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uctural aspects of novel azo-dyes
with promising anti-virulence activity against
MRSA: a deep dive into the spectroscopy via
integrated experimental and computational
approaches†
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Mohamed Teleb,efg Sherine N. Khattab*a and Nesreen S. Haibah

A novel series of azo dyes was successfully synthesized by combining amino benzoic acid and amino phenol

on the same molecular framework via azo linkage. The structural elucidation of these dyes was carried out

using various spectroscopic techniques, including UV-vis, FT-IR, NMR spectroscopy, and HRMS.

Surprisingly, the aromatic proton in some dyes exhibited exchangeability in D2O, prompting a 2D NMR

analysis to confirm this phenomenon. Furthermore, comprehensive density functional theory (DFT)

calculations were conducted to unravel synthetic dyes' geometrical and electronic properties.

Meanwhile, the reactivity of various sites was further investigated through Frontier Molecular Orbitals

(FMOs) analysis and molecular electrostatic potential mapping. Besides, the experimental NMR spectra

were interpreted by incorporating theoretically computed NMR spectrum and reduced density gradient

(RDG) function. These computations revealed a pronounced intramolecular hydrogen bond through

O–H/N interaction that significantly influenced the proton chemical shift. The dyes were assessed for

their antimicrobial activities using agar diffusion, micro broth dilution, and biofilm inhibition assays.

Interestingly, one of the synthetic dyes showed promising antibacterial effects against S. aureus (ATCC-

6538) as well as against a multidrug-resistant MRSA clinical isolate with a MIC (minimum inhibitory

concentration) of 78.12 mg mL−1. Moreover, that dye inhibited biofilm formation of the strong biofilm

former clinical MRSA isolate with a concentration as low as 0.25 MIC (19.53 mg mL−1). Indeed, our qPCR

data suggest that inhibiting the SaeS/SaeR system is another potential mechanism by which D4 exerts its

antibacterial and anti-virulence effects. Altogether, this shows these synthetic azo dyes' promising

antibacterial and anti-virulence activities concerning MRSA clinical infections.
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1 Introduction

The spread of antibiotic resistance has engendered profound
public health concerns, leading to the WHO declaration of AMR
as one of the top 10 global health threats, requiring immediate
attention.1,2 Among the numerous multi-resistant microorgan-
isms, methicillin-resistant Staphylococcus aureus (MRSA) has
stood out as an exceptionally dangerous bacterium in recent
decades, resulting in nosocomial infections, and community-
acquired bacterial infections that can be life-threatening.3 This
pathogenic ability of MRSA is mainly related to its resistance to
antibiotics belonging to different classes and its carriage of
multiple virulence determinants, allowing it to evade the
immune defenses and counteract antimicrobial chemotherapy.4

Numerous researchers are orienting their research efforts toward
improving innovative treatments for infectious diseases to
address this point. Within this realm, azo dyes have garnered
considerable attention as a class of chemical compounds with
RSC Adv., 2025, 15, 1665–1679 | 1665
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potential therapeutic applications against various diseases. Azo
dyes are a well-established class of organic compounds encom-
passing the linkage of primary aromatic amine and activated
coupler through chromophoric –N]N– bonds.5,6

An azo group's linkage of aromatic moieties causes an
extended conjunction primarily responsible for dyes' color
chemistry.7 Unexpectedly, azo dyes were discovered accidently
when William Henry Perkin synthesized a purple dye known as
mauveine in 1856.8–11 Subsequently, azo dyes were included in
various applications, including chemical sensors,12 indicators,11

and printing inks.13 In addition to the primary application of
azo dyes as a colorant, azo dyes were reported as potential
bacteriostatic,14 fungicidal,15 anti-cancer agents,16 and carriers
for drug delivery.17 Indeed, some dyes were utilized as innova-
tive therapeutic agents.18 For instance, methylene blue has been
utilized in treating methemoglobinemia and as a potential
neuroprotective agent in Alzheimer's disease research.19

A further example is indocyanine green, a uorescent dye
employed in medical imaging to assess liver function and cardiac
output.20 Another unique aspect is that some specic azo dyes have
demonstrated excellence in photodynamic therapy by generating
reactive oxygen species following light activation, destroying the
cancer cells.21 Among all pharmacological applications, azo dyes
exhibited outstanding antibacterial activity.6,22 Mechanistically,
Gerhard Domagk concluded that the antimicrobial activity of
prontosil (an amino sulphonamide azo dye) is mainly attributed to
the toxic product generated aer the reduction of the azo group.23

This reduction process can be accomplished by azoreductases in
human and animal intestinal microbiota, yielding the corre-
sponding aromatic amine.24 Alternatively, azo dyes can bind to
several metal ions, forming complexes demonstrating antibacte-
rial properties by inhibiting DNA replication through several
pathways.25 Therefore, it is evident that the research focus revolves
around the design and synthesis of novel azo dyes that possess
exceptional antibacterial properties. More specically, dyes that
include a coupler with amino groups are anticipated to exhibit
more activity than other dyes. Despite the publication of various
research papers aimed at advancing the eld of antibacterial
activity of dyes, there are remaining gaps that need to be tackled in
this area. Nevertheless, the synthesis of azo dyes can be a chal-
lenging process. The difficulty could be attributed to the potential
occurrence of self-coupling,26 the generation of several products,27

and the specic requirements for preserving the diazonium salt
stable during the entire reaction period.28,29 Furthermore, the
spectroscopic characteristics of dyes are occasionally mysterious.
This could be attributed to geometrical isomerization across the –
N]N– bond and the great possibility of tautomerization.30–33

At this stage, it is crucial to incorporate quantum chemical
calculations for structural elucidation and theoretical spectra
computations. With the development of quantum computing
technologies, there is an excellent advancement in computa-
tional chemistry.34 Where accurate methods could lead to
a substantial interpretation of chemical problems. Although
several methods are used to predict the geometry of molecules
and spectroscopic properties, density functional theory (DFT)
remains superior to most other methods.35–38 Researchers oen
choose to use DFT as a calculation method due to the
1666 | RSC Adv., 2025, 15, 1665–1679
compensation between the precision of theoretical results and
the processing time required.39–41

In this study, we designed a series of novel azo dyes derived
from isomeric amino benzoic acid coupled with isomeric amino
phenols in an acidic medium. All synthetic dyes were charac-
terized by different spectroscopic techniques such as UV-vis, FT-
IR, NMR spectroscopy and high-resolutionmass spectra (HRMS).
Additionally, comprehensive DFT calculations were conducted to
reveal synthetic dyes' geometrical and electronic properties
besides spectroscopic data interpretation. The experimental
NMR spectra have been extensively interpreted by combining the
computed NMR spectrum and the reduced density gradient
(RDG) function to unravel the noncovalent interaction (NCI)
contributing to the unique chemical shis. Impressively, an
aromatic proton in certain dyes was exchangeable in D2O. For
these reasons, a 2D NMR experiment was conducted to verify the
exchangeability of this aromatic proton.

