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Synthesis of a new diarylhydrazone derivative 
and an evaluation of its in vitro biofilm inhibition 
and quorum sensing disruption along with a 
molecular docking study

Sameh Boudiba1, Alfred Ngenge Tamfu2,3,4 , Karima Hanini5, 
Ilhem Selatnia6, Louiza Boudiba1, Ibtissam Saouli1,7, Paul Mosset8, 
Ozgur Ceylan3, Daniel Ayuk Mbi Egbe9,10, Assia Sid5 and  
Rodica Mihaela Dinica4

Abstract
Molecules that target quorum sensing and biofilm inhibition are useful antimicrobials. In this regard, a new diarylhydrazone 
was synthesized and characterized using infrared, high-resolution mass spectrometry and nuclear magnetic resonance 
experiments as N-[(E)-4-bromo-2,5-diheptyloxybenzylideneamino]-2,4-dinitroaniline (BHBANA). Minimal inhibitory 
concentrations (MICs) vary from 0.625 to 2.5 mg mL−1. This compound was screened in vitro for its inhibition of 
quorum sensing–mediated violacein production by Chromobacterium violaceum CV12472 at MIC and sub-MIC and 
showed percentage inhibition varying from 100% at MIC to 5.7% ± 0.2% at MIC/32. Against Chromobacterium violaceum 
CV026, BHBANA exhibited anti-quorum-sensing zone diameters of 10.5 ± 0.3 mm and 7.0 ± 0.1 mm at MIC and MIC/2, 
respectively. BHBANA shows concentration-dependent inhibition of swarming motility on flagellated Pseudomonas 
aeruginosa PA01 with the highest % inhibition of 28.30% ± 0.50% μg mL−1 at MIC. The product inhibits biofilm formation, 
with the best biofilm inhibition being observed against Staphylococcus aureus varying from 72.24% ± 0.86% (MIC) to 
09.82% ± 0.10% (MIC/8). Molecular docking studies carried out utilizing the Schrodinger software identified interactions 
between BHBANA and different receptor compartments of Chromobacterium violaceum, which can block pathogenic 
gene expression. The results suggest the potential of BHBANA in reducing microbial virulence.
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Introduction

Aryl hydrazones represent an important class of compounds 
for heterocyclic synthesis such as indoles and pyrazoles.1,2 
These molecules have several applications in biology, 
organic/inorganic, and analytical chemistry3,4 and can act 
as antidepressants, anti-inflammatory, antimicrobial, anti-
malarial, antitumor, antioxidant, and antifungal agents.4–7 
Drugs such as nitrofurazone, furazolidone, and nitrofuran-
toin bear either hydrazide or hydrazone functions and com-
pounds of this nature are known to possess various 
biological activities.8 Hydrazones are therefore attractive as 
synthetic compounds with biological activities, and some 
hydrazone-based drugs such as dihydralazine, mitogua-
zone, nifuroxazide, and ferimzone show clear evidence of 
bioactive relevance.9 The structures of the hydrazone-based 
drugs mentioned here are given in Figure 1.

Resistance to antibiotics by pathogenic bacteria occurs 
when bacteria acquire the ability to overcome the effects of 
antibiotics that were used previously to inhibit them.10,11 
Antimicrobial resistance is an emerging worldwide health 
challenge, causing morbidities and mortalities even in hos-
pital settings. Despite the development of conventional 
antimicrobials as solutions, there is a multidrug-resistant 
pattern in Gram-positive and Gram-negative bacteria, as 
well as in fungi, resulting in difficult-to-treat or even 
untreatable infections.10,12–14 Millions of people suffer 
from microbial infections, some of which are caused by 
resistant strains, accounting for millions of deaths world-
wide each year.15 Bacterial biofilms are responsible for 
approximately 80% of severe and recurrent microbial 
infections in humans, and microbial cells living within 
biofilms maybe 10–1000 times more resistant to antibiot-
ics than their planktonic counterparts.16 Microbial patho-
gens can evolve and develop resistance, usually aided by 
quorum sensing (QS)-mediated virulence factors and bio-
film formation, and this requires a multidisciplinary 
approach involving antimicrobial molecules of synthetic 
and natural origin that can act on the pathogens by various 

mechanisms involving biofilms and QS.11,17,18 Bacterial 
biofilms are aggregates of bacterial cells attached to a sur-
face and coated with a polymeric layer.19–21 They protect 
bacteria and allow them to survive in harsh environmental 
conditions.22,23 They can resist immune response of the 
host and are much more resistant to antibiotics and disin-
fectants.24,25 Bacteria in the biofilm are less sensitive to 
antibiotics and can be very resistant because of the poly-
meric layer, which forms a barrier, reducing or preventing 
the diffusion of antimicrobials.26,27 The dissemination of 
antibiotic resistance is usually accompanied by genetic 
changes including genetic mutations, genetic transfer of 
resistance genes through plasmids, and mutations of target 
genes.28 There are different strategies for inhibiting bio-
film formation, such as inhibition of formation of the poly-
meric layer or its degradation, prevention of the initial 
microorganism adhesion, prevention of microbial growth, 
or the interruption of communication between bacterial 
cells (quorum sensing).24,29–31 The search for more effec-
tive and safer antibiotic alternatives, whether herbal or 
synthetic, as well as new therapeutic and nonpathogenic 
agents that might act as nontoxic inhibitors of QS, is 
increasing.31–35 Therefore, there is an urgent need to 
develop new therapies that can treat bacterial infections 
and overcome the emergence of drug-resistant strains and 
disrupt bacterial cell-to-cell communication, known as 
quorum sensing, and eliminate biofilm formation.36

