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cterial activity of N-(thiazol-2-yl)
benzenesulfonamides in conjunction with cell-
penetrating octaarginine†
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Sasmita Majhi,a Abhijit Mishra a and Bhaskar Datta *bc

Hybrid antimicrobials that combine the effect of two or more agents represent a promising antibacterial

therapeutic strategy. In this work, we have synthesized N-(4-(4-(methylsulfonyl)phenyl)-5-phenylthiazol-

2-yl)benzenesulfonamide derivatives that combine thiazole and sulfonamide, groups with known

antibacterial activity. These molecules are investigated for their antibacterial activity, in isolation and in

complex with the cell-penetrating peptide octaarginine. Several of the synthesized compounds display

potent antibacterial activity against both Gram-negative and Gram-positive bacteria. Compounds with 4-

tert-butyl and 4-isopropyl substitutions exhibit attractive antibacterial activity against multiple strains. The

isopropyl substituted derivative displays low MIC of 3.9 mg mL�1 against S. aureus and A. xylosoxidans.

The comparative antibacterial behaviour of drug–peptide complex, drug alone and peptide alone

indicates a distinctive mode of action of the drug–peptide complex, that is not the simple sum total of

its constituent components. Specificity of the drug–peptide complex is evident from comparison of

antibacterial behaviour with a synthetic intermediate–peptide complex. The octaarginine–drug complex

displays faster killing-kinetics towards bacterial cells, creates pores in the bacterial cell membranes and

shows negligible haemolytic activity towards human RBCs. Our results demonstrate that mere

attachment of a hydrophobic moiety to a cell penetrating peptide does not impart antibacterial activity

to the resultant complex. Conversely, the work suggests distinctive modes of antibiotic activity of small

molecules when used in conjunction with a cell penetrating peptide.
1. Introduction

Bacterial infectious diseases are a signicant cause of morbidity
and mortality worldwide. Methicillin-resistant Staphylococcus
aureus (MRSA), the rst superbug, is said to cause approxi-
mately 19 000 deaths annually in the United States alone.1

Similarly, Helicobacter pylori (H. pylori) affects more than half of
the global population.2 The multidrug resistance of ESKAPE
nosocomial pathogens is now accepted.3,4 ESKAPE is an
acronym for Enterococcus faecium, Staphylococcus aureus, Kleb-
siella pneumoniae, Acinetobacter baumannii, Pseudomonas aeru-
ginosa and Enterobacter species, that are collectively known to
cause multitude of pandemic infections. Such life-threatening
infections include meningitis, bacteremia, tuberculosis,
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pneumonia, typhoid, urinary tract infections and gonorrhea.5–7

Bacterial resistance to antimicrobial agents is not new but
attracts signicantly more attention now than ever before owing
to the growing human population and improvements in overall
life-expectancy. There is perennial need for research into
effective and novel antimicrobial agents as well as targeting and
delivery strategies.

Therapeutic approaches to mitigate the drug-resistance
phenomena include reasonably straight-forward combination
therapy and use of derivatives of established drugs. More
sophisticated strategies such as use of hybrid-antimicrobials,
therapeutic adjuvants and nanotechnology-based constructs
have been the subject of intensive research in recent years.8–12 In
combination therapy, two or more antimicrobial agents are
concomitantly administered. Nanotechnology-based
approaches have enabled antimicrobial interventions by
offering a plethora of delivery options and mechanisms of drug
release.13 Other notable materials that have emerged in the
context of innovative antimicrobial agents include siderophore–
antibiotic conjugates, antimicrobial peptides, peptoids, and
antimicrobial polymers.14–18 Siderophores are the small-sized
iron chelators secreted by bacteria to transport iron(III) across
the cell membrane, and a uniquely built-in internalization
RSC Adv., 2021, 11, 28581–28592 | 28581
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pathway exists for iron-scavenging. Taking advantage of the
inherent mode of entry of siderophore derivatives, recently,
antibiotics have been covalently linked with them to directly
deliver antibiotics to the cytoplasm to circumvent the
membrane-mediated resistance.19 Antimicrobial peptides
(AMPs) are short peptides with an ability to disrupt the
membrane integrity or inhibit vital cellular functions. It is
hypothesized that they create punctures or holes in bacterial
cell membranes leading to cell death and hence the develop-
ment of resistance is abated due to a novel mechanism of
action.20

The mentioned strategies, while promising, are constrained by
various limitations including in vivo instability, unsuitable
production costs, cytotoxicity, emergence of new resistance
mechanisms and unsatisfactory translation to in vivo contexts.
Hybridization of antimicrobial agents with a second functional
moiety, especially peptides and nucleic acids, displays signicant
promise as a next-generation strategy. In particular, the use of cell-
penetrating peptides (CPPs) as the second functional entity in the
hybrid antibacterials has garnered immense interest.9,21–24 AMPs
and CPPs fall into the category of membrane-active peptides,
where AMPs kill cells while CPPs carry cargos across lipid bila-
yers.25 Cell-penetrating peptides (CPPs) are short peptides
comprising of 5–30 amino acids, usually cationic and hydrophilic,
and possess a unique capability of translocating across the cellular-
membrane barrier.26 CPPs have been used as a delivery vehicle for
various drugs with intracellular targets as well as for intracellular
imaging applications.27,28 A detailed survey of the literature shows
that they have been majorly used for mammalian cells and not for
bacterial cells. Further, their activity is consistently measured in
the context of established drugs or natural products. In this work,
we study the antimicrobial activity of a new series of N-(4-(4-
(methylsulfonyl)phenyl)-5-phenylthiazol-2-yl)benzenesulfonamide
derivatives in conjunction with octaarginine CPP.

