition, cells can 
actively or passively detach from the biofilm or the surface, dis-
perse and colonize other surfaces and/or environments or return to a 
planktonic state [5].  

 It is currently common knowledge that growth of micro-
organisms in biofilms can enhance their resistance to antimicrobial 
agents. This may be due to a decreased penetration of antibiotics, a 
decreased growth rate of the biofilm cells and/or a decreased 
metabolism of bacterial cells in biofilms [6]. In addition, the 
presence of persister cells and the expression of specific resistance 
genes in biofilms may contribute to this tolerance [6]. As such 
antimicrobial therapy often fails to eradicate biofilms from the site 
of infection. For this reason, innovative anti-biofilm agents with 
novel targets and modes of action are needed.  

 One alternative approach is targeting the bacterial communica-
tion system (quorum sensing, QS). QS is a process by which bacte-
ria produce and detect signal molecules and thereby coordinate their 
behavior in a cell-density dependent manner [7]. Three main QS 
systems can be distinguished: the acylhomoserine lactone (AHL) 
QS system in Gram-negative bacteria, the autoinducing peptide 
(AIP) QS system in Gram-positive bacteria and the autoinducer-2  
 

*Address correspondence to this author at the Laboratory of Pharmaceutical 
Microbiology (LPM), Universiteit Gent, Harelbekestraat 72, B-9000 Gent, 

Belgium; Tel: 32 - (0) 9 264 80 93; Fax: 32 - (0) 9 264 81 95;  
E-mail: Gilles.brackman@ugent.be 

(AI-2) QS system in both Gram-negative and -positive bacteria 
(Fig. 1). Many Gram-negative bacteria use AHL signalling mole-
cules (Fig. 1) which are produced by a LuxI-type synthase and are 
perceived by a DNA-binding LuxR-type transcriptional activator 
[7]. The QS system of Gram-positive bacteria typically consists of 
signalling peptides (Fig. 1) such as Agr and RNA-III activat-
ing/inhibiting peptides (RAP/RIP) in Staphylococcus aureus, and a 
two-component regulatory system made up of a membrane-bound 
sensor and an intracellular response regulator [8]. A third QS sys-
tem is shared by many Gram-positive and Gram-negative bacteria 
and is based on a mixture of interconvertible molecules collectively 
referred to as AI-2 (Fig. 1) [7, 9]. A key enzyme in the production 
of AI-2 is LuxS. LuxS catalyzes the cleavage of S-ribosylhomo-
cysteine to homocysteine and 4, 5-dihydroxy-2, 3-pentanedione 
(DPD). DPD will subsequently undergo spontaneous rearrange-
ments and modifications, forming a mixture of molecules, collec-
tively called AI-2. Although LuxS is encoded in many sequenced 
bacterial genomes, AI-2 receptors and signal transduction systems 
have only been described in Vibrio spp., in Salmonella enterica 
serovar Typhimurium and in Escherichia coli [9-10]. In Vibrio spp., 
binding of AI-2 to LuxP, a periplasmic AI-2 receptor associated 
with the LuxQ sensor kinase, results in the production of LuxR and 
ultimately changes in gene expression. In S. enterica serovar Ty-
phimurium and E. coli AI-2 is first transported into the cell prior to 
initiating a signalling cascade [9]. 

 Multiple reports have discussed the involvement of QS in 
biofilm formation and conflicting conclusions have been drawn 
regarding the importance of QS in bacterial biofilm formation [11-
21]. These inconsistencies may be the result of the use of different 
biofilm models and/or different bacterial strains. Although

 
much 

remains to be learned about the involvement of QS in biofilm
 
for-

mation, maintenance, and dispersal, QS inhibitors (QSI) have been 
proposed

 
as promising antibiofilm agents. QS inhibition can be 

achieved by inhibiting signal synthesis or direct degradation of the 
signal, inhibition of binding of the signal molecule to the receptor 
and/or inhibition of the signal transduction cascade. In this article 
we will give an overview of QSI which have been shown to play a 
role in biofilm formation and/or maturation. These will be organ-
ised based on their target and/or chemical structure. 
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QSI TARGETING SIGNAL SYNTHESIS AND THEIR EF-

FECT ON BIOFILMS 

 Several reports have indicated that mutations affecting signal 
synthesis have an effect on biofilm formation. In the case of AHL 
synthesis for example, Pseudomonas aeruginosa lasI mutants, that 
cannot synthesize 3oxoC12-HSL, form flat unstructured biofilms in 
a flow cell. Furthermore Burkholderia cenocepacia K56-2 cepI and 
B. cenocepacia J2315 cepI and cciI mutants are defective in biofilm 
formation [15-18, 22]. Mutation of ahyI and swrI, genes coding for 
AHL signal synthesis enzymes, resulted in the formation of imma-
ture biofilms lacking microcolonies in Aeromonas hydrophila and 
Serratia liquefaciens, respectively [23]. In addition, deletion of 
luxS, a gene coding for a key enzyme in AI-2 production affect 
biofilm formation in several Vibrio spp, Streptococcus spp, Staphy-
lococcus spp. [19-21]. Finally, the loss of AIP and RNAIII produc-
tion affects biofilm formation in S. aureus [20]. As such, blocking 
signal production or degrading the signal might be promising 
strategies. 

 AHL signal molecules are formed when an acyl-carrier protein-
bound fatty acyl derivative is transferred to the amino group of S-
adenosyl-methionine (SAM) by a LuxI family protein. Given the 
nature of this reaction and the precursors involved, inhibitors of 
SAM or fatty acid biosynthesis may be used as AHL QSI. S-
adenosyl-homocysteine (SAH), sinefungin, 5-methylthioadenosine 
(MTA), various SAM analogs and the SAM biosynthesis inhibitor 
cycloleucine inhibit AHL production [24-25]. The antibiotic 
azithromycin interferes with C4-homoserine lactone (C4-HSL) and 
3-oxo-C12-HSL synthesis in P. aeruginosa and thereby reduces 
bacterial adhesion to polystyrene surfaces [26]. In addition, treat-
ment with azithromycin significantly improved clearance of 
biofilms in a mouse model of chronic pulmonary P. aeruginosa 
infections [27].  