Further relevant molecular characteristics, including Fron-
tier Molecular Orbitals (FMOs) and molecular electrostatic
potential maps (MEP), were also computed to elaborate struc-
tural reactivity. The dyes were assessed for their antimicrobial
and anti-virulence activities against different Staphylococcus
aureus strains. Considering the structural aspects of synthetic
dyes, it can be regarded as a potent antibacterial agent.

2 Experimental and computational
methods

All chemicals utilized in this research have been obtained from
Alfa Aesar and used without additional processes. TLC analysis
was conducted onMerck silica gel plates with aluminium backing.
The appropriate solvent systems were used, and the spots were
detected using a Spectroline UV lamp at either 254 or 365 nm.

2.1. Measurements and instruments

The electronic (UV-vis) spectra were recorded in ethanol as
a solvent on a Shimadzu double-beam UV-visible spectropho-
tometer (Model No. UV 1800). Fourier transform infrared
spectra (FT-IR) were collected using Bruker Tensor 37 FT-IR
spectrometer with KBr pellets in the 500–4000 cm−1 range.
The NMR spectra for the synthetic dyes were obtained using
a 500 MHz JEOL NMR spectrometer with deuterated DMSO-d6
as solvent. The chemical shi values d are presented in parts per
million (ppm), and the spectra were calibrated using residual
solvent as an internal reference. Meanwhile, the coupling
constant J values were reported in Hz. An LC/Q-TOF, 6350
(Agilent Technologies, Santa Clara, CA, USA) instrument was
utilized to acquire the high-resolution mass spectral data using
the electrospray ionization method. The melting points were
determined through MEL-Temp II equipment with open capil-
laries without further correction.

2.2. The general methodology for the synthesis of dyes D1–
D4

The dyes were synthesized by adjusting the molar ratio to match
the reaction's stoichiometry.42 The synthesis started by
© 2025 The Author(s). Published by the Royal Society of Chemistry
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introducing (2.00 g, 14.50 mmol) of isomeric amino benzoic
acid in 10 mL of 0.729 M sodium carbonate solution; the
solution was stirred until complete solubilization. The solution
was cooled, and sodium nitrite (1.01 g, 14.50 mmol) was added.
The diazotization process was initiated by the dropwise addi-
tion of 2 M HCl. Aerwards, the mixture was stirred in an ice
bath for 2–3 hours and checked by TLC for the completion of
diazotization. To start the coupling reaction, (1.58 g, 14.50
mmol) of isomeric amino phenol as an activated coupler was
dissolved in 7.24 mL of 2 M HCl and added carefully to the
diazonium salt solution over 1 hour. The solution was further
stirred for 1–2 hours till the completion of the coupling reaction
monitored by TLC. The solution was neutralized with sodium
carbonate until the desired dyes were precipitated entirely. The
precipitated dyes were ltered and washed several times with
cold and hot water and dried under a vacuum to afford the pure
desired product. A schematic diagram of the synthesis process
is shown in Fig. 1.

2.2.1. 2-((4-Amino-2-hydroxyphenyl)diazenyl)benzoic acid
(D1). Dye D1 was obtained as red powder, 2.75 g (73.22%) yield;
melting: 251–253 °C; FT-IR (KBr); 3666–2914 (br, OH), 3508
(phenolic OH), 3321, 3138 (NH2), 1680 (C]O carboxylic acid),
1490 (N]N), cm−1; 1H-NMR (500 MHz: DMSO-d6): d isomer I
(80%): 5.44 (brs, 2H, NH2, D2O exchangeable), 6.15–6.22 (m, 1H,
Ar–H), 6.60 (d, J = 10 Hz, 1H, 1Ar–H), 7.20–7.30 (m, 1H, 1Ar–H),
7.35–7.70 (m, 2H, 2Ar–H), 7.71 (d, J = 9.5 Hz, 1H, 1Ar–H), 7.81–
7.87 (m, 1H, Ar–H), 8.94 (brs, 1H, COOH, D2O exchangeable),
14.43 (s, 1H, OH, D2O exchangeable). Isomer II (20%): 5.44 (brs,
2H, NH2, D2O exchangeable), 6.15–6.22 (m, 1H, Ar–H), 6.39 (d, J
= 10 Hz, 1H, 1Ar–H), 7.20–7.30 (m, 1H, 1Ar–H), 7.35–7.70 (m,
2H, 2Ar–H), 7.78 (d, J = 9.5 Hz, 1H, 1Ar–H), 7.81–7.87 (m, 1H,
Ar–H), 8.94 (brs, 1H, COOH, D2O exchangeable), 14.43 (s, 1H,
Fig. 1 A schematic diagram depicting the step-by-step process for synt

© 2025 The Author(s). Published by the Royal Society of Chemistry
OH, D2O exchangeable). 13C-NMR (125 MHz: DMSO-d6):
d 163.76, 161.39, 140.56, 138.27, 136.27, 136.92, 131.24, 130.85,
129.90, 127.81, 126.67, 116.32, 115.76, 98.73. Elemental analysis
calculated for molecular formula C13H11N3O3: C, 60.70; H,
4.31; N, 16.33. Found: C, 60.97; H, 4.67; N, 16.05.

2.2.2 3-((4-Amino-2-hydroxyphenyl)diazenyl)benzoic acid
(D2). Dye D2 was obtained as orange powder, 3.07 g (81.86%)
yield; melting: 233–235 °C; FT-IR (KBr): 3504–2991 (br, OH),
3415 (phenolic OH), 3340, 3207 (NH2), 1683 (C]O carboxylic
acid), 1479 (N]N) cm−1; 1H-NMR (500 MHz: DMSO-d6):
d isomer I (87.13%): 5.95 (s, 1H, Ar–H), 6.31 (dd, J1 = 9 Hz, J2 =
1.8 Hz, 1H, Ar–H), 6.73 (brs, 2H, NH2, D2O exchangeable), 7.40
(d, J = 10 Hz, 1H, 1Ar–H), 7.53–7.57 (m, 1H, 1Ar–H), 7.86 (t, J =
8.6 Hz, 2H, 2Ar–H), 8.16 (s, 1H, 1Ar–H), 13.01 (brs, 1H, COOH,
D2O exchangeable), 14.10 (s, 1H, OH, D2O exchangeable).
Isomer II (12.87%): 6.15 (dd, 1H, Ar–H), 6.19 (s, 1H, Ar–H), 6.73
(brs, 2H, NH2, D2O exchangeable), 7.53–7.57 (m, 2H, 2Ar–H),
7.70 (d, J = 10 Hz, 1H, 1Ar–H), 7.92–7.98 (m, 2H, Ar–H), 8.24 (s,
1H, 1Ar–H), 13.01 (brs, 1H, COOH, D2O exchangeable), 14.10 (s,
1H, OH, D2O exchangeable). 13C-NMR (125 MHz: DMSO-d6):
d 167.64, 160.68, 156.57, 149.94, 134.22, 132.61, 131.45, 130.26,
128.85, 125.12, 120.37, 99.14. Elemental analysis calculated for
molecular formula C13H11N3O3: C, 60.70; H, 4.31; N, 16.33.
Found: C, 60.93; H, 4.66; N, 16.01.