This study presents the synthesis and characterization 
of a new diarylhydrazone derivative and the evaluation 
of its effects on microbial biofilms and quorum sensing. 
To understand, determine, and visualize the most likely 
interaction of the hydrazone with the protein as a QS 
inhibitor and the Chromobacterium violaceum receptor 
protein, molecular docking studies have been carried 
out. To this end, the binding affinities, orientation, and 
binding modes of the docked ligands at the protein recep-
tor active site are predicted using the docking score and 
hydrogen bonds made with the amino acids forming the 
target protein.27–38
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Results and discussion

Chemical synthesis and characterization

The new diarylhydrazone 6 was successfully synthesized in 
good yields from 2,4-dinitrophenylhydrazine 5 and an aro-
matic aldehyde 4 according to literature.39–42 The reaction 
pathway is shown on Scheme 1 and the spectral data 
HRMS, IR, 1H NMR, 13C NMR, and 2D NMR are used for 
the structural elucidation. All spectra are provided in the 
Supporting Information.

Violacein inhibition and anti-quorum sensing 
activity of BHBANA

The molecule responsible for a pigment called violacein is 
a derivative of an indole that results from the condensation 
of two molecules of tryptophan, and it has numerous bio-
logical activities.43 C. violaceum, while growing, produces 
a violet coloration through a quorum sensing–mediated 
process, and violacein plays an antioxidant role, protecting 
the bacterial membrane from oxidative damage.44 
BHBANA (6) exhibits a minimal inhibitory concentration 
(MIC) value of 1.25 mg mL−1 against C. violaceum 
CV12472, as shown in Table 1. Before the evaluation of 
violacein inhibition on C. violaceum CV12472, the MIC 
value of compound 6 was determined so that the violacein 
inhibition could be evaluated at concentrations lower than 
the MIC value. This is to exert selective pressure on the 
microbe at low concentration, allowing it to display quo-
rum sensing processes. Compound 6 was able to inhibit 
violacein production at 100% at the MIC concentration, and 
this inhibition was reduced in a concentration-dependent 
manner to 5.7% ± 0.2% at MIC/32. It had a MIC value of 
0.625 mg mL−1 toward C. violaceum CV026, and its effect 

on quorum sensing through signal reception from an exter-
nal AHL (acyl-homoserine lactone) was evaluated at MIC 
and sub-MIC concentrations. Compound 6 showed quorum 
sensing inhibition zones of 10.5 ± 0.3 mm at MIC and 07.0 
± 0.1 mm at MIC/2. Violacein is a secondary metabolite 
that is produced by bacteria as a signal molecule that pro-
tects them from external hazards and environmental stress 
and also functions as an antibiotic against other microbes.45,46 
The ability of the compound to inhibit violacein produc-
tion, which is a signal molecule, indicates the potential for 
quorum sensing inhibition through the inhibition of signal 
molecule production. The use of a violacein production 
strain in this assay is suitable and reliable since violacein is 
easily measurable and quantifiable, and it is an important 
marker trait that permits the bacterium to be used in quo-
rum sensing research.47 The biomarker strain C. violaceum 
CV026 does not produce violacein while growing unless an 
AHL is supplied to it externally, and therefore, if it fails to 
produce violacein after the supply of AHL, then it is sug-
gested that the bacterial cells do not receive the AHL signal 
molecule. The quorum sensing inhibition zones correspond 
to a cream-colored or brown halo or circle around the wells 
and are measured in millimeters.31,33,44 Bacterial cells failed 
to receive signal molecules representing the QS inhibition 
zone within this area. Quorum sensing involves the process 
by which bacteria regulate virulence factors and genes 
through a cell-to-cell communication network aided by the 
production, diffusion, and reception of produced signal 
molecules and auto-inducers.48–50 QS is involved in the pro-
duction of biofilms and the regulation of swarming move-
ments in bacteria, and it can contribute to the development 
of resistance to antibiotics. Inhibition of QS is therefore 
very beneficial. Bacterial virulence and the establishment 
of biofilms are among the key processes that are mediated 
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by QS, and therefore, inhibiting QS is a suitable solution 
to mitigating the rise in biofouling, surface attacks, and 
microbial resistance.51

Antimicrobial activity of BHBANA

The antimicrobial activity of BHBANA (6) was evaluated 
against a range of human pathogenic microbes. The test 
organisms consisted of three Gram-positive bacteria, two 
Gram-negative bacteria, and two fungal yeasts, and the 
concentration at which no visible microbial growth was 
observed is recorded as the MIC value (Table 2). For Gram-
positive bacteria, the MIC values were 1.25 and 0.625 
mg mL−1 for Staphylococcus aureus and Enterococcus 
faecalis, respectively. For Gram-negative bacteria, the MIC 
values were 2.5 mg mL−1 for both Escherichia coli and 