 AI-2 synthesis involves two major enzymatic steps. First, ade-
nine is removed from SAH by 5’methylthioadenosine nucleosidase 
(MTAN) (encoded by pfs), resulting in the production of S-ribosyl-
homocysteine (SRH). Next, SRH is cleaved by LuxS to form DPD 

and homocysteine. In addition, MTAN is also involved in the AHL 
QS system, and LuxS and MTAN are only found in bacteria, mak-
ing them attractive targets. Several inhibitors of LuxS and MTAN 
have been described. S-anhydroribosyl-L-homocysteine and S-
homoribosyl-L-cysteine block the initial and final steps of the LuxS 
reaction mechanism, respectively [28-29]. Based on these mole-
cules, Shen and colleagues [30] synthesized several more potent 
LuxS inhibitors. Different peptides capable of inhibiting LuxS have 
also been developed [31-32]. Starting from immucillin and 
DADMe-immucillin, several other MTAN inhibitors (e.g. BuT-
DADMe-immucillin-A and p-Cl-PhT-DADMe-immucillin-A), 
active in pico- and femtomolar concentrations, were developed [33-
35]. Finally, several peptides bearing homology to the C-site of 
LuxS affected AI-2 production and biofilm formation of Edward-
siella tarda [32]. 

 Proteins involved in peptide signal synthesis and post-
translational modifications of the peptide in Gram-positive bacteria 
are also interesting targets, but to date no inhibitors specifically 
targeting these proteins have been reported. In contrast, different 
linear peptide inhibitors targeting type-I signal peptidase SpsB re-
portedly reduce AIP-I production [36-37]. However, most of these 
signal synthesis inhibitors have not yet been evaluated for their 
effect on biofilms. 

QUORUM QUENCHING OF SIGNALLING MOLECULES 

 Once synthesized, QS signal molecules can be enzymatically 
degraded (quorum quenching, QQ) so as to prevent their accumula-
tion and subsequent activation of the QS system. AHL degradation 
can occur in four different ways. AHL lactonases and AHL acylases 
hydrolyze the HSL ring and the amide bonds of the AHL molecule, 
respectively. The first hydrolysis is identical to pH-mediated lac-
tonolysis and can be reversed by acidification, while the second 
hydrolysis is irreversible. AHL oxidases and AHL reductases do 
not degrade the AHL molecule but modify it and change its activ-
ity. Several bacterial species, including Bacillus spp., P. aerugi-
nosa, Acinetobacter spp., Bosea spp., Delftia acidovorans, Sphin-
gomonas spp., Agrobacterium tumefaciens, Arthrobacter spp., 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (1). QS signal molecules. 
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Klebsiella pneumonia and Sphingopyxis spp. produce enzymes 
capable of degrading AHLs [38-43]. In addition, AHL degrading 
enzyme activity can also be detected in eukaryotes. Several plants 
and root associated fungi, including Hordeum vulgare, Lotus corni-
culatus and Pachyrhizus erosus can degrade AHL signal molecules 
[44-46]. In addition, paraoxonases found in mammalian serum and 
in several human cell lines show AHL degrading activity and these 
enzymes can be used to interfere with biofilm formation of patho-
genic bacteria [47-52]. 

 To date no specific enzymatic quenchers of AIP or AI-2 QS 
signals have been described. However, these two signals can be 
affected by the immune system. Recently, anti-autoinducer mono-
clonal antibody affected AIPs produced by S. aureus and AI-2 pro-
duced by S. enterica serovar Typhimurium [53-54]. As such these 
strategies might also be used to target biofilm formation in AI-2 and 
AIP producing strains. 

AHL SIGNAL ANALOGUES AND COMPOUNDS TARGET-
ING THE AHL RECEPTOR 

 Many studies have focussed on developing analogues of the 
native AHL signal molecule in which the acyl side chain or the 
lactone moiety was modified [55-60]. Only a handful of studies 
have focused on alterations of the central amide moiety [61-63]. 
Several of these compounds were shown to affect biofilm forma-
tion. AHL analogues in which the lactone ring was replaced by a 
cyclopentyl or a cyclohexanone ring significantly affected biofilm 
formation of Serratia marcescens and P. aeruginosa [64-65]. In 
addition, AHL in which the amide function was replaced by a tria-
zolyldihydrofuranone (Fig. 2) showed biofilm eradicating as well as 
biofilm inhibitory activity against B. cenocepacia and P. aerugi-
nosa [63]. Finally, phenylpropionyl homoserine lactones and phe-
noxyacetyl homoserine lactones, analogues with aromatic groups 
on the acyl-side chain, inhibited P. aeruginosa biofilm formation 
[57, 66]. 

 Next to compounds resembling AHL, several unrelated com-
pounds are shown to block AHL QS and thereby affect biofilm 
formation of AHL producing strains. Some of these compounds 
originated from natural extracts. For example, bergamottin and 
dihydroxybergamottin isolated from grapefruit juice and extracts 
from South Florida plants inhibited AHL QS and affect biofilm 
formation of P. aeruginosa [67-68]. Rasmussen and colleagues [69] 
observed that extracts of Penicillium species and garlic contained 
QS inhibitory compounds. Using liquid chromatography -mass 
spectrometry penicillinic acid and patulin were identified to be 
responsible for the QS inhibitory effect of the Penicllium species. In 
addition, allicin (Fig. 2), ajoene (Fig. 2), a cyclic thioacetal and 
cyclic disulfide were identified to be responsible for the QS inhibi-
tory effect of the garlic extract. Patulin, ajoene and garlic extracts 

increased biofilm susceptibility of P. aeruginosa biofilms toward 
tobramycin treatment and resulted in an increased clearance of P. 
aeruginosa in an in vivo pulmonary infection model [69-71]. Simi-
larly, different polyphenolic compounds including baicalin hydrate 
(Fig. 2) and epigallocatechin were observed to block AHL QS [72-
73]. In addition, these compounds were shown to have no effect on 
adhesion but affected biofilm formation of B. cenocepacia, Burk-
holderia multivorans and P. aeruginosa at later stages of biofilm 
development and maturation [72-74]. Baicalin hydrate increased B. 
cenocepacia and P. aeruginosa biofilm susceptibility towards to-
bramycin in different in vitro biofilm model systems and the com-
bined use of baicalin hydrate and tobramycin reduced the microbial 
load in the lungs of BALB/c mice infected with B. cenocepacia 
more than tobramycin alone [74].  