Substituted thiazole and benzothiazole derivatives have been
previously reported as possessing antibacterial properties.29–31

Several sulfonamide derivatives have been extensively studied
as antibacterial agents.32–35 Antibacterial sulfonamides have
been suggested as competitive inhibitors of enzyme dihy-
dropteroate synthetase (DHPS), whose activity plays an impor-
tant role for the synthesis of folate necessary in cells for the
synthesis of nucleic acids.36 Inhibition of DHPS does not allow
bacterial cell division, which results in a bacteriostatic effect. In
the present study we have designed and synthesized N-(4-(4-
(methylsulfonyl)phenyl)-5-phenylthiazol-2-yl)benzenesulfon-
amide scaffold by incorporating both thiazole and sulfonamide
moieties in a single molecule (as shown in Fig. 1). While
heterocyclic compounds possessing separate thiazole and
sulfonamide moieties have been systematically studied for their
antibacterial activity,37,38 there is a scarcity of reports on mole-
cules combining both groups. Further, most small molecule
antibacterial drugs are hydrophobic and display antibacterial
behaviour upon dissolution in organic solvents. Clinically
viable drugs require higher bioavailability and hence greater
water solubility.

The present study employs a cell-penetrating peptide, an
impressive but undervalued vector for bacterial cells, to form
28582 | RSC Adv., 2021, 11, 28581–28592
a sulfonamide based dual component molecular hybrid anti-
bacterial. Interesting observations in terms of bioactivity of the
drug–peptide complexes are presented, which augment the
understanding of antibacterial drug-design harnessing combi-
natorial strategy. The work sheds light on antibacterial activity
of hitherto untested small molecules alone and especially when
used in conjunction with cell penetrating peptides.
2. Materials, cells and methods

Chemicals were procured from Sigma Aldrich or Merck or Alfa
Aesar. Solvents were obtained from Merck Chemicals or SDFCL
or FINAR and were used without further purication. Nuclear
magnetic resonance (NMR) spectra were recorded on a 500 MHz
Bruker Instrument using tetramethylsilane (TMS) as an internal
reference. Chemical shis were measured in ppm (d) relative to
TMS (0.00 ppm). Coupling constants (J) are reported in Hertz
(Hz). Mass spectra were measured by LC-MS on a Waters
SYNAPT-G2S-S using the electrospray ionization technique.
Progress of the reactions were monitored by thin layer chro-
matography (TLC) analysis on silica gel plates. Octaarginine
(R8) peptide was synthesized by standard uorenylmethlox-
ycarbonyl (FMOC) solid phase peptide synthesis method using
rink amide resin and DIC (diisopropylcarbodiimide)-oxyma
coupling reagents; characterized and puried by Mass spec-
trometry and preparative-HPLC respectively.

Escherichia coli (ATCC 25922), Staphylococcus aureus (ATCC
25923), Bacillus subtilis (ATCC 6633), Staphylococcus epidermidis
(MTCC 435), Paracoccus sp. (MTCC 11829), Achromobacter xylo-
soxidans (MTCC 1685), Escherichia coli K-12 (MTCC 1302) cells
were collectively procured from National Collection of Industrial
Microorganism (NCIM) and Microbial Type Culture Collection
and Gene Bank (MTCC). Mueller Hintor agar and Mueller Hinton
broth were obtained from Himedia, Mumbai India. Human
erythrocytes or red blood cells (hRBCs) were procured from Uni-
path Specialty pathology laboratory Ahmedabad, India. RBCs
from healthy persons of age group 22–30 years were obtained with
their consent for research and experimental purpose. Cells were
pelleted down and diluted with PBS (phosphate buffer saline) in
the pathology lab. Haemolysis experiment was performed the
same day without storage of the RBCs.
2.1 General procedure for the synthesis of 1-(4-(methylthio)
phenyl)-2-phenylethan-1-one (1)

Thioanisole (3 mmol) was slowly added to a mixture of phe-
nylacetyl chloride (3.25 mmol) and aluminium trichloride (3.85
mmol) in 5 mL of dry dichloromethane (DCM) under nitrogen
gas atmosphere at 0–5 �C. Temperature of the reaction mixture
was maintained for 2 h and then kept at room temperature for
2–3 h. Finally, the resulting reaction mixture was poured on
crushed ice and acidied with diluted HCl (pH 5–6) followed by
extraction with DCM. The organic extract was washed with
saturated NaHCO3 solution followed by brine solution (satu-
rated NaCl solution) and dried over anhydrous Na2SO4. Then
organic layer was evaporated under vacuum and the resulting
residue was nally puried by column chromatography to
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Thiazole and sulfonamide moieties in a single molecule.
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afford title compound 1 (80%). 1H NMR (CDCl3, 500 MHz):
d 7.92 (d, 2H, J ¼ 8.5 Hz), 7.33–7.30 (m, 2H), 7.26–7.24 (m, 5H),
4.24 (s, 2H), 2.51 (s, 3H), 13C NMR (CDCl3, 125 MHz): 196.7,
146.1, 134.7, 132.9, 129.4, 129.1, 128.7, 126.9, 125.0, 45.4, 14.7
MS (ESI): m/z calculated [M + H]+: 243.0838 [M + H]+: 243.1024
(found).