2.2.3. 4-((4-Amino-2-hydroxyphenyl)diazenyl)benzoic acid
(D3). Dye D3 was obtained as red powder, 3.34 g (89.06%) yield;
melting: 225–227 °C; FT-IR (KBr): 3670–2817 (br, OH), 3533
(phenolic OH), 3369, 3172 (NH2), 1680 (C]O carboxylic acid),
1465 (N]N), cm−1, 1H-NMR (500 MHz: DMSO-d6): d isomer I
(80%): 5.96 (s, 1H, Ar–H), 6.41 (d, J = 11 Hz, 1H, 1Ar–H), 7.45
(brs, 2H, NH2, D2O exchangeable), 7.69 (d, J = 10 Hz, 2H, 2Ar–
H), 7.94–8.09 (m, 3H, 3Ar–H), 10.77 (s, 1H, COOH, D2O
hesizing dyes D1–D4.

RSC Adv., 2025, 15, 1665–1679 | 1667
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exchangeable), 14.39 (s, 1H, OH, D2O exchangeable). Isomer II
(20%): 6.20–6.24 (m, 1H, Ar–H), 6.59–6.70 (m, 1H, 1Ar–H), 7.45
(brs, 2H, NH2, D2O exchangeable), 7.56–7.63 (m, 2H, 2Ar–H),
7.83 (d, J = 10 Hz, 1H, 1Ar–H), 7.94–8.09 (m, 2H, 2Ar–H), 10.77
(s, 1H, COOH, D2O exchangeable), 14.39 (s, 1H, OH, D2O
exchangeable). 13C-NMR (125 MHz: DMSO-d6): d 167.53, 164.48,
132.03, 130.99, 128.83, 121.49, 118.92, 101.05, 99.02. Elemental
analysis calculated for molecular formula C13H11N3O3: C, 60.70;
H, 4.31; N, 16.33. Found: C, 60.88; H, 4.65; N, 16.12.

2.2.4. 3-((4-Amino-3-hydroxyphenyl)diazenyl)benzoic acid
(D4).DyeD4was obtained as red powder, 1.105 g (29.46%) yield;
melting: 160 °C dec; FT-IR (KBr): 3710–2741 (br, OH), 3498
(phenolic OH), 3300, 3200 (NH2), 1711 (C]O carboxylic acid),
1460 (N]N) cm−1; 1H-NMR (500 MHz: DMSO-d6): d isomer I
(60%): 6.72–6.76 (m, 1H, Ar–H), 7.03–7.09 (m, 1H, 1Ar–H), 7.15
(brs, 1H, Ar–H), 7.31–7.34 (m, 1H, Ar–H), 7.48–7.51 (m, 1H, Ar–
H), 7.64–7.66 (m, 1H, Ar–H), 7.89–7.97 (m, 3H, 1Ar–H + NH2,
D2O exchangeable), 8.21 (brs, 1H, Ar–H), 9.72 (s, 1H, COOH,
D2O exchangeable), 12.54 (brs, 1H, OH, D2O exchangeable).
Isomer II (40%): 6.68–6.70 (m, 1H, Ar–H), 7.03–7.09 (m, 2H, 2Ar–
H), 7.28–7.29 (m, 1H, Ar–H), 7.58–7.61 (m, 1H, Ar–H), 7.70–7.71
(m, 1H, Ar–H), 7.89–7.97 (m, 2H, NH2, D2O exchangeable), 8.21
(brs, 1H, Ar–H), 9.72 (s, 1H, COOH, D2O exchangeable), 12.54
(brs, 1H, OH, D2O exchangeable). 13C-NMR (125 MHz: DMSO-
d6): d 168.45, 167.60, 153.05, 149.34, 144.76, 129.44, 121.93,
118.55, 114.99, 112.73, 104.06. Elemental analysis calculated for
molecular formula C13H11N3O3: C, 60.70; H, 4.31; N, 16.33.
Found: C, 60.88; H, 4.65; N, 16.12.

2.3. Computational methods

All quantum chemical calculations performed during this study
were done through Gaussian 09 soware along with Gauss View
5.0.43 The DFT method was selected for all computations,
employing the Becke 3–Lee–Yang–Parr (B3LYP) functional in
conjunction with standard 6-311++G(d,p) basis sets.44,45 All
calculations started by optimizing the geometry of the synthetic
dyes; subsequently, vibrational frequency calculations were per-
formed to conrm that the optimized geometries were global
minima at the potential energy surface. Further optimization in
DMSO solvent was performed using the Conductor-like Polariz-
able Continuum model (CPCM) to model the solvent effect.46

Besides, the nuclear shielding constant was computed based on
the GIAO method, from which the theoretical chemical shis
were computed.47 We used Vesta soware, Gauss View 5.0, and
ChemCra 1.8 to visualize frontier molecular orbitals, MEP, and
optimized geometries, respectively.48–50 Different NCI within the
molecule were elucidated through the RDG function through
Multiwfn and Visual Molecular Dynamics (VMD) soware.51,52

2.4. Assessment of the antimicrobial activity of the different
dyes

2.4.1. Microorganisms. This study was approved by the
Alexandria University Ethical Committee (0306796). The strains
used in this study were Staphylococcus aureus (reference strain
ATCC-6538) in addition to one multi-drug-resistant methicillin-
resistant Staphylococcus aureus (MRSA) clinical isolate (obtained
1668 | RSC Adv., 2025, 15, 1665–1679
from the isolates repertoire at the Department of Microbiology
and Immunology at Faculty of Pharmacy, Alexandria University)
(this isolate is a hospital-acquired clinical strain isolated from
the pus of inpatient admitted at Alexandria Main University
Hospital). The isolate was determined to be resistant to cipro-
oxacin, cefoxitin, levooxacin, chloramphenicol, tetracycline,
gentamicin, rifampicin as well as fusidic acid, which was done
by disc diffusion assays.

2.4.2. Determination of the minimum inhibitory concen-
tration (MIC) and minimum bactericidal concentration (MBC).
The broth microdilution method was used to determine the
MIC of each tested dye using Mueller–Hinton broth (MHB) as
outlined in CLSI guidelines.53 Briey, colonies were taken
directly from fresh agar plates and were suspended in 0.9%
NaCl. The turbidity of the microorganism suspension was
adjusted to that of the 0.5 McFarland standard. The suspension
was further diluted 100 fold in 2× cation-adjustedMHB to reach
the nal bacterial concentration of 106 CFU mL−1.54 Next, two
fold serial dilutions of the dyes in sterile water were prepared to
obtain the desired concentration range. Then, 100 mL of the
bacterial suspension in 2× MHB was added to each well of
a sterile 96 well plate containing 100 mL of the tested sample or
solvent control. The positive control wells contained bacterial
suspension without the tested sample. The plates were then
incubated for 24 h at 37 °C. The MIC was dened as the lowest
concentration that completely inhibited the growth of the
bacteria. The same procedure was done for MIC determination
against S. aureus ATCC 6538 as well as the MRSA clinical isolate.
For MBC determination, the clear wells that showed no growth
in the MIC experiment were further diluted in MHB. Aer the
new plates were incubated for 24 h at 37 °C, the results were
interpreted for each tested dye whether to be bacteriostatic (if
all the wells showed regrowth of the organism) or bactericidal (if
the concentration corresponding to the MIC showed no
regrowth following dilution in the MBC experiment). The MBC
was then determined for bactericidal dyes as the lowest
concentration that ultimately killed the tested bacteria.55