Pseudomonas aeruginosa. The two yeasts, Candida albi-
cans and Candida tropicalis, had the same susceptibility to 
the test compound, with MIC values of 0.625 mg mL−1. 
Therefore, compound 6 demonstrates its best antimicrobial 
activity against E. faecalis, C. albicans, and C. tropicalis 
and inferior antimicrobial activity against the S. aureus, E. 
coli, and P. aeruginosa. BHBANA shows potential antimi-
crobial activity against a range of microbes and represents 
a potential starting material or scaffold for antibiotic drug 
development. Since antibiotics usually fall out of use due to 
the emergence of resistance developed by pathogens toward 
them, it is necessary to continuously furnish new antimi-
crobial substances from natural and synthetic sources to 
provide different forms of interaction against the pathogens 
and to wipe them out. The rising public health problem 
caused by antibiotic resistance and the emergence of novel 
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Table 1. Quorum sensing inhibitory effects of BHBANA.

MIC (mg mL−1) MIC MIC/2 MIC/4 MIC/8 MIC/16 MIC/32

Violacein inhibition (%) against C. violaceum CV12472
1.25 100 ± 0.0 85.9 ± 1.5 48.6 ± 1.0 29.5 ± 1.3 17.8 ± 0.7 5.7 ± 0.2
QS inhibition zones (diameter in mm) against C. violaceum CV026
0.625 10.5 ± 0.3 7.0 ± 0.1 – – NT NT
Swarming motility inhibition against P. aeruginosa PA01
2.50 45.7 ± 1.1 27.5 ± 0.6 14.4 ± 0.5 NT NT NT

BHBANA: N-[(E)-4-bromo-2,5-diheptyloxybenzylideneamino]-2,4-dinitroaniline; MIC: minimal inhibitory concentration; QS: quorum sensing; –: no 
inhibition; NT: not tested.
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bacterial pathogen strains necessitate an influx of new anti-
microbial substances from natural products and by chemi-
cal synthesis to ameliorate infection treatment with greater 
efficacy.52 Chemically synthesized antimicrobials have the 
added advantage of being able to modify their structures to 
improve their activity and they can be industrially synthe-
sized and commercialized to meet the demands of the large 
global population. The search for antimicrobial substances 
is long-standing and includes natural, semi-synthetic, and 
synthetic compounds acting as antibacterial agents against 
specific pathogens. It originated from the discovery of pen-
icillin and fusidic acid and extends to the latest contempo-
rary approaches, which evaluate the antimicrobial effects 
of compounds on antibiotic resistance and the virulence 
factors of pathogenic bacteria.53

Anti-biofilm activity of BHBANA

Most pathogens within the host or in the environment are 
capable of undergoing an extracellular encapsulation, mak-
ing them protected from and resistant to antibiotics, and 
their infections become chronic, persistent, and difficult to 
treat. Therefore, the design of new antibiotics capable of 
targeting and disrupting biofilms and also targeting all 
stages of biofilm formation within the drug discovery pro-
cess is a useful strategy.54 Compound 6 exhibited the ability 
to inhibit microbial biofilms in a concentration-dependent 
manner, as shown in Table 2. With the Gram-positive bac-
teria S. aureus, the biofilm inhibition varied from 72.24% 
± 0.86% (MIC) to 9.82% ± 0.1% (MIC/8), while against 

E. faecalis, anti-biofilm activity varied from 49.55% ± 
0.67% (MIC) to 15.69% ± 0.21% (MIC/4), and no inhibi-
tion was observed at MIC/8. Against the Gram-negative 
bacteria, anti-biofilm activity was observed with E. coli at 
MIC 10.25% ± 0.16% and at MIC/2 3.2% ± 0.04% as well 
as with P. aeruginosa at MIC 28.30% ± 0.50% and MIC/2 
12.5% ± 0.14%. No inhibition of biofilm formation was 
observed for the Gram-negative bacteria below MIC/4. For 
the two yeast cells, biofilm inhibitions ranged from 25.83% 
± 0.84% (MIC) to 10.26% ± 0.15% (MIC/2) against C. 
albicans and from 40.15% ± 1.2% (MIC) to 8.73% ± 
0.26% (MIC/4) against C. tropicalis. Overall, the Gram-
positive bacteria biofilms were the most susceptible to 
BHBANA. Biofilms can be established on biotic and abi-
otic surfaces, especially on high-touch surfaces where the 
contamination risk is high, and therefore, synthesized anti-
biotic substances like BHBANA can find applications as an 
encapsulated material in surface coatings on which it can 
help to reduce biofouling and biofilm establishment.55 
Biofilms represent a severe danger in medical devices as 
implants result in biofilm-based nosocomial infections and 
affect implants in patients such as prosthetic catheters, 
heart valves, cardiac pacemakers, dental implants, prosthe-
ses, and contact lenses.56 Biofilm formation is a 
QS-mediated process, and it was observed above that com-
pound 6 could inhibit QS in pathogenic bacteria. However, 
apart from QS inhibitors, other anti-biofilm agents act as 
adhesion inhibitors, efflux pump inhibitors, extracellular 
polymeric substance synthesis inhibitors, and cyclic digua-
nylate inhibitors.57

Table 2. Antimicrobial and anti-biofilm activities of BHBANA.