2.2 General procedure for the synthesis of 1-(4-
(methylsulfonyl) phenyl)-2-phenylethan-1-one (2)

30% hydrogen peroxide (H2O2, 7 mmol) was slowly added to
a mixture of compound 1 (2 mmol) in acetic acid (5 mL). The
reaction mixture was then heated at 50 �C for 5–6 h. Aer
completion of reaction, reaction mixture was cooled at room
temperature and poured over crushed ice and extracted with
DCM. Organic layer was then washed with saturated NaHCO3

solution, brine solution, dried over anhydrous Na2SO4 and evap-
orated under vacuum to obtain crude solid residue which was
nally puried using column chromatography to get desire
compound 2 (75%).

1H NMR (CDCl3, 500 MHz): d 8.17 (d, 2H, J ¼ 8.4 Hz), 8.03 (d,
2H, J ¼ 8.4 Hz), 7.36–7.33 (m, 2H), 7.29–7.26 (m, 3H), 4.32 (s,
2H), 3.07 (s, 3H), 13C NMR (CDCl3, 125 MHz): 196.4, 144.2,
140.5, 133.5, 129.5, 129.4, 128.9, 127.8, 127.3, 46.0, 44.3.

2.3 General procedure for synthesis of 2-bromo-1-(4-
(methylsulfonyl)phenyl)-2-phenylethan-1-one (3)

To a solution of compound 2 (1.1mmol) in DCM (5mL) catalytic
amount of HBr (0.1 mL) and a solution of Br2 in glacial acetic
acid (1 mL, 7.5 mmol) were added with stirring and reaction
mixture was reuxed for 5 h. Cooled reaction mixture was then
poured over crushed ice and extracted with DCM. Organic layer
was washed with saturated NaHCO3 solution, brine solution
and dried over anhydrous Na2SO4. Solvent was evaporated
under vacuum and the resulting crude residue was used for the
next step without further purication.

2.4 General procedure for the synthesis of 4-(4-
(methylsulfonyl) phenyl)-5-phenylthiazol-2-amine (4)

Thiourea (0.39 mmol) and the crude residue obtained from the
previous step was dissolved in ethanol (10 mL) and reuxed for
6 h. Aer completion of reaction, the reaction mixture was
cooled at room temperature, poured in ice–cold water, and
basied with saturated NaHCO3 solution (pH 8–9) followed by
extraction with diethyl ether. The organic layer was washed with
saturated NaHCO3 solution, brine solution and dried over
© 2021 The Author(s). Published by the Royal Society of Chemistry
anhydrous Na2SO4. The organic layer was removed under
reduced pressure and the resulting crude residue was further
puried using the column chromatography to obtain title
compound 4 as a yellow colored solid (80%). 1H NMR (DMSO-
d6, 500 MHz): d 7.80 (d, 2H, J ¼ 8.5 Hz), 7.61 (d, 2H, J ¼ 8.5 Hz),
7.38–7.30 (m, 3H), 7.28–7.25 (m, 4H), 3.21 (s, 3H); 13C NMR
(DMSO-d6, 125 MHz): 166.9, 143.4, 140.6, 139.6, 132.6, 129.7,
129.5, 129.4, 128.2, 127.2, 122.2, 43.9; MS (ESI): m/z calculated
[M + H]+: 331.0569 [M + H]+: 331.0654 (found).
2.5 General procedure for the synthesis of N-(4-(4-
(methylsulfonyl)phenyl)-5-phenylthiazol-2-yl)
benzenesulfonamide (5a–5e)

We have recently reported the synthesis and SphK1 kinase
inhibitory activity of phenylthiazolyl benzenesulfonamide deriva-
tives.39 Suitable sulfonyl chloride (1.1 mmol) was added to
a solution of compound 4 (0.6mmol) in dry pyridine (7–8mL) and
the resultant mixture was stirred for 5 hours at room temperature.
Aer the completion of the reaction, the reaction mixture was
poured on crushed ice and acidied with diluted HCl (pH 5–6).
The resulting solid was ltered and further puried using ash
chromatography to obtain target compounds 5a–5e.
2.6 4-Isopropyl-N-(4-(4-(methylsulfonyl)phenyl)-5-
phenylthiazol-2-yl)benzenesulfonamide (5a)

The title compound was synthesized as described above; yield
52%, 1H NMR (DMSO-d6, 500 MHz): d 13.28 (brs, 1H), 7.90 (d,
2H, J ¼ 8.0 Hz), 7.81 (d, 2H, J ¼ 8.0 Hz), 7.60 (d, 2H, J ¼ 8.0 Hz),
7.46 (d, 2H, J¼ 8.0 Hz), 7.38–7.27 (m, 5H), 3.26 (s, 3H), 3.00–2.95
(m, 1H), 1.22 (d, 6H, J¼ 6.5 Hz); 13C NMR (DMSO-d6, 125 MHz):
153.5, 151.7, 141.5, 140.2, 130.5, 130.3, 129.7, 129.4, 129.3,
127.6, 127.4, 126.6, 43.6, 33.8, 24.0, MS (ESI): m/z: calculated [M
+ H]+: 513.0971; found [M + H]+: 513.1001 [M + H]+.
2.7 4-(tert-Butyl)-N-(4-(4-(methylsulfonyl)phenyl)-5-
phenylthiazol-2yl)benzenesulfonamide (5b)