2.4.3. Bacterial growth curves. To investigate the effect of
D4 on the growth curves of MRSA clinical isolate, we incubated
the isolate with different sub-inhibitory concentrations of D4;
then, we conducted bacterial count at various time points. The
starting bacterial inoculum was 5 × 105 CFU mL−1 (same inoc-
ulum size used for MIC determination);54 the tubes were then
incubated without or with different concentrations of D4 equiv-
alent to 0.5, 0.25 and 0.125× MIC values. The tubes were incu-
bated at 37 °C in an orbital shaking incubator (190 rpm), and
samples were taken from each tube at 3, 6 and 24 hour time
points, serially diluted, and then plated ontoMuller–Hinton agar.
The bacterial count was calculated for each condition and time
point using the corresponding dilution factor, and the bacterial
growth curves were plotted using GraphPad Prism soware.

2.4.4. Biolm inhibition assay. As previously described, the
biolm formation assay was conducted in a 96 well microtiter
plate using the crystal violet assay56 with slight modications. D4
dye was used in this assay as it was the most potent one, as
determined by the MIC assay. Bacterial suspensions of the MRSA
isolate were cultured in Brain Heart Infusion (BHI)
© 2025 The Author(s). Published by the Royal Society of Chemistry
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supplemented with 1% glucose and were adjusted to obtain
a bacterial concentration of 106 CFU mL−1. The bacterial
suspension was inoculated in each well either alone (control) or
in combination with the different concentrations ofD4. The plate
was incubated for 24 h at 37 °C under static conditions, aer
which the wells were decanted and washed with 1× PBS three
times, then xed with 2% formaldehyde for one minute. The
adherent biolm was stained with 200 mL 0.5% crystal violet for
30 min at room temperature. Excess stain was removed by
washing thrice with 200 mL 1× PBS, then le to dry in an inverted
position at Room Temperature (RT) overnight. The bound crystal
violet was solubilized using 95% ethanol in a shaking incubator
for one hour and quantied by measuring absorbance at
OD595 nm using an ELISA reader (BioTek, USA). The percent
biolmmass was calculated for eachD4 concentration relative to
the control untreated bacterial-formed biolm (OD of wells
treated for each concentration/OD of control untreated wells ×

100).
2.4.5. Quantitative real-time polymerase chain reaction

(qRT-PCR). The expression levels of the genes saeR and saeS,
playing a role in staphylococcal virulence, were detected in the
clinical MRSA isolate in the presence or absence of D4 using
qRT-PCR. The bacterial subcultures were grown either with D4
Table 1 Primers used in this study

Primer Sequence

SaeR_F GTCGTAACCATTAACTTCTG
SaeR_R ATCGTGGATGATGAACAA
SaeS_F TGTATTTAAAGTGATAATATGAGTC
SaeS_R CTTAGCCCATGATTTAAAAACACC
Gyr_F CCAGGTAAATTAGCCGATTGC
Gyr_R AAATCGCCTGCGTTCTAGAG

Scheme 1 The synthetic pathway for the dyes D1–D4 and their corresp

© 2025 The Author(s). Published by the Royal Society of Chemistry
at its 0.5× MIC concentration or with DMSO solvent control for
24 hours. The cells were centrifuged at 6000 rpm for 10 min,
and the supernatant layer was discarded. The pellets were then
washed once and subjected to total RNA extraction using spin
columns according to the manufacturer's instructions (Applied
Biotechnology, Egypt). The quality of the extracted RNA was
assessed using the Nanodrop microvolume spectrophotometer
(Thermo Fisher, USA). Complementary DNA (cDNA) was
synthesized from extracted RNA by reverse transcription using
hexamer random primers according to the manufacturer's
instructions (Applied Biotechnology, Egypt). qPCR was done
using specic primers for the SaeR and SaeS two-component
system (Table 1)57,58 using SYBR Green master mix in a BioRad
CFX96 real-time PCR system (BioRad, United States). Relative
gene expression was analyzed using DDCt values compared to
the housekeeping gyrB gene. Data were presented as mean ±

SEM of the different replicates. Statistical analysis was done
using a Student's t-test to compare the expression level of each
gene at 0.5× MIC of D4 compared to negative solvent-treated
control.

3 Results and discussion
3.1. Synthesis and structural perspectives

Dyes D1–D4 were synthesized through diazotization of amino
benzoic acid isomers, followed by coupling with isomeric amino
phenols (Scheme 1). Since diazonium salts may undergo
coupling reactions in both acidic and basic conditions, we
conducted the coupling process in an acidic medium. Indeed,
the selection of an acidic medium in our work is attributed to
the fact that coupling with amino phenols in the basic medium
can lead to numerous coupling products, which decrease the
yield and purity of the targeted product.
onding structures.
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Fig. 2 The stacked FT-IR spectra for synthetic dyes D1–D4.
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Aer the completion of the reactions, dyes D1–D4 were
subjected to various spectroscopic techniques, including UV-
vis, FT-IR, (1H and 13C) NMR spectroscopy, and HRMS to
conrm their structures. Further characterization by Hetero-
nuclear Multiple Quantum Coherence (HMQC) was selectively
performed for dye D2 as a representative structure for dyes to
unravel 1-bond coupling. Another structural aspect of dyes is
their geometrical structure. Since dyes can exist in either the syn
form or the anti-one, the designation of the geometrical struc-
ture of dyes is a must. A key factor for the designation of
geometrical forms is the thermodynamic stability of various
geometrical isomers. It is reported that most dyes are thermo-
dynamically more stable when they exist in the anti-form.59 This
might be caused by the decreased electrostatic repulsive forces
between the coupler structure and the amine.60 For these
reasons, all computational calculations were performed for the
anti-form of the dyes. Alternatively, some dyes in our work exist
in both geometrical forms, conrmed by a relative comparison
of the integration in 1H-NMR spectroscopy.
Fig. 3 UV-vis spectra for the synthetic dyes D1–D4 in ethanol.
3.2. Vibrational spectroscopy analysis

Vibrational spectroscopy is crucial in characterizing organic
molecules, particularly in identifying their functional groups.
Fig. 2 presents the stacked FT-IR spectra of synthetic dyes D1–
D4, revealing several critical observations. Initially, all dyes
exhibit a broad band in the 2741–3710 cm−1 range and a sharp
peak around 3000 cm−1. These overlapping bands correspond
to hydroxyl groups and the characteristic aromatic C–H vibra-
tional band. Although amino groups typically display two
distinct stretching vibrational bands centered at approximately
3100 and 3300 cm−1, these modes are not always detectable in
the synthetic dyes under study. This is likely due to the broad-
ness of the hydroxyl group bands, which obscure the amino
group vibrational modes.