Microorganism Antimicrobial activity 
MIC (mg mL−1)

Biofilm inhibition (%)

S. aureus 1.25 MIC 72.24 ± 0.86
MIC/2 46.27 ± 0.42
MIC/4 24.30 ± 0.18
MIC/8 9.82 ± 0.10

E. faecalis 0.625 MIC 49.55 ± 0.67
MIC/2 23.41 ± 0.35
MIC/4 15.69 ± 0.21
MIC/8 –

E. coli 2.50 MIC 10.25 ± 0.16
MIC/2 3.2 ± 0.04
MIC/4 –
MIC/8 –

P. aeruginosa 2.50 MIC 28.30 ± 0.50
MIC/2 12.50 ± 0.14
MIC/4 –
MIC/8 –

C. albicans 0.625 MIC 25.83 ± 0.84
MIC/2 10.26 ± 0.15
MIC/4 –
MIC/8 –

C. tropicalis 0.625 MIC 40.15 ± 1.20
MIC/2 23.90 ± 0.43
MIC/4 08.73 ± 0.26
MIC/8 –

BHBANA: N-[(E)-4-bromo-2,5-diheptyloxybenzylideneamino]-2,4-dinitroaniline; MIC: minimal inhibitory concentration; –: no inhibition.
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Swarming motility inhibition in  
P. aeruginosa PA01 by BHBANA

The early stages of biofilm establishment and the disper-
sion of cells from biofilms consist of bacterial cells moving 
toward the surfaces and then colonizing the surfaces 
through different movements or motilities such as swim-
ming, swarming, and twitching.58 Therefore, the inhibition 
of swarming motility could reduce the incidence of biofilm 
formation and surface colonization by bacteria and prevent 
contamination. The ability of compound 6 to reduce swarm-
ing movements in flagellated bacteria (P. aeruginosa PA01) 
was determined at three concentrations, MIC, MIC/2, and 
MIC/4, and concentration-dependent variation was 
observed (Table 1). The inhibition of swarming motility by 
BHBANA was 45.7% ± 1.1% at MIC value, 27.5% ± 
0.6% at MIC/2, and 14.4% ± 0.5% at MIC/4. Swarming is 
a surface-associated movement and behavior that helps in 
the colonization and rapid spread of bacterial communities, 
and in flagellated bacteria such as P. aeruginosa, swarming 
depends on functional flagella and is associated with the 
aid of biosurfactant production.58,59 The opportunistic path-
ogen, P. aeruginosa, can cause various infections in plants 
and animals, including humans, because of the production 
of various virulence factors such as QS-mediated swarm-
ing, swimming, and twitching motilities that facilitate the 
infection process.60,61 The ability of BHBANA to inhibit 
swarming motility, which is a QS-mediated movement and 
an important step in biofilm formation and biofilm disper-
sion, is a good indication that compound 6 has great poten-
tial as a novel class of antibiotic that can inhibit quorum 
sensing, the multiple steps involved in biofilm formation 
and the development of resistance.

The positive effects of compound 6 on swarming motility, 
violacein production, and QS inhibition at low concentrations 
are desirable since this can help to reduce the virulence fac-
tors of the pathogens during infections.62 When antibiotics are 
administered at sub-inhibitory doses, that is, concentrations 
lower than the MIC, the bacteria can easily develop resistance 
to this antibiotic with time by developing biofilms. Therefore, 
new antibiotics that are capable of inhibiting biofilms at MIC 
and sub-MIC concentrations without necessarily killing the 
bacteria are new desired leads for antimicrobial agents. This 
is the major reason why biofilm and anti-quorum sensing 
studies are performed at MIC and sub-MIC concentrations to 
better understand their effects on virulence factors and the 
elimination of microbial resistance.

Molecular docking analysis

Molecular docking contributes to improve the understand-
ing of the interaction between the active sites of CviR and 
the BHBANA. This study targeted C. violaceum ATCC 
12472 using the newly synthesized BHBANA, and FAD 
[ [ ( 2 R , 3 S , 4 R , 5 R ) - 5 - ( 6 - a m i n o p u r i n - 9 - y l ) - 3 , 4 -
dihydroxyoxolan-2-yl]methoxy-hydroxyphosphoryl], 
used as a reference ligand. These interactions are illus-
trated in Figures 2 and 3 and their binding affinities toward 
the target protein are presented as distance and bonding 
parameters of BHBANA and FAD toward the active sites 
of CviR in Table 3.