The title compound was synthesized as described above; yield
55%, 1H NMR (DMSO-d6, 500 MHz): d 13.29 (brs, 1H), 7.91 (d,
2H, J¼ 8.5 Hz), 7.82 (d, 2H, J¼ 8.5 Hz), 7.62–7.59 (m, 4H), 7.39–
7.38 (m, 3H), 7.28–7.26 (m, 2H), 3.26 (s, 3H), 1.31 (s, 9H); 13C
NMR (DMSO-d6, 125 MHz): 166.4, 155.8, 141.7, 139.8, 134.5,
130.4, 130.3, 129.7, 129.4, 129.3, 127.6, 126.4, 126.3, 43.7, 35.3,
31.3; MS (ESI): m/z: calculated [M + H]+: 527.1127; found [M +
H]+: 527.1125.
RSC Adv., 2021, 11, 28581–28592 | 28583
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2.8 4-Chloro-N-(4-(4-(methylsulfonyl)phenyl)-5-
phenylthiazol-2-yl)benzenesulfonamide (5c)

The title compound was synthesized as described above; yield
55%, 1H NMR (CDCl3, 500 MHz): d 7.92 (d, 2H, J ¼ 7.5 Hz), 7.84
(d, 2H, J ¼ 8.0 Hz), 7.53 (d, 2H, J ¼ 8.0 Hz), 7.45 (d, 2H, J ¼ 8.0
Hz), 7.35–7.33 (m, 4H), 7.22 (d, 2H, J ¼ 6.5 Hz), 3.06 (s, 3H); 13C
NMR (CDCl3, 125 MHz): 167.2, 140.8, 140.6, 138.3, 134.4, 130.1,
129.9, 129.4, 129.2, 129.1, 129.1, 128.9, 127.9, 127.6, 122.4, 44.2;
MS (ESI): m/z: calculated [M + H]+: 505.0112; [M + 2]+: 507.0180;
found [M + H]+: 505.0101 [M + 2]+, 507.0057.
2.9 4-Methyl-N-(4-(4-(methylsulfonyl)phenyl)-5-
phenylthiazol-2yl)benzenesulfonamide (5d)

The title compound was synthesized as described above; yield
65%, 1H NMR (DMSO-d6, 500 MHz): d 13.25 (brs, 1H), 7.91 (d,
2H, J ¼ 8.0 Hz), 7.79 (d, 2H, J ¼ 8.0 Hz), 7.60 (d, 2H, J ¼ 8.5 Hz),
7.40–7.39 (m, 5H), 7.27–7.27 (m, 2H), 3.26 (s, 3H), 2.39 (s, 3H);
13C NMR (DMSO-d6, 125 MHz): 143.1, 141.6, 139.7, 130.4, 130.3,
130.0, 129.7, 129.4, 129.3, 127.6, 126.5, 43.6, 21.4; MS (ESI):m/z:
calculated [M + H]+: 485.0658; found [M + H]+: 485.0688.
2.10 N-(4-(4-(Methylsulfonyl)phenyl)-5-phenylthiazol-2yl)
benzenesulfonamide (5e)

The title compound was synthesized as described above; yield
58%, 1H NMR (CDCl3, 500 MHz): d 7.95 (d, 2H, J ¼ 7.5 Hz), 7.86
(d, 2H, J ¼ 8.5 Hz), 7.56–7.50 (m, 3H), 7.46 (t, 2H, J ¼ 8.0 Hz),
7.38–7.31 (m, 3H), 7.22 (d, 2H, J¼ 7.0 Hz), 3.04 (s, 3H); 13C NMR
(CDCl3, 125 MHz): 166.4, 141.5, 141.1, 134.6, 132.5, 130.2, 129.5,
129.4, 129.4, 129.1, 128.9, 128.1, 126.6, 122.9, 44.3; MS (ESI): m/
z: calculated [M + H]+: 471.0501; found [M + H]+: 471.0519.
2.11 Complexation of peptide and drug

The peptide–drug complex was prepared by mixing aqueous
peptide (1 mg) and ethanolic drug (0.5 mg) with stirring for 48
hours; ethanol was removed in vacuo followed by lyophilization
to obtain a powder. The peptide to drug weight ratio was 2 : 1.
This concentration was optimized such that there was no phase
separation aer ethanol removal and the complex is freeze-
dried to obtain a homogenous single-phase product.
2.12 Antibacterial activity of the synthesized compounds by
disk diffusion test

Antibacterial activity of all ve N-(4-(4-(methylsulfonyl)phenyl)-5-
phenylthiazol-2-yl)benzenesulfonamide derivatives (5a–5e) and
intermediate compound 4 were tested by disk diffusion method.
Mid-log phase bacterial cultures, freshly prepared from full-grown
overnight cultures, were streaked on Mueller Hinton agar plates.
Sterile lter discs measuring 5.5 mm in diameter were mounted
on agar plates followed by the addition of a known volume of test
compounds into it. Chloramphenicol and DMSO were used as
positive and negative controls, respectively. All potent compounds
were tested for their antibacterial activity by disk/agar diffusion
method using the drug's dilutions ranging from 8mM to 1mM in
DMSO. Aer 18 hours of incubation at 37 �C, compounds were
28584 | RSC Adv., 2021, 11, 28581–28592
tested for their antibacterial activity by measuring the zone of
inhibition (ZOI), expressed in millimeters (mm).
2.13 Antibacterial activity by broth microdilution method

