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and mechanistic study of new
benzenesulfonamide derivatives as anticancer and
antimicrobial agents via carbonic anhydrase IX
inhibition†

Mohamed T. M. Nemr,a Asmaa M. AboulMagd, b Hossam M. Hassan, *cd

Ahmed A. Hamed,e Mohamed I. A. Hamedf and Mohamed T. Elsaadigh

Changes in gene expression cause uncontrolled cell proliferation and consequently tumor hypoxia. The

tumor cells shift their metabolism to anaerobic glycolysis with a significant modification in pH. Therefore,

an over expression of carbonic anhydrase IX (CA IX) genes was detected in many solid tumors.

Accordingly, selective inhibition of CA IX can be a useful target for discovering novel antiproliferative

agents. The present study described the synthesis of new aryl thiazolone–benzenesulfonamides 4a–j as

well as their carbonic anhydrase IX inhibitory effect. All the designed derivatives were evaluated for their

anti-proliferative activity against triple-negative breast cancer cell line (as MDA-MB-231) and another

breast cancer cell line (MCF-7) in addition to normal breast cell line MCF-10A. Compounds 4b–c, 4e,

4g–h showed significant inhibitory effect against both cancer cell lines at concentration ranges from

1.52–6.31 mM, with a high selectivity against breast cancer cell lines ranges from 5.5 to 17.5 times.

Moreover, three sulfonamides derivatives 4e, 4g and 4h showed excellent enzyme inhibition against CA

IX with IC50 10.93–25.06 nM and against CA II with IC50 1.55–3.92 mM that revealed their remarkable

selectivity for CA IX over CA II. Additionally, 4e was able to induce apoptosis in MDA-MB-231 with

a significant increase in the annexin V-FITC percent by 22 fold as compared with control. Cellular uptake

on MDA-MB-231 cell lines were carried out using HPLC method on the three active compounds (4e, 4g

and 4h). On the other hand inhibition of one or more CAs present in bacteria was reported to interfere

with bacterial growth. So, the new benzenesulfonamides were evaluated against their antibacterial and

anti-biofilm activities. Analogues 4e, 4g and 4h exhibited significant inhibition at 50 mg mL�1

concentration with 80.69%, 69.74% and 68.30% against S. aureus compared to the positive control CIP

which was 99.2%, while compounds 4g and 4h showed potential anti-biofilm inhibition 79.46% and

77.52% against K. pneumonia. Furthermore, the designed compounds were docked into CA IX (human)

protein (PDB ID: 5FL6) and molecular modeling studies revealed favorable binding interactions for the

active inhibitors. Finally, the predictive ADMET studies showed that, compounds 4e, 4g and 4h

possessed promising pharmacokinetic properties.
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1 Introduction

Cancer remains one of the leading causes of death worldwide,
thus necessitating the development of novel and effective
therapies. Although modern therapeutic agents have been
developed over the past 100 years, the successful treatment of
cancer appears to be a powerful challenge at the start of the
present century. This challenge lies in the difficulty to discover
novel selective agents that inhibit the proliferation of tumor
cells without being toxic to normal cells.1–4 According to GLO-
BOCAN, 2020 estimation, about 19.3 million cancer cases and
10 million cancer deaths are estimated to occur worldwide in
2020. Breast cancer (BC) is one of the most commonly diag-
nosed and the second leading cause of cancer related deaths in
RSC Adv., 2021, 11, 26241–26257 | 26241
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females. Also, BC represents 1 in 4 cancer cases diagnosed
among women globally.5 It is oen characterized by hypoxia
regions due to poor vascularization.6 Moreover, BC cells that
survive in this adverse media are found to be resistant to
radiotherapy and chemotherapy.7 Among the genes that
contributes to hypoxic condition production and the adaptation
of hypoxic tumor cells are carbonic anhydrase IX (CA IX) and XII
(CA XII).8 CA IX is reported to be overexpressed in various tumor
entities, especially in those with invasive BC, immunohisto-
chemical CA IX over expression is consistent with worse relapse-
free and overall survival.9 Knowing the topology of carbonic
anhydrase active site offers a promising strategy for developing
selective inhibitors. This mammalian CAs active site is charac-
terized by a cone-shaped cavity with two preserved environ-
ments, known as hydrophobic and hydrophilic walls, and a Zn2+

ion at the bottom. This Zn2+ ion is tetrahedrally conserved with
three characteristic histidine residues namely (His94, His96,
and His119) and a solvent molecule; which binds to the
hydroxide ion that reacted with carbon dioxide to yield bicar-
bonate.10,11 As a result, CA inhibitors should have a specic zinc
binding group (ZBG) that can coordinate efficiently with the
Zn2+ ion at the binding site. Actually, ZBG binds with different
chemical moieties that called the compound “tail” that enables
the interactions with certain residues in the active site. One of
the important mechanisms of anticancer activity of sulfon-
amides is the inhibition of carbonic anhydrase isozymes.12–15

The amino thiazole based coumarin benzenesulfonamide
compound I (Fig. 1) showed potent inhibitory activity against
hCA IX with a Ki value of 25.04 nM as compared to the reference
compound acetazolamide II which had a Ki value of 25 nM, in
addition, compound I showed potent inhibitory activity against
hCA XII when compared with AZA, with Ki values of 3.94 and
5.7 nM respectively.16 A series of diamide-based benzenesulfo-
namides were synthesized and evaluated as inhibitors of the
metalloenzyme CA IX, compound III (Fig. 1) achieved the best
Fig. 1 Reported benzenesulfonamides-based CAIs (I–IV), thiazolone an