As can be seen in Figure 2, the active sites of the target 
proteins were the Lys33, Leu40, Tyr192, Arg249, Arg97, 
Thr145, Arg105, and Phe251 amino acid residues, where the 
interactions with BHBANA were concentrated. The 3D ori-
entation (Figure 3) reveals the hydrophobic sites and hydro-
gen bonds of both the BHBANA and FAD molecules. 
Similarities between the results reported in the literature for 
the FAD63 and those for BHBANA are observed as strong 
hydrophobic interactions around Leu40, Val44, Val141, 
Tyr163, Tyr192, Ile202, Phe251, and Phe276. These interac-
tions are attributed to the presence of the heptyl side chain in 
the BHBANA backbone. The results in Table 3 further show 
that the distances, categories, and types of hydrogen bonding 
for the two molecules under study (FAD and BHBANA) are 
convergent, if not similar. It should be noted that BHBANA 
has slightly smaller distances than FAD, which gives the 
protein–ligand complex it forms higher stability and robust-
ness. In addition, hydrogen bonding and salt bridge interac-
tions were detected in the active sites. It should be recalled 
that the interaction through hydrogen bonding is significant 
in inducing QS activity in the CviR protein.64 From the pre-
vious docking visualization, the newly synthesized molecule 
adopts a very similar orientation in the active site to that 
revealed with FAD, which could play an important role in 
overcoming the QS system in C. violaceum (CV12472). It is 
important to point out that the results from the Swiss-ADME 
web server show that the tested BHBANA has a molecular 
weight (MW) of 593.51 g mol−1, which is lower than that of 
the reference molecule (FAD) (785.55 g mol−1), which 
induces better absorption. For this reason, it can be adminis-
tered orally or parenterally, compared with FAD, which is 
only prescribed in injectable form. Furthermore, and because 
LogP is a crucial pharmacokinetic characteristic, the novel 
molecule has a LogP (iLOGP) value of 5.5, which results in 
a better dispersion in lipid and aqueous media than FAD, 
which has a LogP value of 0.5. Hence, even if the free energy 
of binding (ΔG) of BHBANA is higher (−7.697 kcal mol−1) 
compared to a ΔG value of −15.098 kcal mol−1 for FAD. This 
may be a result of the fact that the structure of FAD is more 
complex than that of BHBANA (6), making it to establish 
more hydrogen bond interactions with the amino acids in the 
proteins. Illustratively, six hydrogen bonds are observed with 
FAD (Lys33 with a hydroxyl group, Ash269 and Ala11 with 
the oxygen of the phosphate ion PO4

−, Thr262 with oxygen, 
and Vla45 with oxygen atom, hydrogen atom with Val 45), 
while only two are observed with BHBANA (Ala11 with the 
oxygen of the nitro-group and Arg249 with the heptyloxyl 
oxygen). Considering both parameters cited above (MW and 
LogP), BHBANA is still advantageous for further exploita-
tion and may pave the way to design potent compounds with 
significant QS system inhibition potential toward C. viola-
ceum (CV12472).

Conclusion

In this work, a new diarylhydrazone derivative was success-
fully synthesized in a good yield of 87%, and its structure 
was characterized using mass spectrometry and extensive 
NMR experiments. The newly synthesized hydrazine 
compound, BHBANA (6), was evaluated for its effect on 
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Figure 2. A schematic 2D interaction diagram representing the ligand complexes with the C. violaceum ATCC 12472-protein 
receptor (hydrogen bond, salt bridge, hydrophobic interactions): (a) the complex with FAD and (b) the complex with BHBANA (6).
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microbial virulence factors through antimicrobial, antibio-
film, violacein inhibition, anti-quorum sensing, and swarm-
ing motility inhibitions. Compound 6 shows promising 
inhibition of quorum sensing–mediated violacein production 
in Chromobacterium as well as a concentration-dependent 
inhibition of swarming motility in flagellated P. aeruginosa 
PA01. The molecular interaction analysis established the first 
foundations for understanding the correlation between struc-
ture and anti-quorum sensing activity in this family of 
compounds that constitutes a basis for further structural 
modifications. Nevertheless, the obtained outcomes demon-
strated that the elaborated modeling evaluation identified 
BHBANA as an effective inhibitor of the QS system and 
could lead to inhibition of resistant biofilms. This compound 
equally inhibited biofilm formation in selected pathogenic 
microbes at MIC and sub-MIC concentrations.

Experimental

Materials
For the synthesis, the reagents and solvents were obtained 
from Sigma-Aldrich or Fluka and were used without further 
purification. Thin layer chromatography (TLC) was per-
formed on Merck 60 F254 silica gel plates. Luria-Bertani 
broth, nutrient broth, Mueller-Hinton broth, agar-agar, 
d-(+)-glucose, crystal violet, ethanol, and glacial acetic acid 
were all obtained from Merck and 96-well microplate reader 
plates (Greiner Bio-One, sterile, PS, flat-bottom) were used 
in anti-biofilm tests. Tryptone (Sigma-Aldrich), sodium 
chloride (Sigma-Aldrich), kanamycin sulfate (Sigma-
Aldrich), N-hexanoyl-dl-homoserine lactone (C6-HSL, 
⩾97%, Sigma-Aldrich), N-decanoyl-dl-homoserine lactone 
(C10-HSL, ⩾97%, Sigma-Aldrich), and d-(+)-glucose 

Figure 3. 3D orientation of synthetic molecules: (a and c) the hydrogen bonds of the FAD and BHBANA (6) molecules and (b and 
d) the hydrophobic surfaces of FAD and BHBANA (6) molecules.
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Table 3. Distances, categories, and types of hydrogen bonding for BHBANA and FAD toward the active sites of CviR.