Furthermore, all dyes show three other fundamental vibra-
tional modes around 1680–1711, 1600, and 1460–1490 cm−1,
1670 | RSC Adv., 2025, 15, 1665–1679
consistent with the expected structural features of these
synthetic dyes. A detailed analysis reveals that the 1680–
1711 cm−1 peak is associated with the carbonyl group of
carboxylic acid functionalities. The peak around 1600 cm−1 is
likely due to the stretching vibration of C]C within the
aromatic rings of the amine or the coupler. Finally, the peak
near 1460 cm−1 indicates the presence of an azo group, con-
rming the linkage between the amine and the coupler
structure.61

3.3. UV-vis analysis

UV-visible spectroscopy is an invaluable technique for eluci-
dating electronic transitions within organic dyes, providing
critical insights into their photophysical properties. The UV-vis
spectra for synthesized dyes D1–D4 are shown in Fig. 3.
Accordingly, various insightful conclusions can be formulated.
Concerning dyes D1–D3 derived from m-amino phenol, they
exhibit two characteristic bands centered at 270 nm and 430–
440 nm. The constancy of spectral band positions for these dyes
implies that shiing of carboxylic acid substituent has a minor
impact on the light absorption properties of dyes D1–D3. A
careful examination of the origin of these two bands leads to
assigning the electronic transitions responsible for these spec-
tral bands. The band located around 270 nm is predominantly
attributed to p–p* transition, while the band situated in the
430–440 nm region is associated with n–p* transition.

In comparison, dye D4 derived from o-amino phenol
demonstrated two unique bands at 210 and 350 nm originating
from p–p* and n–p* transitions, respectively. A particularly
meaningful research question explores how altering the posi-
tion of the hydroxyl group within the coupler structure inu-
ences the electronic spectra, specically of D2 and D4. Notably,
there is a signicant hypsochromic shi for dye D4. This posi-
tioning of the hydroxyl group relative to the amino groupmainly
causes this decrease. One potential explanation of this
phenomenon is that the existence of the hydroxyl group in the
ortho position relative to the amino group hinders the capability
of an amino group to contribute to the conjugation; hence, lmax

decreases. This observation aligns perfectly with the ortho effect
© 2025 The Author(s). Published by the Royal Society of Chemistry
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observed frequently in aromatic compounds where the ortho
substituent causes a considerable decline in lmax when
compared to other positions.31,62
3.4. NMR interpretation

NMR spectroscopy is the most effective spectroscopic technique
for identifying the chemical structure of synthesized organic
compounds. The NMR spectra of dyes D1–D4 are shown in the
ESI.† While NMR spectra of dye D2 are shown in Fig. 4 as
operational spectra for illustration. The interpretation begins by
focusing on the most deshielded protons, typically those of the
carboxyl group within the amine structure and the hydroxyl
group within the coupler structure. The hydroxyl group within
Fig. 4 (a) Experimental 1H-NMR spectrum of dye D2. (b) The expanded
aromatic region from the 1H-NMR spectrum of dye D2 in the presence o
spectrum of dye D2.

© 2025 The Author(s). Published by the Royal Society of Chemistry
the coupler structure for dyes D1–D3 was observed at 14.10–
14.43 ppm. The intramolecular hydrogen bonding between the
proton of the hydroxyl group and the nitrogen of the azo func-
tional group mainly drives this substantial downeld effect.

To further conrm this hypothesis, we computed the theo-
retical chemical shis for dye D2 based on the same basis set and
method pertained in all calculations but in DMSO solvent. The
computed spectrum is shown in Fig. 4d. Remarkably, the hydroxyl
proton was the most deshielded proton, with a computed chem-
ical shi of 14.12 ppm. Along with this, the computed bond
length for O–H/N was found to be 1.683 Å, a typical value for
stable intramolecular hydrogen bonds. These results were in
excellent agreement with the experimental ndings.
aromatic region from 1H-NMR spectrum of dye D2. (c) The expanded
f D2O. (d) Computed 1H-NMR spectrum of dye D2 in DMSO. (e) HMQC

RSC Adv., 2025, 15, 1665–1679 | 1671
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Moreover, we performed the NMR analysis with the inclu-
sion of deuterium oxide (D2O), and the resulting spectrum is
shown in Fig. 4c. Signicantly, the peak has disappeared,
indicating that this proton is exchangeable and attached to the
heteroatom. These results match those observed in earlier
studies for o-hydroxy azo compounds.63–66

Compared to dye D4, the hydroxyl group proton was
observed at 9.72 ppm. This signicant difference in the chem-
ical shi is ascribed to the positioning of the hydroxyl group. In
the case of dye D4, the hydroxyl group is far away from the azo
group, and there is no chance of intramolecular hydrogen bond
formation with the azo group. Another highly deshielded
proton is the carboxylic group proton, which appeared for most
of the dyes as a broad peak around 8.94–13.01 ppm and wholly
disappeared in the presence of D2O. The amino group protons
were observed in the 5.44–7.97 ppm range for dyes D1–D4. Also,
these peaks vanished in D2O.

Unique results were obtained regarding the analysis of
aromatic protons region. First of all, the relative comparison of
Z : E isomers percent was calculated from the integration values.
The aromatic protons were observed within the 5.95–8.21 ppm
chemical shi range. We will interpret the spectra of D2 as
a representative example. The most shielded aromatic proton
was the one adjacent to the amino and hydroxyl groups, which
appeared as a singlet peak at 5.95 ppm. This might be explained
by the strong electron-donating capability of these groups,
which leads to an increase in electron density in the
surrounding region and a decline in the chemical shi.

On the contrary, the most deshielded aromatic proton was
the one situated ortho to the azo and carboxylic acid groups.
This proton experiences a singlet peak at 8.10–8.20 ppm. This
increase in chemical shi is allocated to the electron-
withdrawing effect of the neighbouring functional groups,
which renders the adjacent proton in deshielded regions; thus,
the chemical shi increases. Concurrently, a triplet peak is
observed at 7.80–7.90 ppm, probably attributed to the two
protons ortho to the carboxylic acid group and the azo group
separately. The last three protons were observed at 7.50–7.60,
7.40, and 6.30 ppm. The proton observed at 7.50–7.60 is
assigned to be the one ortho to the azo group within the coupler
structure. On the other hand, the proton observed at 6.30 ppm
is expected to be the one ortho to the amino group only. Finally,
the remaining proton is the meta to the azo and carboxylic
groups.

A highly debated research question emerges from the
experimental spectra depicted in Fig. 4a–c. It is evident that in
the presence of D2O, the peak intensity at 5.95 ppm signicantly
decreases. This observation warrants further investigation since
this peak corresponds to an aromatic proton. To interpret this
unexpected phenomenon, we must employ additional spectro-
scopic techniques to elucidate the one-bond C–H correlation.
Using these spectroscopic data, we can determine whether this
exchangeable proton is bonded to carbon or not.