AI-2 AND DPD ANALOGUES AND QSI TARGETING AI-2 

RECEPTOR 

 DPD derivatives including Ac2-DPD, alkyl-DPD, carbonate-
DPD, trifluoro-S-THMF-borate and structures resembling DPD 
such as laurencione and 4-hydroxy-5-methyl-3-(2H)-furanone 
(MHF) can activate the AI-2 QS system, while several diol-
containing compounds (including pyrogallol), boronic acids and 
sulfones have been shown to be potent antagonists of AI-2-LuxP 
binding [60, 75-80]. In addition, oxazaborilidines (heterocyclic 
hydrated complexes containing a negatively charged boron atom), 
phenothiazine and an adenosine derivative with a p-methoxy-
phenylpropionamide

 
moiety at C-3 (LMC-21) affect the AI-2 QS 

system [60, 81-82]. Although these compounds have been studied 
for their effect on AI-2 QS, only a limited number has been investi-
gated for an effect on biofilm formation. Ursolic acid, Isobutyl-
DPD and phenyl-DPD inhibited E. coli and P. aeruginosa biofilm 
formation and resulted in a removal of preformed biofilms [83-84]. 
In addition, 4-methoxycarbonyl-phenylboronic acid and LMC-21 
affected biofilm biomass in Vibrio anguillarum and Vibrio vulnifi-
cus, without affecting the number of cells [85].  

SIGNAL ANALOGS AND QSI TARGETING QS-RECEPTOR 

IN GRAM POSITIVE BACTERIA 

 Several AIP-analogs have also been developed. First, AIP of 
one group can block the AgrC receptor of another group, e.g. S. 
aureus group-I AIPs can be inhibited by AIP-IV. Truncated analogs 
of AIP (Tr-AIP-I, Tr-AIP-II and Tr-AIP-IV) and N-acetylated Tr-
(Ala)-AIP-I inhibited QS in different Staphylococcus spp. [86-87]. 
Additionally, several aminobutyric acid analogs and 4-substituted 
phenoxybutyryl analogs of AIP-I, peptomers derived from Tr-AIP-I 
and truncated AIP-II analogs with glycine insertion, N-methylation, 
and alterations to the thioester linker were developed [86-87]. In 
addition, solonamide A and B produced by Photobacterium spp. 
and the cyclic dipeptides, cyclo(L-Tyr-L-Pro) and cyclo(L-Phe-L-

 

 

 

 

 

 

 

Fig. (2). Selection of QSI targeting AHL QS system. 
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Pro) produced by Lactobacillus reuteri RC-14 can interfere with 
agr [88-89]. However currently, little experimental data document-
ing the antibiofilm properties of these compounds are available. 

 In contrast, one of the most extensively investigated QS inhibit-
ing peptides is the RNAIII inhibiting peptide (RIP). RIP, several 
RIP analogs and the non-peptide analog hamamelitannin (Fig. 3) 
interfere with the RAP/TRAP QS system [90-91]. Several groups 
have presented evidence for the anti-biofilm effect of RIP and/or 
RIP analogs against Staphylococcus spp. RIP loaded into po-
lymethylmethacrylate beads prevented Staphylococcus spp. biofilm 
formation in an subcutaneous graft and vascular graft rat model 
[90]. In addition, RIP, RIP analogs and hamamelitannin were 
shown to increase biofilm susceptibility towards antibiotics [74, 90-
92]. 

 

 

 

 

 

 

 

 

 

 

 

Fig. (3). Hamamelitannin. As a non-peptide analog of RIP, hamamelitannin 

can block QS in Staphylococcus spp. and thereby affect biofilm formation 

and biofilm susceptibility in this species. 

BROMINATED FURANONES AND CINNAMALDEHYDE 
ANALOGS 

 The QS system can also be blocked at the level of the signal 
transduction cascade. Among the most extensively investigated 
compounds are a natural furanone compound, (5Z)-4-bromo-5-
(bromomethylene)3-butyryl-2(5H)-furanone and cinnamaldehyde 
(Fig. 4). The natural furanone or fimbrolide was first isolated from 
the red algae Delisea pulchra, while cinnamaldehyde originates 
from the bark of the cinnamon tree. To date different natural fim-
brolide analogs and several synthetic furanones have been discov-
ered and synthesized [93- 99]. These differ mostly in acetyl side 
chain and halogens substituent. In addition, several cinnamaldehyde 
analogs have been described [100-101]. The structural elements 
critical for QS inhibitory effect of cinnamaldehyde analogs were 
observed to include an ,  unsaturated acyl group capable of react-
ing as Michael acceptor connected to a hydrophobic moiety and a 
partially negative charge [101]. 

 

 

 

 

 

 

 

Fig. (4). Cinnamaldehyde and furanone. Both compounds can block AI-2 

and AHL type QS systems in bacteria and thereby affect biofilm formation 

and biofilm susceptibility towards antibiotics.  

 

 Furanones and cinnamaldehyde were both shown to affect dif-
ferent types of QS system [100-103]. Both compounds inhibit AI-2 
QS in Vibrio harveyi by decreasing the DNA binding ability of a 
response regulator LuxR which is located at the base of the signal 

transduction cascade [100, 103]. Both compounds are also shown to 
block different AHL QS systems, probably by displacing AHL 
from its receptor [73, 102, 104]. In addition, the natural furanone 
covalently modifies and inactivates LuxS and accelerates LuxR 
turnover, thereby blocking AI-2 and AHL QS, respectively [105-
106]. 

 Halogenated furanones have been shown to affect biofilm for-
mation in P. aeruginosa, E. coli, B. subtilis, S. epidermidis, Phor-
phyromonas gingivalis, S. enterica serovar Typhimurium, Strepto-
coccus spp. and Vibrio spp. [22, 95-97, 107-109]. Cinnamaldehyde 
was shown to affect biofilm formation of B. cenocepacia, B. mul-
tivorans, P. aeruginosa, E. coli and Vibrio spp. [73, 101, 110]. Both 
compounds were also shown to increase biofilm susceptibility to-
wards antibiotic treatment [74, 111]. 