Amino 
acid

Distance (Å) Category Type

BHBANA FAD BHBANA FAD BHBANA FAD

GLY140 2.71336 2.75944 H-bond H-bond C–H bond C–H bond
THR282 2.56889 2.87309 H-bond H-bond C–H bond C–H bond
ARG97 2.80087 2.86170 H-bond H-bond Pi-donor H-bond Conventional H-bond
TRP165 5.16286 5.18892 Hydrophobic 

interaction
H-bond Pi–Pi stacked Pi–Pi stacked

TRP165 3.76370 3.96546 Hydrophobic 
interaction

Hydrophobic 
interaction

Hydrophobic 
interaction

Pi–Pi stacked

VAL44 5.37175 – Hydrophobic 
interaction

– Alkyl –

TYR163 4.92416 4.96877 Hydrophobic 
interaction

Hydrophobic 
interaction

Pi–Alkyl Pi–Alkyl

TYR163 5.36608 5.18187 Hydrophobic 
interaction

Hydrophobic 
interaction

Pi–Alkyl Pi–Alkyl

TRP165 4.32797 3.96546 Hydrophobic 
interaction

Hydrophobic 
interaction

Pi–Alkyl Pi–Pi stacked

PHE276 3.71384 4.30690 Hydrophobic 
interaction

Hydrophobic 
interaction

Pi–Alkyl Pi–Alkyl

BHBANA: N-[(E)-4-bromo-2,5-diheptyloxybenzylideneamino]-2,4-dinitroaniline.

(⩾99.5%, Sigma-Aldrich) were used in anti-QS assays. The 
MIC was determined using 96-well microplate reader plates 
(Greiner Bio-One, sterile, PP, U-bottom).

Instrumentation

The melting points were determined on a Kofler-type appa-
ratus. 1H and 13C NMR spectra were recorded in CDCl3 on 
a Gemini 300 MHz NMR spectrometer for 3 and 4 and on 
a Bruker AV300III spectrometer in DMSO-d6 + acetone-d6 
2:1 for (6). Infrared spectroscopy (IR) was recorded on a 
Perkin-Elmer 200 spectrophotometer using KBr. For 
N-[(E)-4-bromo-2,5-diheptyloxybenzylideneamino]-2,4-
dinitroaniline (BHBANA), high-resolution mass spectrom-
etry (HRMS) was performed on a Maxis 4G instrument at 
the CRMPO (University of Rennes, France), and 2D NMR 
(COZY, HMBC, HMQC, NOESY) was performed on a 
Bruker AV300III spectrometer. A multi-scan Go microplate 
reader (Thermo Fischer Scientific, Waltham, MA, USA) 
was used to read optical densities during the MIC tests, bio-
film assays, and violacein inhibition studies.

Synthesis and characterization

Synthesis of 1,4-dibromo-2,5-diheptyloxybenzene (3). KOH 
(48 g, 856 mmol) in anhydrous DMSO (300 mL) was stirred 
under nitrogen for 2 h at room temperature and 2,5-dibro-
mohydroquinone 2 (24.32 g, 90.80 mmol) followed by 
1-bromoheptane (29.96 mL, 190.68 mmol) were then 
added.38,65,66 After 3 h, the reaction mixture was added to 
ice-cold distilled water (300 mL) and a white precipitate was 
formed. The precipitate was filtered, dried, and recrystal-
lized using acetone/toluene (1:1) to give compound 3 
(32.67 g, 78%) as transparent white crystals, m.p. 58.7 °C.

1H NMR (300 MHz, CDCl3): δ 0.89 (t, 6H, 2 CH3, 
J = 7.0 Hz), 1.22-1.41 (m, 16H, 2(CH2)4), 1.80 (q, 4H, 
2CH2, J = 6.0 Hz), 3.94 (t, 4H, 2CH2O, J = 7.0 Hz), 7.08 (s, 
2H, ArH).

13C NMR (75 MHz, CDCl3): δ 14.13 (2CH3), 22.63 
(2CH2), 25.93 (2CH2), 29.01 (2CH2), 29.15 (2CH2), 31.79 
(2CH2), 70.32 (2CH2O), 111.13 (2Cquat, 2C ArBr), 118.46 
(2CH, Ar), 150.09 (2Cquat, 2C Ar).

Synthesis of 4-bromo-2,5-diheptyloxybenzaldehyde (4).  
1,4-dibromo-2,5-diheptyloxybenzene 3 (8.82 g, 18.99 mmol) 
was added to diethyl ether (300 mL) and stirred at −10 °C 
under nitrogen for 30 min. A solution of n-butyllithium 
(1.88 mL, 20.90 mmol, 2.7 M in heptane) was added to the 
reaction mixture followed by dimethylformamide (DMF) 
(1.92 mL, 24.92 mmol). The resulting mixture was allowed 
to react at 15 °C for 2 h while being monitored by TLC. One 
hundred milliliters of acidified water (10% HCl) was added, 
and the organic phase was separated and washed with 
NaHCO3 solution, dried over CaCl2, and evaporated. The 
product was purified by column chromatography on silica 
gel with a toluene/hexane mixture (2:1) to afford 6 g of the 
compound 4 (76% yield, m.p. 59 °C) as pale yellow 
crystals.67

1H NMR (300 MHz, CDCl3): δ 0.80–0.99 (m, 6H, 
2CH3), 1.21-1.61 (m, 16H, 2(CH2)4), 1.76 (q, 4H, 2CH2, 
J = 6.0 Hz), 3.91 (t, 4H, 2CH2O, J = 7.0 Hz), 7.23 (s, 1H, 
ArH), 7.31 (s, 1H, ArH), 10.42 (s, 1H, CHO).