The bacterial cultures were grown in Mueller Hinton broth over-
night till they reached the stationary phase. The stationary phase
cultures were then diluted in broth and allowed to grow till the
mid-log phase, for around two hours at 37 �C. Absorbance at
600 nm was read and optical density (OD) was adjusted to 0.5–0.7.
A bacterial suspension of density 5 � 105 CFU per mL was
preparedwithmid-log phase bacteria by further diluting it with the
broth.40 For minimum inhibitory concentration (MIC) determina-
tion, 10 mL of drug of varying concentrations, in two-fold dilutions
were added, in quadruplets to 90 mL of the bacterial cell suspen-
sion and incubated for 16–18 hours at 37 �C. The data points in
MIC plots represent mean � SD for three independent experi-
ments performed in quadruplets. Acetone was used to dissolve the
bare sulfonamide derivatives as they were not soluble in water in
its original form without peptide. Sterile Milli-Q water was used for
peptide and peptide–drug complexes. Solvent without any drug
added to the bacterial suspension serves as the positive control,
while broth alone with the solvent is the negative control. Absor-
bance at 600 nm (OD600) was read, and the percentage of survival
was calculated as below

Survival rate ¼ sample OD � negative control OD

positive control OD � negative control OD

� 100

Checkerboard assay was performed by adding the combi-
nations of R8 peptide and isopropyl substituted compound, 10
mL each to 80 mL volume of bacterial cells of density 5� 105 CFU
per mL. Peptide was diluted along the ordinate while isopropyl
compound was diluted along the abscissa in a 96 microtiter well
plate, and two-fold serial dilutions were prepared. 16� MIC
initial concentration was used for the isopropyl drug while for
R8 peptide 2�MIC was used as the starting concentration. Aer
overnight incubation at 37 �C, OD600 was read where clear wells
meant growth inhibition and turbidity signies growth. This
experiment was independently repeated thrice and positive and
negative controls were kept similar to the MIC determination
study. Fractional inhibitory concentration index (FICI) through
the checkerboard assay was calculated using following relation:

FICI ¼ MIC of R8 in combination

MIC of R8 alone

þ MIC of isopropyl in combination

MIC of isopropyl alone
2.14 Killing-kinetics assay

Killing-kinetics or time-kill assay was conducted to compare the
inhibitory activities of the peptide-based complex and the iso-
propyl compound with respect to time. A density of 5� 105 CFU
per mL bacterial cells was treated with 1� MIC and aliquots of
the treated culture at specic time intervals were plated aer
© 2021 The Author(s). Published by the Royal Society of Chemistry
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dilution with sterile phosphate buffer saline of pH 7.4. The
dilution factor was 50 and 20 mL volume was used for plating.
The agar plates were incubated overnight at 37 �C and colonies
were counted to nd the reduction in viable cells. A plot of
log10(CFU per mL) versus time points is plotted to assess the
drug's kinetic performance of killing cells. The experiment was
repeated thrice with a xed initial inoculum size. A difference of
only a few colonies was observed in between the trials which
becomes negligible when logarithm is taken.

2.15 Preparation of cells for scanning electron microscopy

Mid-logarithmic cells were treated with 1� MIC concentrations
of the drugs for a period of 6 hours and cells were pelleted down
and resuspended in 2.5% glutaraldehyde in PBS for xation.
Aer overnight xation, cells were washed thrice with auto-
claved Milli-Q water and lyophilized to obtain dry powder. A
thin layer of cells was spread with clean brush onto the carbon
tape glued over metallic stub and coated with platinum plasma
under argon gas environment in a sputter coater. Scanning
ElectronMicroscope (SEM) images were captured in JEOL 7600F
Field Emission Scanning Electron Microscope at the Central
Instrumentation Facility of IIT Gandhinagar.

2.16 Assessment of haemolytic activity

Human RBCs diluted with 10 mM PBS to a nal concentration of
2%was used for the haemolysis toxicity assay. Small modications
were made to the previous studies while designing this experi-
ment.41,42 To 90 mL of RBCs suspension, 10 mL of drugs were added.
Here we tested isopropyl–R8 complex in water, R8 peptide alone in
water and isopropyl compound in acetone for their haemolytic
activity in 1� MIC, 2� MIC and 4� MIC concentrations. Sterile
Eppendorf tubes of volume 0.5 mL were used for this experiment.
Compounds with RBCs were incubated for 1 hour at 37 �C with
gentle shaking intermittently. Post-incubation, intact RBCs were
pelleted down at 1100 rpm in a benchtop mini-centrifuge and 50
mL supernatant was collected, transferred to a 96 well plate and
diluted with equal volume of PBS. 1% Triton-X served as positive
control while respective solvents of drugs as negative controls. The
assay was done in triplicates and independent experiments were
done thrice, to calculate the error with standard deviation.
Absorbance at 405 nm is read in a microplate reader (BioTek 800
TS) and % haemolytic activity is calculated as below

% haemolytic activity ¼

sample absorbance� negative control absorbance

positive control absorbance � negative control absorbance

� 100

3. Results & discussion
3.1 Synthesis of N-(4-(4-(methylsulfonyl)phenyl)-5-
phenylthiazol-2-yl)benzenesulfonamide

In the present work, ve derivatives of N-(4-(4-(methylsulfonyl)
phenyl)-5-phenylthiazol-2-yl)benzenesulfonamide with varying
© 2021 The Author(s). Published by the Royal Society of Chemistry
substitutions at para position of benzenesulfonamide contain-
ing phenyl ring, were synthesized according to the reported
methods.39 Friedel Cra acylation of phenyl acetyl chloride with
thioanisole in presence of aluminium chloride (AlCl3) and
dichloromethane (DCM) as solvent was used for preparing
compound 1, which on oxidation by hydrogen peroxide (H2O2)
provided compound 2.43 Treatment of compound 2 with
bromine in acetic acid and in the presence of hydrobromic acid
(HBr) as a catalyst gave compound 3. A mixture of compound 3
and thiourea in ethanol was reuxed for preparing compound
4.44 It is a perfect example of Hantzsch's thiazole condensation
reaction where an acyclic intermediate is formed by nucleo-
philic attack by sulfur on the carbon atom bearing the bromine
atom, followed by cyclization and removal of water molecule
lead the formation of thiazole derivatives. Target compounds
5a–5e were nally obtained by reaction of intermediate
compound 4 with different sulfonyl chlorides in pyridine as
shown in Scheme 1. All the synthesized molecules were char-
acterized by different spectroscopic techniques such as 1H
NMR, 13C NMR, and LC-MS mass spectrometry (ESI).
3.2 Antibacterial activity of the synthesized compounds by
disk diffusion test