 Although several studies have demonstrated the QS inhibitory 
effects of furanones on biofilms, the toxicity of these compounds 
will probably limit their use [95, 112]. In contrast, cinnamaldehyde 
is widely used as a flavouring agents in food and beverages. 

CONCLUSION 

 It is currently common knowledge that growth of micro-
organisms in biofilms can enhance their resistance to antimicrobial 
agents. Multiple reports have discussed the involvement of QS in 
biofilm formation and conflicting conclusions have been drawn 
regarding the importance of QS in bacterial biofilm formation. 
These inconsistencies may be the result of the use of different 
biofilm models and/or different bacterial strains. Furthermore, 
many known QSI are cytotoxic and several fundamental mecha-
nisms by which the different QS systems exert their regulatory 
functions and are inhibited by QSI are still poorly understood. In 
addition, it is still unknown whether these compounds would be 
useful in humans too. As such more research is needed to investi-
gate the involvement of QSI in biofilm

 
formation, maintenance, and 

dispersal, and to develop several non-toxic more active QSI before 
they can be used into practice. Despite this, QSI have been shown

 
to 

be promising antibiofilm agents and can be of great value in the 
future treatment of bacterial infections. 

CONFLICT OF INTEREST 

 The authors confirm that this article content has no conflict of 
interest. 

ACKNOWLEDGEMENTS 

 The authors gratefully acknowledge funding by the Fund for 
Scientific Research - Flanders (FWO-Vlaanderen), by the Institute 
for the Promotion of Innovation through Science and Technology in 
Flanders (IWT-Vlaanderen, SBO programme) and the Interuniver-
sity Attraction Poles Programme initiated by the Belgian Science 
Policy Office.  

REFERENCES 

[1] Donlan RM, Costerton JW. Biofilms: survival mechanisms of 
clinically relevant microorganisms. Clin Microbial Rev 2002; 

15(2): 167-93. 
[2] NIH “Research on microbial biofilms (PA-03-047)” NIH, National 

Heart, Lung, and Blood Institute 2002-12-20. Available from: http: 
//grants.nih.gov/grants/guide/pa-files/PA-03-047.html. 

[3] Landry RM, An D, Hupp JT, Singh PK, Parsek MR. Mucin-
Pseudomonas aeruginosa interactions promote biofilm formation 

and antibiotic resistance Mol Microbiol 2006; 59: 142-51. 
[4] Stoodley P, Sauer K, Davies DG, Costerton JW. Biofilms as com-

plex differentiated communities. Annu Rev Microbiol 2002; 56: 
187-209. 

[5] Lindsay D, von Holy A. Bacterial biofilms within the clinical set-
ting: what healthcare professionals should know. J Hosp Infect 

2006; 64: 313-25. 
[6] Fux CA, Costerton JW, Stewart PS, Stoodley P. Survival strategies 

of infectious biofilms. Trends Microbiol 2005; 13: 34-40. 



Quorum Sensing Inhibitors as Anti-Biofilm Agents Current Pharmaceutical Design, 2015, Vol. 21, No. 00    5 

[7] Waters CM, Bassler BL. Quorum sensing: cell-to-cell communica-

tion in bacteria. Ann Rev Cell Developmental Biol 2005; 21: 319-
46. 

[8] Thoendel M, Horswill AR. Identification of Staphylococcus aureus 
AgrD residues required for autoinducing peptide biosynthesis. J 

Biological Chem 2009; 284: 21828-38. 
[9] Vendeville A, Winzer K, Heurlier K, Tang CM, Hardie KR. Mak-

ing ‘sense’ of metabolism: autoinducer-2, LuxS and pathogenic 
bacteria. Nat Rev Microbiol 2005; 3: 383-96. 

 [10] Sun J, Daniel R, Wagner-Döbler I, Zeng AP. Is autoinducer-2 a 
universal signal for interspecies communication: a comparative ge-

nomic and phylogenetic analysis of the synthesis and signal trans-
duction pathways. BMC Evolutionary Biol 2004; 4: 36. 

[11] Parsek MR, Greenberg EP. Sociomicrobiology: the connections 
between quorum sensing and biofilm Trends Microbiol 2005; 13: 

27-33.  
[12] Estrela AB, Heck MG, Abraham WR. Novel approaches to control 

biofilm infections. Curr Med Chem 2009; 16(12): 1512-30.  
[13] Coenye T. Social interactions in the Burkholderia cepacia com-

plex: biofilms and quorum sensing. Future Microbiol 2010; p: 
1087-99. 

[14] Bjarnsholt T, Tolker-Nielsen T, Høiby N, Givskov M. Interference 
of Pseudomonas aeruginosa signalling and biofilm formation for 

infection control. Expert Rev Mol Med 2010; 12: e11.  
[15] Huber B, Riedel K, Hentzer M, et al. The cep quorum-sensing 

system of Burkholderia cepacia H111 controls biofilm formation 
and swarming motility. Microbiology 2001; 147: 2517-28. 

[16] Tomlin KL, Malott RJ, Ramage G, Storey DG, Sokol PA, Ceri H. 
Quorum-sensing mutations affect attachment and stability of Burk-

holderia cenocepacia biofilms. Appl Environ Microbiol 2005; 71: 
5208-18. 

[17] Udine C, Brackman G, Bazzini S, et al. Phenotypic and genotypic 
characterisation of Burkholderia cenocepacia J2315 mutants af-

fected in homoserine lactone and diffusible signal factor-based 
quorum sensing systems suggests interplay between both types of 

systems. PLoS One 2013; 8(1): e55112. 
[18] McCarthy Y, Yang L, Twomey KB, et al. A sensor kinase recog-

nizing the cell-cell signal BDSF (cis-2-dodecenoic acid) regulates 
virulence in Burkholderia cenocepacia. Mol Microbiol 2010; 77: 

1220-36. 
[19] Ahmed NA, Petersen FC, Scheie AA. AI-2/LuxS is involved in 

increased biofilm formation by Streptococcus intermedius in the 
presence of antibiotics. Antimicrob Agents Chemother 2009; 

53(10): 4258-63.  
[20] Novick RP, Geisinger E. Quorum sensing in staphylococci. Ann 

Rev Genetics 2008; 42: 541-64. 
[21] Zhao L, Xue T, Shang F, Sun H, Sun B. Staphylococcus aureus AI-

2 quorum sensing associates with the KdpDE two-component sys-
tem to regulate capsular polysaccharide synthesis and virulence. In-

fect Immun 2010; 78: 3506-15. 
[22] Hentzer M, Givskov M. Pharmacological inhibition of quorum 

sensing for the treatment of chronic bacterial infections. J Clin In-
vest 2003; 112: 1300-7. 