13C NMR (75 MHz, CDCl3): δ 14.07 (2CH3), 23.01 
(2CH2), 23.97 (2CH2), 29.05 (2CH2), 30.59 (2CH2), 39.46 
(2CH2), 72.11 (2CH2O), 110.31 (1CH, Ar), 118.32 (1CH, 
Ar), 121.08 (1Cquat, 1C ArBr), 124.26 (1Cquat, 1C ArCHO), 
150.03 (1Cquat, 1C Ar-O), 155.93 (1Cquat, 1C Ar-O), 188.87 
(1CH, CHO).
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Synthesis of N-[(E)-4-bromo-2,5-diheptyloxybenzylideneamino]-
2,4-dinitroaniline (BHBANA) (6). 4-bromo-2,5-diheptyloxy-
benzaldehyde 4 (5 g, 12.09 mmol) was added to a stirred 
solution of 2,4-dinitrophenylhydrazine (2.5 g, 12.62 mmol) 
in acidified methanol (20 mL), and the mixture was refluxed 
at 80 °C for 5 h. The hydrazone product precipitated as an 
orange solid (87% yield), which was washed with ethanol 
and dried (m.p. 179 °C).

IR νmax (KBr): 579, 1038, 1210, 1326, 1467, 1501, 
1590, 1611, 2851, 2940, 3092, 3289 cm−1.

HRMS (ASAP source at 160 °C) m/z [M + H]+ calcd 
for C27H38

79BrN4O6 593.19692; found: 593.1970, m/z [M]+ 
calcd for C27H37

79BrN4O6 592.18910; found: 592.1887, m/z 
[M—C7H14 + H]+ calcd for C20H24

79BrN4O6 495.08737; 
found: 495.0864.

1H NMR (300 MHz, DMSO-d6 + acetone-d6; 2:1): δ 
0.88 (t, 3H, J = 6.8 Hz, CH3), 0.89 (t, 3H, J = 6.8 Hz, CH3), 
1.23-1.60 (m, 16H, 8CH2), 1.73-1.86 (m, 4H, 2CH2CH2O), 
4.06 (t, 2H, CH2O, J = 6.6 Hz), 4.11 (t, 2H, CH2O, J = 6.2 
Hz), 7.36 (s, 1H, ArH), 7.59 (s, 1H, ArH), 8.14 (d, 1H, 
ArH(DNP), J = 9.6 Hz), 8.35 (dd, 1H, ArH(DNP), J = 9.6, 
2.7 Hz), 8.89 (d, 1H, ArH(DNP), J = 2.7 Hz), 8.90 (s, 1H, 
HC=N), 11.76 (1H, br.s, NH).

13C NMR (75 MHz, DMSO-d6 + acetone-d6; 2:1): δ 
14.05 (2CH3), 22.46 (CH2), 22.49 (CH2), 25.80 (CH2), 
25.95 (CH2), 28.88 (CH2), 28.89 (CH2), 29.14 (CH2), 29.16 
(CH2), 31.69 (CH2), 31.71 (CH2), 69.70 (CH2O), 69.75 
(CH2O), 110.20 (CH, Ar), 115.36 (Cquat Ar), 117.36 (CH, 
Ar), 118.63 (CH, Ar), 122.88 (Cquat, Ar), 123.18 (CH, Ar), 
129.77 (CH, Ar), 130.08 (Cquat, Ar), 137.53 (Cquat, Ar), 
144.30 (CH=N), 144.85 (Cquat, Ar), 149.77 (Cquat, Ar), 
152.45 (Cquat, Ar).

Microbial strains

Two Gram-positive strains, Staphylococcus aureus ATCC 
25923 and Enterococcus faecalis ATCC 29212; two 
Gram-negative strains, Escherichia coli ATCC 25922 and 
Pseudomonas aeruginosa ATCC 27853; and two yeasts, 
Candida albicans ATCC 10239 and Candida tropicalis 
ATCC 13803, were used in the antimicrobial and antibio-
film assays. Chromobacterium violaceum CV12472 and 
Chromobacterium violaceum CV026 were used in viola-
cein inhibition and quorum sensing inhibition, respec-
tively. The flagellated strain Pseudomonas aeruginosa 
PA01 was used in the evaluation of motility inhibition in 
the swarming assay.

Determination of antimicrobial activity

MIC values of BHBANA (6) were evaluated using 96-well 
microplates by the broth dilution method described else-
where.68 The MIC was the lowest concentration of the test 
compound in which there was no visible microbial growth. 
Mueller-Hinton broth was used as the medium, and 5 × 105 
colony-forming units (CFU) mL−1 of bacterial density was 
used. Microbial cell suspension (10 mL) was introduced 
into the wells of the 96-well plate together with the test 
compound at final concentrations of 5.0, 2.5, 1.25, 0.625, 
0.312, and 0.156 mg mL−1. The microplates were then 

incubated at 37 °C overnight, and the MIC values were 
deduced based on optical densities.