Antibacterial activity for 4 and 5a–5e as assessed by the disk
diffusion test are listed in Table 1 (refer to ESI† for the pictures
of agar plates). Zone of inhibition implies antibacterial activity
of the drugs while the hyphen marks in Table 1 represent no
detectable ZOI. Screening results revealed all compounds, with
the exception of intermediate 4, display antibacterial activity
against E. coli while compounds 5a–5c were found to be active
against S. aureus. Furthermore, the compounds 5a and 5b dis-
played antibacterial activity against B. subtilis and S. epi-
dermidis. Among the synthesized compounds 5a and 5b
exhibited attractive antibacterial activity, comparable to the
standard chloramphenicol. Notably, the small molecule 5b
bearing tert-butyl substituent displayed superior antibacterial
activity in contrast to the alkyl derivatives. The availability of
hydrophobic chain in this compound may be facilitating easier
interaction and movement through the bacterial membrane.
Such lipophilic basis of action may also justify the antibacterial
activity of halide bearing compound 5c.
3.3 Antibacterial activity of neat 5a by broth microdilution

Considering the broad activity observed for the isopropyl
derivative (5a), MIC (minimum inhibitory concentration) values
were analyzed by the method of broth microdilution. 5a and 5b
emerged as the most active derivatives with the ZOIs (zones of
inhibitions) of 5b pointing to a substantial antibacterial activity.
We sought to select a scaffold that displayed broad activity
without masking effect of peptide conjugation through an
excessive antibacterial effect. Hence, 5a was chosen for physical
conjugation/complexation experiments. The broth micro-
dilution assay, also termed as MIC assay, is preferred in much
lower concentration regimens, which cannot be effectively
evaluated by the disk diffusion or ZOI assay.
RSC Adv., 2021, 11, 28581–28592 | 28585
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Scheme 1 General synthetic scheme for the synthesis of N-(4-(4-(methylsulfonyl)phenyl)-5-phenylthiazol-2-yl)benzenesulfonamide (5a–5e).

Table 1 Antibacterial activity of synthesized compounds

Compound
name

Concentration
(in mM)

Zone of inhibition (ZOI) in
millimeters

E.
coli

S.
aureus

B.
subtilis

S.
epidermidis

–Isopropyl (5a) 8 8 9 6 10.5
4 7.5 8 — 7
2 7.5 6 — —
1 7 — — —

–tert-Butyl (5b) 8 10.5 12 7 11
4 10 11 — 9.5
2 9 10.5 — 8
1 8 10 — —

–Cl (5c) 8 10 9 — —
4 8.5 8 — —
2 7 6.5 — —
1 — — — —

–CH3 (5d) 8 9 — — —
4 8.5 — — —
2 7 — — —
1 — — — —

–H (5e) 8 8 — — —
4 7 — — —
2 — — — —
1 — — — —

Intermediate (4) 8 — — — —
4 — — — —
2 — — — —
1 — — — —

Chloramphenicol 8 19 16 25.5 23
(Standard drug) 4 15 13 23 21

2 10 10 19 20
1 8 8 15 17

28586 | RSC Adv., 2021, 11, 28581–28592
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As shown in Fig. 2, 5a displayed potent antibacterial activity
with concentration of 3.9 mg mL�1 inhibiting more than 90%
bacterial growth. The drug is active against bacteria with rod
and round or spherical-shaped morphology possessing Gram-
positive as well as Gram-negative character. Results of the
broth microdilution assay are summarized in Table 2. These
results clearly indicate that 5a is active notwithstanding the
curvature and chemical composition of bacterial membranes.
Interestingly, 5a exerts absolutely no activity against E. coli at
lower micromolar concentrations, used for the broth-dilution
method, as shown in Fig. 2.
3.4 Antibacterial studies with drug–peptide complexes

The anti-bacterial behavior of 5a provided us with a suitable
candidate for testing in combination with a cell-penetrating
agent. In particular, given the potent behavior of 5a against
some bacterial strains while being inactive against others, we
were interested in emergent properties of the drug when
deployed in conjunction with a hydrophilic cell-penetrating
peptide. Our working hypothesis relied on the hydrophilic
cell-penetrating peptide rendering greater aqueous solubility to
the drug while also actively enabling passage inside cells. We
used a hydrophilic cell-penetrating peptide octaarginine (R8) to
modify drug 5a non-covalently by physical complexation and
subsequently studied antibacterial activity of the construct in
aqueous media. The enhanced interaction of 5a–R8 conjugate
with bacteria is expected based on increased intracellular
delivery by crossing the cell membrane barrier or improved cell-
membrane targeting. The antibacterial activity of the 5a–R8
complex was tested against S. aureus and E. coli. MIC assays
showed that the complex almost completely inhibits the growth
of S. aureus, while the neat 5a in water, without peptide
complexation does not display inhibitory activity (Fig. 3(a)). The
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Antibacterial activity of 5a against different bacteria in acetone
solvent.
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antibacterial activity of the peptide R8 is shown in Fig. 3(b),
suggesting inhibition of bacteria only at high concentration
ranges. In the complex form, we adjusted the dilution such that
the peptide concentration was 100 mg mL�1 and lower.