[22] Lynch MJ, Swift S, Kirke DF, Keevil CW, Dodd CE, Williams P. 
The regulation of biofilm development by quorum sensing in 

Aeromonas hydrophila. Environ Microbiol 2002; 4(1): 18-28. 
[24] Parsek MR, Val DL, Hanzelka BL, Cronan JE Jr, Greenberg EP. 

Acyl homoserine-lactone quorum-sensing signal generation. Proc 
Natl Acad Sci USA 1999; 96: 4360-5. 

[25] Hanzelka BL, Greenberg EP. Quorum sensing in Vibrio fischeri: 
evidence that S-adenosylmethionine is the amino acid substrate for 

autoinducer synthesis. J Bacteriol 1996; 178: 5291-4. 
[26] Favre-Bonté S, Köhler T, Van Delden C. Biofilm formation by 

Pseudomonas aeruginosa: role of the C4-HSL cell-to-cell signal 
and inhibition by azithromycin. J Antimicrob Chemother 2003; 

52(4): 598-604.  
[27] Hoffmann N, Lee B, Hentzer M, et al. Azithromycin blocks quo-

rum sensing and alginate polymer formation and increases the sen-
sitivity to serum and stationary-growth-phase killing of Pseudo-

monas aeruginosa and attenuates chronic P. aeruginosa lung infec-
tion in Cftr(-/-) mice. Antimicrob Agents Chemother 2007; 51(10): 

3677-87. 
[28] Zhao G, Wan W, Mansouri S, et al. Chemical synthesis of S-

ribosyl-L-homocysteine and activity assay as a LuxS substrate. 
Bioorganic Med Chem Letters 2003; 13: 3897-900. 

[29] Alfaro JF, Zhang T, Wynn DP, Karschner EL, Zhou ZS. Synthesis 

of LuxS inhibitors targeting bacterial cell-cell communication. Or-
ganic Letters 2004; 6: 3043-6. 

[30] Shen G, Rajan R, Zhu J, Bell CE, Pei D. Design and synthesis of 
substrate and intermediate analogue inhibitors of S-

ribosylhomocysteinase. J Med Chem 2006; 49: 3003-11 
[31] Han X, Lu C. Biological activity and identification of a peptide 

inhibitor of LuxS from Streptococcus suis serotype 2. FEMS Mi-
crobiol Letters 2009; 294: 16-23. 

[32] Zhang M, Jiao XD, Hu YH, Sun L. Attenuation of Edwardsiella 
tarda virulence by small peptides that interfere with 

LuxS/autoinducer type 2 quorum sensing. Appl Environmental Mi-
crobiol 2009; 75: 3882-90. 

[33] Lee JE, Singh V, Evans GB, et al. Structural rationale for the affin-
ity of pico- and femtomolar transition state analogues of Es-

cherichia coli 5 -methylthioadenosine/S-adenosylhomocysteine nu-
cleosidase. JBiological Chem 2005; 280: 18274-82. 

[34] Gutierrez JA, Crowder T, Rinaldo-Matthis A, Ho MC, Almo SC, 
Schramm VL. Transition state analogs of 5 -methylthioadenosine 

nucleosidase disrupt quorum sensing. Nat Chem Biol 2009; 5: 251-
7. 

[35] Longshaw AI, Adanitsch F, Gutierrez JA, Evans GB, Tyler PC, 
Schramm VL. Design and synthesis of potent “sulfur-free” transi-

tion state analogue inhibitors of 5 -methylthioadenosine nucleosi-
dase and 5 -methylthioadenosine phosphorylase. J Med Chem 

2010; 53: 6730-46. 
[36] Buzder-Lantos P, Bockstael K, Anné J, Herdewijn P. Substrate 

based peptide aldehyde inhibits bacterial type I signal peptidase. 
Bioorganic Med Chem Letters 2009; 19: 2880-3. 

[37] Kavanaugh JS, Thoendel M, Horswill AR. A role for type I signal 
peptidase in Staphylococcus aureus quorum sensing. Mole Micro-

biol 2007; 65: 780-98. 
[38] Uroz S, Dessaux Y, Oger P. Quorum sensing and quorum quench-

ing: the yin and yang of bacterial communication. Chem Bio Chem 
2009; 10: 205-16. 

[39] Dong YH, Xu JL, Li XZ, Zhang LH. AiiA, an enzyme that inacti-
vates the acylhomoserine lactone quorum-sensing signal and at-

tenuates the virulence of Erwinia carotovora. Proc Natl Acad Sci 
USA 2000; 97: 3526-31. 

[40] Zhang RG, Pappas T, Brace JL, et al. Structure of a bacterial quo-
rum-sensing transcription factor complexed with pheromone and 

DNA. Nature 2002; 417: 971-4. 
[41] Carlier A, Uroz S, Smadja B, et al.The Ti plasmid of Agrobacte-

rium tumefaciens harbors an attM-paralogous gene, aiiB, also en-
coding N-acyl homoserine lactonase activity. Appl Environmental 

Microbiol 2003; 69: 4989-93. 
[42] Christiaen SE, Brackman G, Nelis HJ, Coenye T. Isolation and 

identification of quorum quenching bacteria from environmental 
samples. J Microbiol Methods 2011; 87(2): 213-9. 

[43] Park SY, Lee SJ, Oh TK, et al. AhlD, an N-acylhomoserine lacto-
nase in Arthrobacter sp., and predicted homologues in other bacte-

ria. Microbiology 2003; 149: 1541-50. 
[44] Uroz S, Heinonsalo J. Degradation of N-acyl homoserine lactone 

quorum sensing signal molecules by forest root-associated fungi. 
FEMS Microbiological Ecol 2008; 65: 271-8. 