One of the well-established methods for examining proton-
carbon coupling and correlations is 2D-NMR spectroscopy,
specically Heteronuclear Multiple Quantum Coherence
(HMQC). For our study, we performed an HMQC spectrum for
1672 | RSC Adv., 2025, 15, 1665–1679
compound D2, as shown in Fig. 4e. Notably, we observed
a correlation between the peak at 5.95 ppm in the 1H-NMR and
the peak at 98.96 ppm in the 13C-NMR.

These ndings conrm that the aromatic proton in question
is exchangeable in D2O. The exchangeability of aromatic
protons has been previously discussed in the literature,
marking a signicant advancement in kinetics and reaction
mechanism investigations.69–71

3.5. HRMS analysis

The high-resolution mass spectrum stands as a cornerstone
technique for precisely determining the molecular weights of
organic compounds. The mass spectral data for dyes D1–D4
were presented in the ESI.† Despite their similar molecular
weights, the fragmentation patterns of these dyes tell a tale of
divergence. For dyes D2–D4, the expected dominant peak
emerges at [M + 1]+c = 258.087 (Fig. S8, S12, and S16 (ESI)†),
a predictable outcome that aligns with theoretical predictions.
However, then comes dye D1 (Fig. S4†), which has a mass
spectrum that requires further understanding. Instead of
following the anticipated path, for dye D1 exhibits its most
intense peak at a substantially higher m/z value. One plausible
explanation is the formation of adducts, where a stable inter-
mediate interacts with other species, giving rise to unexpected
products.67

This hypothesis supports the unique structural features of
dye D1. Here, the carboxyl and hydroxy groups are positioned
ortho to the azo group, setting the stage for fascinating chemical
dynamics. Literature suggests that ortho-substituted benzoic
acid derivatives, under specic conditions, can undergo
cleavage to form a ketene intermediate.68 This reactive species
could further interact with the dye, culminating in the observed
increase of the molecular ion peak.

3.6. FMOs analysis

Despite the continuous advancements in computing molecular
reactivity descriptors, the Frontiers Molecular Orbitals (FMOs)
stand out as one of the most crucial reactivity descriptors.72

FMOs primarily identify two distinct orbitals: the highest
occupied molecular orbital (HOMO), which is strongly localized
to moieties within the molecule that acts as electron donors.
Nevertheless, the lowest unoccupied molecular orbital (LUMO)
is vital in deciding the regions within the molecule that can act
as an electron acceptor. The energy gap between HOMO and
LUMO is a distinctive reactivity descriptor that gives pivotal
information about a molecule's stability and biological
activity.73

Fig. 5 provides essential information about the moieties
within the synthetic dyes responsible for charge donation and
acceptance. The charge distribution density in HOMO is
predominantly a p character localized over the aromatic rings,
azo group, and a considerable contribution from heteroatoms
at the coupler ring. Meanwhile, the carboxyl group has a minor
contribution to HOMO, which completely disappears in dyesD2
and D4. A closer inspection of the energy values of HOMO for
the newly synthesized dyes leads to the conclusion that D2 has
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Graphical representation of HOMO, LUMO, and MEP maps for the synthesized D1–D4 dyes.
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the most pronounced potential as a donor structure. This is
evident from its HOMO energy, which is typically −5.915 eV.
However, the dye with the minor capability for charge donation
is D3, with a typical value for EHOMO = −6.168 eV.

Another signicant aspect of reactivity is examining the
charge distribution density within the LUMO. A comprehensive
interpretation of charge distribution density from Fig. 5 shows
that the LUMO is somehow distributed over the entire mole-
cule, primarily exhibiting a p* character. The energy values
analysis also demonstrated that the dye with the highest elec-
trophilic character is D3, with a typical energy for LUMO equal
to −2.900 eV. Conversely, dye D4 experienced the lowest reac-
tivity towards being a charge acceptor with a typical value for
energy of the LUMO = −2.538 eV.
Fig. 6 HOMO–LUMO energy gap for the synthesized azo-dyes D1–
D4.

© 2025 The Author(s). Published by the Royal Society of Chemistry
Having discussed the FMOs analysis, it is crucial to analyze
the energy gap data, which provides a comprehensive basis for
comparing the reactivity of different dyes. The energy gap plots
for dyes are shown in Fig. 6. Among these dyes, the dye with the
highest susceptibility towards the excitation of charges from
HOMO to LUMO is D3, with a typical energy gap value of
3.268 eV. Nonetheless, dye D4 exhibits remarkable stability with
a typical energy gap of 3.513 eV.

3.7. MEP analysis

The molecular electrostatic potential is a distinctive function
that reveals the molecular regions prone to electrophilic and
nucleophilic attacks. MEP values are visualized through color-
coded plots that indicate these reactive areas. The MEP color
codes encompass a spectrum, where red denotes regions with
the most considerable negative potential, identifying nucleo-
philic sites. In contrast, blue areas exhibit the highest electro-
philicity, and green regions are neutral. It's important to note
that reduced color intensity signies weaker interactions. These
plots are vital for understanding biological reactivity and
molecular recognition.74

Fig. 5 displays the MEP maps for the newly synthesized dyes.
These results show that the red regions correspond to areas
near the most electronegative atom, typically oxygen. The
intense red color shis across the iso-density surface, particu-
larly near the hydroxyl and carboxylate groups on the aromatic
rings. Additionally, regions around the azo group, the nitrogen
of the amino group, and the aromatic ring cores are highlighted
in yellow. This yellow color results from stabilizing the test-
positive charge by the electrostatic attraction with nearby elec-
trons. A much-interesting question is the existence of yellow
color within the aromatic moieties, which could be ascribed to
the existence of p electronic density. Due to their electrophilic
nature, the hydrogen atoms attached to the aromatic ring and
RSC Adv., 2025, 15, 1665–1679 | 1673
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Table 2 Computed quantum chemical descriptors for synthetic dyes
D1–D4

Molecular descriptor (D1) (D2) (D3) (D4)

EHOMO (eV) −5.972 −5.915 −6.168 −6.051
ELUMO (eV) −2.495 −2.525 −2.900 −2.538
h (eV) 1.738 1.695 1.634 1.756
s (eV)−1 0.575 0.589 0.611 0.569
c (eV) 4.233 4.220 4.534 4.294
m (eV) −4.233 −4.220 −4.534 −4.294
mo (D) 3.563 2.804 6.088 4.187
hai (au) 232.376 240.241 255.520 230.103

Table 3 MIC and MBC values of the synthetic dyes (D1–D4) against S.
aureus standard strain and MRSA clinical isolate

Dye

Staphylococcus aureus
ATCC 6538

MRSA clinical
isolate

D1 D2 D3 D4 D4

MIC (mg mL−1) 625 312.5 312.5 78.125 78.125
MBC (mg mL−1) >1250 >1250 >1250 625 625
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amino group are the most blue-colored regions within the MEP
maps.