Assays of the anti-biofilm activity of the test 
compounds

The anti-biofilm effect of BHBANA (6) at MIC and sub-
MIC concentrations (1, 1/2, 1/4, and 1/8 MIC) on test 
pathogens was evaluated using a microplate biofilm 
method.69 One percent of overnight bacterial cultures was 
introduced into 200 μL of Tryptose-Soy broth (TSB) con-
taining glucose (0.25%) with or without the test compound 
and incubated at 37 °C for 48 h. The wells of the plates 
were then carefully emptied and rinsed with distilled water 
to remove the planktonic microbial cells. The control 
wells contained only broth and bacterial cells. The bacte-
rial cells within the established biofilms were subse-
quently stained at room temperature by introducing a 
solution of crystal violet (0.1%) for about 10 min, after 
which the crystal violet solution was pipetted out. The 
wells of the plates were then filled with 200 μL of either 
ethanol (70%) or glacial acetic acid (33%) and then shaken 
gently. The optical densities (ODs) were then recorded at 
550 nm using a Thermo Scientific Multiskan FC, Vantaa, 
Finland spectrophotometer. The anti-biofilm activity 
expressed as a percentage inhibition of the test compounds 
was deduced using the formula

Biofilm inhibition(%) =
−OD OD

OD
Control Sample

Control

550 550

550
××100

Bioassay for quorum sensing inhibition (QSI) 
on C. violacium CV026

The quorum sensing inhibition of BHBANA (6) was assayed 
as described elsewhere with slight modifications.70 Overnight 
fresh cultures of CV026 (100 µL) were mixed with warmly 
prepared molten soft agar (5 mL) prepared by mixing in 
deionized H2O (200 mL), NaCl (1.0 g), agar (1.3 g), and tryp-
tone (2.0 g), followed by the addition of exogenous acyl-
homoserine lactone (20 µL) (C6HSL, 100 µg mL−1). The 
molten agar mixture containing the CV026 bacterial cells 
was poured gently as an overlay onto the surface of solidified 
Luria-Bertani agar (LBA) plates. Five-millimeter-diameter 
wells were made on the plates after solidification and subse-
quently filled with 50 µL of sterilized MIC and sub-MIC 
concentrations of the test compound. The plates were incu-
bated at 35 °C for 3 days, after which they were observed for 
anti-QS activity. Formation of a cream-colored circle formed 
around the well on the purple surface of actively growing 
CV026 bacteria indicated QSI, and the diameters were 
recorded and are given in millimeters. For each sample, three 
parallel assays were conducted, and the QSI value is the 
average of the inhibition zones.

Evaluation of violacein inhibition in  
C. violacium CV12472

The test compound BHBANA was evaluated for its abil-
ity to inhibit the synthesis of violacein by C. violaceum 
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ATCC 12472 in a qualitative assay as described previ-
ously.29,71 Overnight fresh cultures of CV12472 (10 µL) 
(0.4 OD at 600 nm) were mixed with LB broth (170 µL) 
in sterilized microplates and the test compounds (20 µL) 
at MIC and sub-MIC concentrations was added. An assay 
in which the compound was not added (LB broth and 
CV12472) served as a positive control. The test plates 
were incubated for 24 h at 35 °C, after which the absorb-
ance was read at 585 nm to determine any reduction of 
violacein pigment in the control. Violacein inhibition 
expressed as the percentage inhibition was deduced from 
the formula

Violacein inhibition (%) =
−OD control OD sample

OD cont

585 585

585 rrol
                                         ×100

Inhibition of swarming motility on  
P. aeruginosa PA01

The determination of swarming movement in P. aeruginosa 
PA01 was performed according to the literature method.72 
Thus, plates consisting of swarming agar (0.5% agar, 0.5% 
NaCl, 0.5% d-glucose, and 1% peptone) and MIC, MIC/2, 
and MIC/4 concentrations of BHBANA (6) before solidifica-
tion were used. Five microliters of P. aeruginosa PA01 over-
night fresh cultures was point-inoculated on the center of each 
plate, and plates without compounds were used as controls. 
Each plate was incubated at 37 °C, and after 24 h, swarming 
migration was determined by measuring the swarming front 
diameters and the percentage reduction in swarming calcu-
lated for the control plates.

Molecular docking studies and visualization

To explore the interaction between the targeted 
Chromobacterium violaceum ATCC 12472 and the newly 
synthesized BHBANA, molecular docking analysis was 
performed and compared with that of FAD [[(2R,3S,4R,5R)-
5-(6-aminopurin-9-yl)-3,4-dihydroxyoxolan-2-yl] methoxy-
hydroxyphosphoryl], used as a reference ligand. All 
calculations were carried out using Discovery Studio 
Visualizer (version 2021) software. The X-ray crystal 
structures of the vioD hydroxylase in complex with FAD 
from Chromobacterium violaceum (Northeast Structural 
Genomics Consortium Target CvR158) receptor protein 
were downloaded from the protein data bank (PDB) with 
the ID code of (PDB: 3C4A).52,73 The preparation of the 
protein 3D structure, its reconstruction, and development 
(addition of missing residues, and removal of water mol-
ecules around the receptor) were made with Maestro using 
the protein preparation wizard, and the 3D structures of 
BHBANA (6), FAD, and CvR158 were retrieved with 
ligand preparation using the builder panel in Maestro 
11.8.74 For this study, the optimization parameters were a 
pH of 7.0, in addition to assigned partial atomic charges 
and potential ionization states. The base OPLS3e force 
field was employed to optimize and generate the low-
energy conformer of the ligand.75
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