[45] Götz C, Fekete A, Gebefuegi I, et al. Uptake, degradation and 
chiral discrimination of N-acyl-D/L-homoserine lactones by barley 

(Hordeum vulgare) and yam bean (Pachyrhizus erosus) plants. 
Analytical Bioanalytical Chem 2007; 389: 1447-57. 

[46] Delalande L, Faure D, Raffoux A. et al. N-hexanoyl-L-homoserine 
lactone, a mediator of bacterial quorum-sensing regulation, exhibits 

plant-dependent stability and may be inactivated by germinating 
Lotus corniculatus seedlings. FEMS Microbiology Ecol 2005; 52: 

13-20. 
[47] Chun CK, Ozer EA, Welsh MJ, Zabner J, Greenberg EP. Inactiva-

tion of a Pseudomonas aeruginosa quorum-sensing signal by hu-
man airway epithelia. Proc Natl Acad Sci USA 2004; 101: 3587-

90. 
[48] Yang F, Wang LH, Wang J, Dong YH, Hu JY, Zhang LH. Quorum 

quenching enzyme activity is widely conserved in the sera of 
mammalian species. FEBS Letters 2005; 579: 3713-7. 

[49] Teiber JF, Horke S, Haines DC, et al. Dominant role of par-
aoxonases in inactivation of the Pseudomonas aeruginosa quorum-

sensing signal N-(3-oxododecanoyl)-L-homoserine lactone. Infec-
tion Immunity 2008; 76, 2512-9. 



6    Current Pharmaceutical Design, 2015, Vol. 21, No. 00 Brackman and Coenye 

[50] Schipper C, Hornung C, Bijtenhoorn P, Quitschau M, Grond S, 

Streit WR. Metagenome-derived clones encoding two novel lacto-
nase family proteins involved in biofilm inhibition in Pseudomonas 

aeruginosa. Appl Environ Microbiol 2009; 75(1): 224-33.  
[51] Reimmann C, Ginet N, Michel L, et al. Genetically programmed 

autoinducer destruction reduces virulence gene expression and 
swarming motility in Pseudomonas aeruginosa PAO1. Microbio-

logy 2002; 148(4): 923-32. 
[52] Nadal Jimenez P, Koch G, Papaioannou E, et al. Role of PvdQ in 

Pseudomonas aeruginosa virulence under iron-limiting conditions. 
Microbiology 2010; 156(1): 49-59. 

[53] Park J, Jagasia R, Kaufmann GF, et al. Infection control by anti-
body disruption of bacterial quorum sensing signalling. Chem Biol 

2007; 14: 1119-27. 
[54] Chan A, Lam G, Lee G, Lowe C, Yip V. Effects of Antibody In-

duced Localized Cell Crowding on Autoinducer-2 Levels in Sal-
monella typhimurium LT2. J Exp Microbiol Immunol 2004; 5: 29-

36 
[55] Schaefer AL, Hanzelka BL, Eberhard A, Greenberg EP. Quorum 

sensing in Vibrio fischeri: probing autoinducer-LuxR interactions 
with autoinducer analogs. J Bacteriol 1996; 178: 2897-901. 

[56] Reverchon S, Chantegrel B, Deshayes C, Doutheau A, Cotte-Pattat 
N. New synthetic analogues of N-acyl homoserine lactones as ago-

nists or antagonists of transcriptional regulators involved in bacte-
rial quorum sensing. Bioorganic Med Chem Letters 2002; 12: 

1153-7. 
[57] Geske GD, Mattmann ME, Blackwell HE. Evaluation of a focused 

library of N-aryl L-homoserine lactones reveals a new set of potent 
quorum sensing modulators. Bioorganic Med Chem Letters 2008; 

18: 5978-81. 
[58] Geske GD, O’Neill JC, Miller DM, Mattmann ME, Blackwell HE. 

Modulation of bacterial quorum sensing with synthetic ligands: 
systematic evaluation of N-acylated homoserine lactones in multi-

ple species and new insights into their mechanisms of action. J Am 
Chem Soc 2007; 129: 13613-25. 

[59] Passador L, Tucker KD, Guertin KR, Journet MP, Kende AS, 
Iglewski BH. Functional analysis of the Pseudomonas aeruginosa 

autoinducer PAI. J Bacteriol 1996; 178: 5995-6000. 
[60] Ni N, Li M, Wang J, Wang B. Inhibitors and antagonists of bacte-

rial quorum sensing. Med Res Rev 2009; 29: 65-124. 
[61] Boukraa M, Sabbah M, Soulère L, El Efrit ML, Queneau Y, 

Doutheau A. AHL-dependent quorum sensing inhibition: synthesis 
and biological evaluation of -(N-alkyl-carboxamide)- -butyro-

lactones and -(N-alkyl-sulfonamide)- -butyrolactones. Bioorg 
Med Chem Lett 2011; 21(22): 6876-9.  

[62] Castang S, Chantegrel B, Deshayes C, et al. N-Sulfonyl homoser-
ine lactones as antagonists of bacterial quorum sensing. Bioorganic 

Med Chem Letters 2004; 14: 5145-9. 
[63] Brackman G, Risseeuw M, Celen S, et al. Synthesis and evaluation 

of the quorum sensing inhibitory effect of substituted triazolyldihy-
drofuranones. Bioorg Med Chem 2012; 20(15): 4737-43. 

[64] Morohoshi T, Shiono T, Takidouchi K, et al. Inhibition of quorum 
sensing in Serratia marcescens AS-1 by synthetic analogs of N-

acylhomoserine lactone. Appl Environmental Microbiol 2007; 73: 
6339-44. 

[65] Ishida T, Ikeda T, Takiguchi N, Kuroda A, Ohtake H, Kato J. Inhi-
bition of quorum sensing in Pseudomonas aeruginosa by N-acyl 

cyclopentylamides. Appl Environmental Microbiol 2007; 73: 3183-
8. 