3.8. Global reactivity descriptors analysis

The effect of positioning the functional group in either the
aromatic amine or the coupler moiety on reactivity is computed
and presented in Table 2. These parameters include the absolute
electronegativity (c), hardness (h), soness (s), chemical potential
(m), dipole moment (mo), and polarizability hai, which were
calculated according to the reported equations.75 Notably, the
positions of substituents strongly inuence the quantum chem-
ical descriptors. For instance, the computed dipole moment is an
essential electronic descriptor closely related to electronic
charges. The dipole moment values for dyes D1, D2, D3, and D4
are 3.563, 2.804, 6.088, and 4.187 debye, respectively. As a result,
the order of polarity is D3 > D4 > D1 > D2. Relatively, the most
polar compounds are those where the charge orientations are
opposite, such as in the case of D3, and the dye D4 in which two
functional groups within the coupler structure are positioned
closest to each other. In contrast, the dye with the lowest dipole
moment is D2, where the substituents are far away from each
other, resulting in a decreased dipole moment. Through all
studied dyes, the dipole moment vector is oriented towards the
amino phenol moiety, indicating the impact of the substituent at
the amino phenol scaffold on the polarity of the molecules.

Further, the computed chemical potential for dyes D1–D4 is
negative, indicating the stability of the investigated systems.
Overall, these results showcase the effectiveness of computa-
tional chemistry methods in describing molecular and elec-
tronic interactions.

3.9. RDG analysis

The RDG function is one of the most successful functions to
unravel different Interactions within the molecule. The
distinctive aspect of the RDG function is its ability to be
graphically translated over a molecule, displaying various
attractions or repulsions using particular color codes. Hydrogen
bonding, a kind of attractive force, is shown by the blue color.
Meanwhile, the steric repulsion is represented by red, whereas
green denotes van der Waals interactions.76

Fig. S17† displays the RDGplots for theD2 andD4 compounds.
An in-depth analysis of the RDG plot for the D2 compound would
provide essential insights into the impact of intermolecular forces
1674 | RSC Adv., 2025, 15, 1665–1679
on experimental spectra. The RDG plot shows an intense blue
color between the hydroxyl group's hydrogen atom and the azo
group. This could be closely linked to the experimental 1H-NMR
spectrum of D2, where the origin of the most deshielded proton
at 14.10 ppm is attributed to intramolecular hydrogen bonding.
This conclusion aligns with the experimental nding and could be
treated as evidence for the signicant impact of this intra-
molecular hydrogen bond interaction on the chemical shi.

The comparison of RDG for D4 and D2 reveals that hydrogen
bonding is absent in D2. Consequently, the hydroxyl proton in
dye D4 is observed within the expected range for the aromatic
hydroxyl group at 9.72 ppm. Additionally, both compounds
exhibited steric repulsion within the aromatic moiety as a result
of p electron density. Thus, it has been demonstrated that inte-
grating RDG analysis with computed NMR spectra is essential for
comprehensively interpreting the experimental NMR spectra.
3.10. Assessment of microbiological activity of the different
azo dyes and structure–activity relationships

The antibacterial activity of the synthesized dyes D1–D4 was
assessed by determining the MIC against S. aureus (ATCC 6538)
and another multi-drug-resistant MRSA clinical isolate. As
shown in Table 3, D4 showed the lowest MIC value when tested
against the S. aureus ATCC 6538.

Investigation of the relationship between the structural
characteristics of D1–D4 and their antibacterial activities
revealed that the substitution pattern of the phenolic hydroxyl
group is critical. As observed, 3-((4-amino-3-hydroxyphenyl)
diazenyl)benzoic acid (D4) showed superior antibacterial
activity relative to the 2-hydroxy analogs D1–D3. Nevertheless,
the proximity of the carboxylic acid group to the diazo group
contributed to the antibacterial potency. In this regard, the 2-
benzoic acid derivative D1 showed the lowest activity among the
series, whereas shiing the carboxylic group one carbon (D2
and D4) or two carbons (D3) away from the diazo group in D1
conferred higher activities to the scaffold. In summary, the
optimum activity was observed when conserving the phenolic
and carboxylic groups at position 3 i.e. 2 carbons away from the
diazo group in the D4 derivative.

Being the most active dye, the antibacterial activity of D4 was
further investigated. It showed good antibacterial activity against
multidrug-resistant MRSA isolate at the same MIC seen with the
standard strain (MIC = 78 mg mL−1). That is similar to other
studies that used chemically relevant dyes that showed antibac-
terial activity with comparable MIC towards Staphylococcus
aureus.77 All dyes were found to be bacteriostatic as evidenced from
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Growth curves of the MRSA clinical isolate in the absence or presence of different concentrations of D4. Bacterial inocula were adjusted
and allowed to grow without or with varying concentrations of D4 equivalent to 0.5, 0.25, and 0.125 MIC. At different time intervals, the bacterial
count was determined.
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MBC values against S. aureus ATCC 6538 and the clinical MRSA
isolate (Table 3). To assess the effect of D4 on different stages of
bacterial growth, the testedMRSA clinical isolate was grown in the
presence or absence of different sub-inhibitory concentrations of
D4. The number of survivors was determined at various time
points, and bacterial growth curves were constructed for each
tested concentration. D4 at 0.25 and 0.5× MIC hindered the
isolate's growth to approximately one log, relative to the untreated
control, at 3 hours. This effect was maintained in the case of 0.5×
MIC at 6 hours; however, regrowth occurred at the 24 hour time
point (Fig. 7).
3.11. Biolm inhibition capability of D4

A biolm inhibition assay was done to study the ability ofD4, the
most active dye in terms of MIC, to prevent biolm formation.
Fig. 8 Biofilm inhibition assay of dye D4 against the strong biofilm form
absence or the presence of different concentrations of D4. After incub
plotted against concentrations of D4 expressed as mg mL−1 in (a) or as M

© 2025 The Author(s). Published by the Royal Society of Chemistry
Biolm formation is a virulence factor contributing to S. aureus
pathogenicity, leading to severe and chronic diseases.78 Biolm
formation allows the bacterium to attach and adhere to different
host tissues as well as on different implanted devices or catheter
tubing. This process increases S. aureus virulence and resistance
to antimicrobial treatment.79,80 We tested the ability of D4 to
inhibit biolm formation of the MRSA clinical isolate by incu-
bating the bacterium with different concentrations of D4 while
allowing MRSA to adhere on a plastic 96 well plate. As shown in
Fig. 8, D4 was able to inhibit biolm formation of the tested
MRSA clinical isolate, which is a strong biolm former: at
a concentration of 39 mg mL−1 (equivalent to 0.5× MIC), D4 was
able to inhibit primarily any biolm formation (inhibition of 97%
of biolm formation). Interestingly, even at a lower concentration
equivalent to 0.25 MIC (19.5 mg mL−1), around 89% of biolm
formation was inhibited. That demonstrates the anti-virulence
er MRSA isolates. Bacterial inocula were allowed to form biofilm in the
ation, biofilm was quantified, and the percent biofilm formation was
IC equivalent in (b).
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activity of D4 above-demonstrated. More importantly, the anti-
virulence activity of D4 can be used at sub-MIC concentrations,
which may limit the development of resistance. Amengor et al.
described a 57% inhibition of biolm formation by S. aureus at
125 mg mL−1.81 Mini et al. reported the antibiolm potential of
carmoisine azo dye against Pseudomonas aeruginosa, presumably
due to inhibition of quorum sensing.82
3.12. D4 inhibits the SaeR/S two-component regulatory
system in MRSA

qRT-PCR was used to evaluate the effect of D4 on the expres-
sion and regulation of the MRSA clinical isolate's SaeR, SaeS
two-component system. SaeR/S is a regulatory system that
consists of: SaeS, which is a sensor histidine kinase and SaeR,
which is a response regulator. The biological importance of
this two-component system is that it controls the expression of
several essential virulence factors of S. aureus, such as alpha-
hemolysin (Hla), leukocidins, and other virulence factors
which are crucial for the bacterium's pathogenicity and ability
to evade the immune response. Moreover, by modulating the
expression of these virulence factors, the SaeR/S system helps
S. aureus survival and its ability to promote infection by
allowing the bacteria to adapt to different environmental
conditions outside and within the host.83,84 Besides, the Sae
system has been known to affect biolm formation positively
or negatively depending on the strain and the environment.85