To obtain greater context for the performance of 5a–R8, we
tested the synthetic intermediate 4 along similar lines. While
intermediate compound 4 did not display any zone of inhibition
when tested by disk diffusion method, this could be attributed
to the limited sensitivity of the method as compared to the
broth microdilution assay, as well as to the modest inhibition
efficiency of the intermediate compound. As shown in Fig. 3(c),
the compound 4 displayed modest activity against S. aureus
when tested by broth microdilution. In the complex form, 4–R8
complex showed slightly enhanced activity against S. aureus
while no activity against E. coli (Fig. 3(d)). Similarly, 5a–R8
complex displays absolutely no activity against E. coli cells
(Fig. 3(d)). This behaviour follows the same pattern as bare 5a
and the bare intermediate compound 4 (Fig. 2 and 3(c)). This
indicates that the complex exerts antibacterial activity only
when the drug itself is active against bacteria in its un-
complexed form while the peptide functions as a carrier
vehicle. From the comparative behavior of the 5a–R8 conjugate,
5a alone and R8 alone against S. aureus and E. coli, it is clear
that the drug-cell penetrating peptide complex exerts a unique
effect that is not a simple sum total effect of constituent
components. Comparison of 4–R8 and 5a–R8 for their anti-
bacterial action highlights the role of the chemical scaffold
Table 2 Antibacterial activity and MIC90 of compound isopropyl (5a) by

Sl. no. Bacterial species Activity of drug/M

1 Staphylococcus aureus Active (3.9 mg mL
2 Paracoccus sp. Active (7.8 mg mL
3 Achromobacter xylosoxidans Active (3.9 mg mL
4 Escherichia coli ATCC 25922 Not active
5 Escherichia coli K-12 Not active

© 2021 The Author(s). Published by the Royal Society of Chemistry
being used and conrms the selectivity of the peptide modied
5a drug complex. Nevertheless, from the cell penetrating
peptide's perspective, the results suggest that mere attachment
of a hydrophobic moiety is insufficient in imparting or
enhancing antibacterial activity of the bare peptide. Taken
together, our results illustrate the promising character of drug–
peptide complexes with respect to antibacterial activity and by
extension for targeted delivery.

The combination of a novel set of compounds with a CPP is
likely to elicit distinctive mechanisms of action on bacteria. To
this end, we modied the potent isopropyl derivative (5a) with
octaarginine (R8) CPP and studied its antibacterial activity in
water. An exciting feature of the N-(4-(4-(methylsulfonyl)
phenyl)-5-phenylthiazol-2-yl)benzenesulfonamide derivatives is
that they are not active against E. coli bacterial cells at micro-
molar concentrations. The reason for this inactivity could be the
presence of sulfonamide-resistant dihydropteroate synthase
(DHPS).45 This feature was utilized to study the effect of the
peptide-complexation on the overall activity of the complex
against E. coli cells. The antibacterial activity observed for our N-
(thiazol-2-yl)benzenesulfonamide–octaarginine CPP conjugate
is attributed to a syncretic contribution from both constituents.
3.5 Checkerboard assay and FIC determination

The effect of the combinations of R8 peptide and isopropyl
compound against S. aureus and E. coli was ascertained using
the checkerboard assay, and the fractional inhibitory concen-
tration index was calculated. Synergy measurement and FIC
index (FICI) determination was conducted as per recent
reports.46,47 We obtained the FIC index value of 0.3125 for S.
aureus cells and 0.5 for E. coli (ATCC 25922) cells (see Table 3).
These indices signify a synergistic interaction between R8 and
isopropyl compound when individual drugs are directly mixed
in solution. As per the checkerboard assay, the presence of R8
peptide potentiates the antibacterial activity of isopropyl
compound against E. coli cells. This nding along with a null
antibacterial activity observed for the isopropyl–R8 complex
towards E. coli (Fig. 3(c)), further supports the emergent anti-
bacterial behaviour of the isopropyl–R8 complex, distinct from
the individual components. A FICI of 0.3125 against S. aureus
cells signies the greater sensitivity of the drug's combination
towards this bacterial strain.
3.6 Killing-kinetics assay

Killing-kinetics or time-kill assay is a colony-counting based
method which provides information about how fast a drug
eradicates viable counts and the bacterial load. Greater than
broth microdilution assay

IC90 Gram stain Morphology

�1) Positive Spherical
�1) Negative Rod (round in stationary phase)
�1) Negative Rod shape

Negative Rod shape
Negative Rod shape
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Fig. 3 (a) Antibacterial activity of compound 5a in complex and neat form against S aureus. (b) Antibacterial activity of bare peptide in water. (c)
Antibacterial activity of intermediate compound 4 in acetone. (d) Antibacterial activity of the complex of the peptide with 5a/isopropyl and 4/
intermediate compounds in water.