[66] Geske GD, Wezeman RJ, Siegel AP, Blackwell HE. Small mole-
cule inhibitors of bacterial quorum sensing and biofilm formation. J 

Am Chem Soc 2005; 127: 12762-3. 
[67] Girennavar B, Cepeda ML, Soni KA, et al. Grapefruit juice and its 

furocoumarins inhibits autoinducer signaling and biofilm formation 
in bacteria. Int J Food Microbiol 2008; 125(2): 204-8.  

[68] Adonizio A, Kong KF, Mathee K. Inhibition of quorum sensing-
controlled virulence factor production in Pseudomonas aeruginosa 

by South Florida plant extracts. Antimicrobial Agents Chemother-
apy 2008; 52: 198-203. 

[69] Rasmussen TB, Bjarnsholt T, Skindersoe ME, et al. Screening for 
quorum-sensing inhibitors (QSI) by use of a novel genetic system, 

the QSI selector. J Bacteriol 2005; 187: 1799-814. 
[70] Bjarnsholt T, Jensen PØ, Rasmussen TB, et al. Garlic blocks quo-

rum sensing and promotes rapid clearing of pulmonary Pseudo-
monas aeruginosa infections. Microbiology 2005; 151(12): 3873-

80. 

[71] Jakobsen TH, van Gennip M, Phipps RK, et al. Ajoene, a sulfur-

rich molecule from garlic, inhibits genes controlled by quorum 
sensing. Antimicrob Agents Chemother 2012; 56(5): 2314-25.  

[72] Huber B, Eberl L, Feucht W, Polster J. Influence of polyphenols on 
bacterial biofilm formation and quorum-sensing. Z Naturforsch [C]

 2003; 58: 879-84.  
[73] Brackman G, Hillaert U, Van Calenbergh S, Nelis HJ, Coenye T. 

Use of quorum sensing inhibitors to interfere with biofilm forma-
tion and development in Burkholderia multivorans and Burk-

holderia cenocepacia. Res Microbiol 2009; 160: 144-51. 
[74] Brackman G, Cos P, Maes L, Nelis HJ, Coenye T. Quorum sensing 

inhibitors increase the susceptibility of bacterial biofilms to antibi-
otics in vitro and in vivo. Antimicrob Agents Chemother 2011; 

55(6): 2655-61. 
[75] Ni N, Choudhary G, Li M, Wang B. Pyrogallol and its analogs can 

antagonize bacterial quorum sensing in Vibrio harveyi. Bioorganic 
Med Chem Letters 2008; 18: 1567-72. 

[76] Peng H, Cheng Y, Ni N, et al. Synthesis and evaluation of new 
antagonists of bacterial quorum sensing in Vibrio harveyi. Chem 

Med Chem 2009; 4: 1457-68. 
[77] Lowery CA, McKenzie KM, Qi L, Meijler MM, Janda KD. Quo-

rum sensing in Vibrio harveyi: probing the specificity of the LuxP 
binding site. Bioorganic Med Chem Letters 2005; 15: 2395-8 

[78] Lowery CA, Abe T, Park J, et al. Revisiting AI-2 quorum sensing 
inhibitors: direct comparison of alkyl-DPD analogues and a natural 

product fimbrolide. J Am Chem Soc 2009; 131: 15584-5. 
[79] Frezza M, Castang S, Estephane J, et al. Synthesis and biological 

evaluation of homoserine lactone derived ureas as antagonists of 
bacterial quorum sensing. Bioorganic Med Chem 2006; 14: 4781-

91. 
[80] Frezza M, Soulère L, Balestrino D, et al. Ac2-DPD, the bis-(O)-

acetylated derivative of 4, 5-dihydroxy-2, 3-pentanedione (DPD) is 
a convenient stable precursor of bacterial quorum sensing autoin-

ducer AI-2. Bioorganic Med Chem Letters 2007; 17: 1428-31. 
[81] Aharoni R, Bronstheyn M, Jabbour A, Zaks B, Srebnik M, Stein-

berg D. Oxazaborolidine derivatives inducing autoinducer-2 signal 
transduction in Vibrio harveyi. Bioorganic Med Chem 2008; 16: 

1596-604. 
[82] Brackman G, Al Quntar AA, Enk CD, et al. Synthesis and evalua-

tion of thiazolidinedione and dioxazaborocane analogues as inhibi-
tors of AI-2 quorum sensing in Vibrio harveyi. Bioorg Med Chem 

2013; 21(3): 660-7.  
[83] Roy V, Meyer MT, Smith JA, et al. AI-2 analogs and antibiotics: a 

synergistic approach to reduce bacterial biofilms. Appl Microbiol 
Biotechnol 2013; 97(6): 2627-38. 

[84] Ren D, Zuo R, González Barrios AF, et al. Differential gene ex-
pression for investigation of Escherichia coli biofilm inhibition by 

plant extract ursolic acid. Appl Environmental Microbiol 2005; 71: 
4022-34. 

[85] Brackman G, Celen S, Baruah K, et al. AI-2 quorum-sensing in-
hibitors affect the starvation response and reduce virulence in sev-

eral Vibrio species, most likely by interfering with LuxPQ. Micro-
biology 2009; 155: 4114-22. 

[86] George EA, Novick RP, Muir TW. Cyclic peptide inhibitors of 
staphylococcal virulence prepared by Fmoc-based thiolactone pep-

tide synthesis. J Am Chem Soc 2008; 130: 4914-24. 
[87] Scott RJ, Lian LY, Muharram SH, et al. Side-chain-to-tail thiolac-

tone peptide inhibitors of the staphylococcal quorum-sensing sys-
tem. Bioorganic Med Chem Letters 2003; 13: 2449-53. 