Inhibiting the SaeR/S can be a plausible way to reduce S. aureus
virulence. It is one of the new potential targets for novel
Fig. 9 D4 significantly reduces SaeS and SaeR two-component regulato
presence or absence of 0.5 MIC of D4. After 24 hours, RNA was extracte
gyrB housekeeping gene. Fold changes were normalized relative to solven
p < 0.05; **, p < 0.01).

1676 | RSC Adv., 2025, 15, 1665–1679
therapeutics alone or in combination with known antibacterial
agents. To provide mechanistic insights into the mechanism of
D4 antibacterial and D4 antibacterial and anti-virulence
activities, MRSA bacterial cultures were allowed to grow in the
absence or presence of D4 at its 0.5× MIC value for 24 hours.
D4 signicantly reduced SaeR expression by about 2 fold as
compared to the untreated control (Fig. 9). Interestingly, D4
also signicantly decreased the expression of SaeS by about 30
fold (0.03 fold change compared to normalized untreated
control) (Fig. 9). These qPCR data suggest that inhibiting the
SaeS/SaeR system is another potential mechanism by which D4
exerts its antibacterial and anti-virulence effects. In a previous
study, phenazopyridine hydrochloride inhibited SaeS kinase
activity, ultimately decreasing the expression of toxic shock
syndrome toxin (TSST-1) and reducing the virulence of S.
aureus.86
3.13. Stability of dye D4 in biological medium

The stability of dye D4 in PBS has been assessed through UV-vis
measurements, which is an established technique for evalu-
ating organic compound stability in biological media.87 The UV-
vis spectra for the MIC of the dye before and aer incubation in
PBS solution at 37 °C for 24 hours were illustrated in Fig. S18
(ESI).† The UV-vis spectra showed no signicant changes in
absorption band position, indicating that dye D4 remained
chemically stable and retained its structural integrity under
these conditions. Therefore, themost potent dye is conrmed to
be stable in biological medium.
ry system expression. MRSA clinical isolate was allowed to grow in the
d, and SaeS and SaeR mRNA were quantified using qPCR relative to the
t-treated control. Student's t-test was used to analyze fold changes. (*,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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4 Conclusion

The present study set out to design novel synthetic azo dyes
derived from isomeric amino benzoic acid as potent antibac-
terial agents, advancing the clinical research eld. This is
further integrated with diverse experimental spectroscopic
techniques such as UV-vis, FTIR, NMR spectroscopy, and HRMS
integrated with comprehensive DFT calculations. A summary of
the essential outcomes is as follows:

� Generally, the dyes were synthesized with an excellent
yield, with the minimal use of hazardous organic solvents to
comply with the sustainable development goals (SDGs).

� The experimental UV-vis spectra have been assigned to the
corresponding transitions, elucidating the crucial inuence of
substituents on the photochromic properties of the dyes.

� The experimental NMR spectrum agrees with the
computed one, conrming the appropriateness of the method
and basis sets used for these calculations.

� Further interpretation for experimental NMR was per-
formed by computing RDG functions. In sum, the RDG
conrms strong intramolecular hydrogen bond through
O–H/N interaction for dyes derived from m-amino phenol.

� A key strength of the present study was the proof of the
exchangeability of aromatic proton within certain dyes through
the utilization of HMQC to elucidate one bond coupling.

� Accurate DFT computations were conducted to nd the
optimal geometry of the dyes. Subsequently, global reactivity
descriptors were calculated and discussed.

� The tendency of different moieties for charge donation or
acceptance was designated through visualized FMOs. Mean-
while, the reactivity of atomic sites for electrophilic and
nucleophilic attacks was assigned based on MEP map
analyses.

� The dyes showed antibacterial activity towards the Staph-
ylococcus aureus standard strain and, more importantly, against
clinically isolated multidrug-resistant MRSA strain.

� One promising synthesized dye (D4) showed good anti-
biolm activity against the tested MRSA strong biolm former
MRSA strain with about 89% biolm inhibition with concen-
trations down to 0.25 MIC.

� D4 demonstrated potential anti-virulence activity by
strongly inhibiting the SaeS/SaeR two-component system,
a key regulator of various bacterial-associated virulence
factors.

� D4 is a promising antibacterial dye with both antibacterial
and anti-virulence properties. Its anti-virulence activity,
observed at concentrations lower than its MIC, could signi-
cantly help in decreasing its resistance in bacterial systems.
This makes D4 a valuable candidate for use in clinical settings
to combat multi-drug-resistant MRSA.

� Future studies should explore the potential of these dyes to
be used as indicators, given their acid/base sensitivity.
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Kulenović, Dyes Pigm., 2013, 96, 672–678.

67 M. Ueda, N. Kishida, L. Catti and M. Yoshizawa, Chem. Sci.,
2022, 13, 8642–8648.

68 P. S. de Carvalho, F. M. Nachtigall, M. N. Eberlin and
L. A. B. Moraes, J. Org. Chem., 2007, 72, 5986–5993.

69 P. Ruggiero, F. Interesse and O. Sciacovelli, Geochem.
Cosmochim. Acta, 1979, 43, 1771–1775.

70 P. Ruggiero, F. Interesse, L. Cassidei and O. Sciacovelli,
Geochim. Cosmochim. Acta, 1980, 44, 603–609.

71 P. Ruggiero, F. Interesse and O. Sciacovelli, Soil Biol.
Biochem., 1981, 12(3), 297–299.

72 K. Fukui, Science, 1982, 218, 747–754.
73 Y. Huang, C. Rong, R. Zhang and S. Liu, J. Mol. Model., 2017,

23, 1–12.
74 H. Weinstein, R. Osman, J. P. Green and S. Topiol, Chemical

Applications of Atomic and Molecular Electrostatic Potentials:
Reactivity, Structure, Scattering, and Energetics of Organic,
Inorganic, and Biological Systems, 1981, pp. 309–334.

75 I. Obot, D. Macdonald and Z. Gasem, Corros. Sci., 2015, 99,
1–30.
© 2025 The Author(s). Published by the Royal Society of Chemistry
76 E. R. Johnson, S. Keinan, P. Mori-Sánchez, J. Contreras-
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