Table 3 Checkerboard FIC analysis of the combined effect of R8 and
isopropyl

Bacterial cell FIC index FICR8 FICisopropyl Interaction

S. aureus 0.3125 0.25 0.0625 Synergy
E. coli 0.5 0.5 0.0001 Synergy
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3 log reduction in bacterial colonies points to a bactericidal
mode of action. We found that the isopropyl compound alone at
its MIC concentration, 3.9 mg mL�1, kills and removes all the S.
aureus colonies within 4 hours (Fig. 4). This killing-time was
reduced by half i.e., 2 hours, when isopropyl–R8 complex was
fed to bacterial cells (refer to ESI† for agar plates showing
colonies). In our previous report, we observed an analogous
faster killing-kinetics of antibacterial agent when aided by R8
peptide through complexation.48
Fig. 4 Killing-kinetics assay of isopropyl–R8 complex and isopropyl
alone against S. aureus cells.
3.7 Preliminary investigation of mechanism of action

In order to gain a preliminary understanding of the mechanism
of antibacterial action of the isopropyl–R8 complex, we
observed the complex treated, isopropyl treated and control
cells by scanning electronmicroscopy (SEM). As shown in Fig. 5,
28588 | RSC Adv., 2021, 11, 28581–28592
we found that the isopropyl–R8 complex caused damage in the
form of pores, to the plasma membrane of S. aureus bacterial
cells. Membrane damage can lead to leakage of cytoplasmic
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Scanning electron micrographs of bacterial cells treated with isopropyl–R8 complex (a and d), isopropyl alone (b, c, e and f) are control
group of cells. Top panel shows S. aureus cells while bottom panel images are of E. coli cells. (a) Pores are visible on the membrane surface of S.
aureus cells treated with the complex, inset shows a magnified image. (d) Membrane ruffling on E. coli membrane surface on treatment with
complex.
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contents and eventual death of cells.49,50 Cells treated with only
isopropyl drug does not display membrane damage pointing
towards its intracellular targeting in bacterial cell. Interestingly,
we could not nd pores or membrane damage in case of
complex-treated E. coli, possibly supporting the inactivity of the
complex towards E. coli cells. We could however observe irreg-
ular membrane surface (membrane-ruffling) of the E. coli cells
treated with isopropyl–R8 complex. These results further high-
light the membrane-impinging strain-selective antibacterial
activity of the isopropyl–R8 complex.
Fig. 6 Comparison of haemolytic activity of the R8 peptide, isopropyl
drug and isopropyl–R8 complex. Inset shows intact RBC pellet when
treated with the complex, negative control and lysed RBCs upon
Triton-X addition.

© 2021 The Author(s). Published by the Royal Society of Chemistry
3.8 Assessment of haemolytic activity

In an attempt to asses and compare the toxicity of R8 peptide,
isopropyl compound and the isopropyl–R8 complex, their hae-
molytic activities were studied. We nd that the isopropyl–R8
complex leads to only 5% haemolysis on average and does not
cause signicant toxicity to hRBCs even at 4� MIC concentra-
tion (Fig. 6). The MIC concentration of complex, which inhibits
more than 90% bacterial cells growth was taken as reference for
these studies. We observed that the isopropyl compound alone
in high concentration results in higher haemolytic activity with
close to 100% hemolysis at 16� MIC (see ESI, Fig. S7†). The
reason behind haemolysis at high concentration of the hydro-
phobic isopropyl derivative could be due to the damage caused
to erythrocyte membrane. Lower drug concentrations are likely
accompanied by simple adsorption of drug molecules onto the
membrane surface, as studied and described in detail in
a recent report by Tacheva et al.51 Aligned to our observations,
previous reports have described lower RBC-toxicity of octaargi-
nine or R8 modication of drugs.52,53 The low toxicity of iso-
propyl–R8 complex towards red blood cells is an attractive
feature when its clinical application is considered.
4. Conclusions

A series of N-(thiazol-2-yl)benzenesulfonamides were synthe-
sized and evaluated for antibacterial activity, based on the
convergent presence of thiazole and sulfonamide moieties.
Molecules bearing alkyl chains (methyl, isopropyl and butyl)
exhibited the best antibacterial activity. The compound 5a is
very potent as it inhibits nearly 100% bacterial cell growth at
RSC Adv., 2021, 11, 28581–28592 | 28589
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a low concentration of 3.9 mg mL�1 in an organic solvent. It is
also active against a broad set of bacteria of different shapes and
Gram character. The complex of compound 5a and octaarginine
peptide is antibacterial towards S. aureus cells in aqueous
medium and kills them rapidly without causing damage to
human RBCs, thus providing scope for clinical studies in future.
Interestingly, the complex of 5a with octaarginine does not
inhibit the growth of E. coli cells, a pattern that matches the
behaviour of bare compound 5a. These observations suggest the
selective character of 5a–R8 in terms of targeting S. aureus as
opposed to E. coli. Another way of stating this is that the cell
penetrating peptide is unable to elicit sufficient antibiotic
activity of 5a against E. coli pointing to the lack of cognate
targets in the bacterial strain for the drug. While the peptide
component in the complex is expected to play the role of
a carrier to carry the N-(4-(4-(methylsulfonyl)phenyl)-5-
phenylthiazol-2-yl)benzenesulfonamide derivative to the inte-
rior of the cell, additional modes may be at play.

Owing to the cationic peptide component with guanidinium-
ion rich species, it is possible that the complex exerts
a membrane-active behaviour and causes punctures or dents in
the membrane, as evident from the scanning electron micro-
scope images of the complex treated bacterial cells. The
complex may then enter the bacterial cell to exhibit intracellular
toxic effects. In conclusion, there may be a combination of
modes of action of the complex due to the multi functionalities
of the individual units. Relatively little has been reported with
respect to the antibacterial behaviour of untested molecules
when used in conjunction with cell penetrating peptides. The
present study addresses this question and highlights the
distinctive underlying strategy that can be exploited to develop
superior antibacterial agents. Detailed study of the mechanism
of activity and enhancement of potency of such complexes is
currently underway in our laboratories.
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