[88] Mansson M, Nielsen A, Kjærulff L, et al. Inhibition of virulence 
gene expression in Staphylococcus aureus by novel depsipeptides 

from a marine photobacterium. Mar Drugs 2011; 9(12): 2537-52. 
[89] Li J, Wang W, Xu SX, Magarvey NA, McCormick JK. Lactobacil-

lus reuteri-produced cyclic dipeptides quench agr-mediated expres-
sion of toxic shock syndrome toxin-1 in staphylococci. Proc Natl 

Acad Sci USA 2011; 108(8): 3360-5.  
[90] Kiran MD, Adikesavan NV, Cirioni O, et al. Discovery of a quo-

rum sensing inhibitor of drug-resistant staphylococcal infections by 
structure-based virtual screening. Mole Pharmacol 2008; 73, 1578-

86. 
[91] Cirioni O, Mocchegiani F, Cacciatore I, et al. Quorum sensing 

inhibitor FS3-coated vascular graft enhances daptomycin efficacy 
in a rat model of staphylococcal infection. Peptides 2013; 40: 77-

81. 
[92] Balaban N, Stoodley P, Fux CA, Wilson S, Costerton JW, 

Dell’Acqua G. Prevention of staphylococcal biofilm-associated in-



Quorum Sensing Inhibitors as Anti-Biofilm Agents Current Pharmaceutical Design, 2015, Vol. 21, No. 00    7 

fections by the quorum sensing inhibitor RIP. Clin Orthopaedics 

Related Res 2005; 437, 48-54. 
[93] de Nys R, Givskov M, Kumar N, Kjelleberg S, Steinberg PD. 

Furanones. Prog Mol Subcell Biol 2006; 42: 55-86. 
[94] Arfan M, Shaaban KA, Schüffler A, Laatsch H. Furanone deriva-

tives from terrestrial Streptomyces spp. Nat Prod Commun 2012; 
7(9): 1199-202. 

[95] Janssens JC, Steenackers H, Robijns S, et al. Brominated furanones 
inhibit biofilm formation by Salmonella enterica serovar Typhi-

murium. Appl Environmental Microbiol 2008; 74: 6639-48. 
[96] Lönn-Stensrud J, Landin MA, Benneche T, Petersen FC, Scheie 

AA. Furanones, potential agents for preventing Staphylococcus 
epidermidis biofilm infections? J Antimicrobial Chemotherapy 

2009; 63: 309-16. 
[97] Ren D, Bedzyk LA, Ye RW, Thomas SM, Wood TK. Differential 

gene expression shows natural brominated furanones interfere with 
the autoinducer-2 bacterial signalling system of Escherichia coli. 

Biotechnol Bioengineering 2004; 88: 630-42. 
[98] Hjelmgaard T, Persson T, Rasmussen TB, Givskov M, Nielsen J. 

Synthesis of furanone-based natural product analogues with quo-
rum sensing antagonist activity. Bioorganic Med Chem 2003; 11: 

3261-71. 
[99] Estephane J, Dauvergne J, Soulère L, Reverchon S, Queneau Y, 

Doutheau A. N-Acyl-3-amino-5H-furanone derivatives as new in-
hibitors of LuxR-dependent quorum sensing: synthesis, biological 

evaluation and binding mode study. Bioorganic Med Chem Letters 
2008; 18: 4321-4. 

[100] Brackman G, Defoirdt T, Miyamoto C, et al. Cinnamaldehyde and 
cinnamaldehyde derivatives reduce virulence in Vibrio spp. by de-

creasing the DNA-binding activity of the quorum sensing response 
regulator LuxR. BMC Microbiol 2008; 8: 149. 

[101] Brackman G, Celen S, Hillaert U, et al. Structure-activity relation-
ship of cinnamaldehyde analogs as inhibitors of AI-2 based quorum 

sensing and their effect on virulence of Vibrio spp. PloS One 2011; 
6: e16084. 

[102] Niu C, Afre S, Gilbert ES. Subinhibitory concentrations of cin-
namaldehyde interfere with quorum sensing. Letters Appl Micro-

biol 2006; 43: 489-94. 

[103] Defoirdt T, Miyamoto CM, Wood TK, et al. The natural furanone 

(5Z)-4-bromo-5-(bromomethylene)-3-butyl-2(5H)-furanone dis-
rupts quorum sensing-regulated gene expression in Vibrio harveyi 

by decreasing the DNA-binding activity of the transcriptional regu-
lator protein luxR. Environmental Microbiol 2007; 9: 2486-2495. 

[104] Manefield M, de Nys R, Kumar N, et al. Evidence that halogenated 
furanones from Delisea pulchra inhibit acylated homoserine lactone 

(AHL)-mediated gene expression by displacing the AHL signal 
from its receptor protein. Microbiology 1999; 145(2): 283-91. 

[105] Manefield M, Rasmussen TB, Henzter, M, et al. Halogenated fura-
nones inhibit quorum sensing through accelerated LuxR turnover. 

Microbiology 2002; 148: 1119-27. 
[106] Kuehl R, Al-Bataineh S, Gordon O, et al. Furanone at subinhibitory 

concentrations enhances staphylococcal biofilm formation by luxS 
repression. Antimicrobial Agents Chemotherap 2009; 53: 4159-66 

[107] Ren D, Sims JJ, Wood TK. Inhibition of biofilm formation and 
swarming of Bacillus subtilis by (5Z)-4-bromo-5-(bromo-

methylene)-3-butyl-2(5H)-furanone. Letters Appl Microbiol 2002; 
34: 293-9. 

[108] He Z, Wang Q, Hu Y, et al. Use of the quorum sensing inhibitor 
furanone C-30 to interfere with biofilm formation by Streptococcus 

mutans and its luxS mutant strain. Int J Antimicrob Agents 2012; 
40(1): 30-5. 

[109] Hume EB, Baveja J, Muir B, et al. The control of Staphylococcus 
epidermidis biofilm formation and in vivo infection rates by cova-

lently bound furanones. Biomaterials 2004; 25(20): 5023-30. 
[110] Niu C, Gilbert ES. Colorometric method for indentifying plant 

essential oil components that affect biofilm formation and struc-
ture. Appl Environ Microbiol 2004; 70: 6951-6. 

[111] Christensen LD, van Gennip M, Jakobsen TH, et al. Synergistic 
antibacterial efficacy of early combination treatment with tobramy-

cin and quorum-sensing inhibitors against Pseudomonas aerugi-
nosa in an intraperitoneal foreign-body infection mouse model. J 

Antimicrob Chemother 2012; 67(5): 1198-206.  
[112] Han Y, Hou S, Simon KA, Ren D, Luk YY. Identifying the impor-

tant structural elements of brominated furanones for inhibiting 
biofilm formation by Escherichia coli. Bioorganic Med Chem Let-

ters 2008; 18: 1006-1010. 
 

  

Received: March 10, 2014        Accepted: August 27, 2014 