26242 | RSC Adv., 2021, 11, 26241–26257
CA IX/I and IX/II selectivity with selective indexes (SIs) of 985
and 13.8, respectively.17 Recently a CA IX inhibitor, SLC-0111
(IVa, Fig. 1), entered in Phase I clinical trials by potentiating the
cytotoxic activity of the traditional chemotherapeutic agents
against MCF-7 breast cancer cells, and HCT-116 colorectal
cancer cells. SLC-0111 and some of its analogues IVa–d are
among isoform-selective sulfonamides that are discovered as
CAIs in the last period.18–20

4-Thiazolone and 4-thiazolidinones derivatives are impor-
tant heterocyclic class possess a wide range of biological activ-
ities such as anticancer, anti-diabetic, anti-microbial, anti-viral,
anti-inammatory, and anti-convulsant.21–23 Compounds V–VIII
(Fig. 1) have been reported to demonstrate signicant anti-
tumor activity against the human BC cell line (MCF-7).24–27

From another point of view, it has shown that interference
with the growth and/or pathogenicity of many microorganisms
is affected by inhibition of CAs.28–30 This can be explained by the
participation of CAs enzymes in metabolic process control, or in
the pH homeostasis, that are highly relevant in the bacteria.31,32

Chohan, et al.33 introduced a series of 4-hydroxycoumarin
sulfonamides derivatives and studied their in vitro anti-bacterial
activities for different Gram-positive (S. aureus, B. subtilis) and
Gram-negative (S. exneri, S. typhi, E. coli, P. aeruginosa)
bacteria. The amino substituted ethyl coumarin benzenesulfo-
namide derivative IX (Fig. 2) exhibited the best activity against
E. coli and S. exenari with a zone inhibition (ZI) value of 10 and
09 mm, respectively, as compared to the standard reference
drug imipenem which had a ZI values of 30 and 27 mm,
respectively. Moreover, a series of thiazole derivatives were
synthesized and evaluated for their antimicrobial activity and
cytotoxicity. Compound Xa (Fig. 2) exhibited potent cytotoxicity
more effective than cisplatin (IC50 ¼ 13.7 � 1.2 mg mL�1) and
compound Xb was found to be the most promising antibacterial
agent against Pseudomonas aeruginosa.34
d thiazolidine derivatives (V–VIII) as anticancer agents.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Reported benzenesulfonamides-based CAIs (IX) and thiazole derivatives (Xa,b) as antibacterial agents.
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From previously mentioned, subsequently, we represent the
synthesis, and biological evaluation of a new series of 4-
thiazolone-based benzenesulfonamides 4a–j with the “tail
approach” (Fig. 3). It is based on appending “tails”, with
a different chemical nature, to the aromatic or heterocyclic ring
owning the zinc binding sulfonamide group, to interact with the
middle and the rim parts of the active site cavity. Firstly, the
bioisosteric replacement tactic was selected to replace the urea
linker (compounds SLC-0111, Fig. 3) with the hetero 4-thiazo-
lone that was expected to bind rmly with the active site's
“spacer” region, also structural rigidication was employed to
prevent the rotation and attains CA selectivity. Moreover, bio-
isosteric replacement was applied by using benzylidene tails
incorporating different substituents to ensure appropriate SAR
exploration concerning the hydrophobic region of the binding
cle.

All the newly-synthesized 4-thiazolone-based benzene-
sulfonamides 4a–j were characterized and biologically for
their anti-proliferative activity against breast cancer cell lines;
MDA-MB-231 and MCF-7 in addition to normal breast cell line
MCF-10A. Moreover, all the newly synthesized compounds
were evaluated for their selective CA IX inhibitory effect to CA
II, to gain insight and further explain the mechanism of the
dual activity of the prepared hybrid structure as anticancer
and antimicrobial agents. The most active derivative 5e was
further examined for its apoptosis induction potential in MDA-
MB-231 cells. Finally, docking study was performed to explore
the affinity of the synthesized derivatives against CA IX in
addition to ADMET prole to predict their pharmacokinetic
properties.
Fig. 3 The design strategy for the new thiazolone–sulfonamide conjug

© 2021 The Author(s). Published by the Royal Society of Chemistry
2 Experimental
2.1 Chemistry

Melting points are uncorrected and have been measured on
a Stuart melting point apparatus (Stuart Scientic, Redhill, UK).
On the Shimadzu IR 435 spectrophotometer, the IR spectra
(KBr) were calculated and values are shown in cm�1. Using
a Varian Gemini 300-BB spectrophotometer, the 1H-NMR (400
MHz) and 13C-NMR (100 MHz) spectra were carried out (Bruker,
Munich, Germany), using tetramethylsilane TMS as internal
standard. Splitting patterns have been designated as follows: s:
singlet; d: doublet; t: triplet; m: multiplet and chemical shi
values are reported in ppm on d scale. Progress of the reactions
was tracked by TLC using TLC sheets precoated with Merck 60 F
254 UV orescent silica gel and visualized them using UV
lamps. The chemicals used are supplied by Across from (New
Jersey, USA). At the Microanalytical Center, Al-Azhar University,
elemental analyses were performed.

2.1.1 Synthesis of 2-chloro-N-(4-sulfamoylphenyl)-
acetamide 2.35 A suspension of sulfanilamide 1 (1.72 gm, 0.01
mol) in acetone, K2CO3 (2.76 g, 0.02 mol) was added. To this
mixture, 2-chloroacetyl chloride (1.354 g, 0.012 mol) was added
drop-wise. The reactionmixture was allowed to be stirred at 0 �C
for 1 h then le to cool at room temperature. TLC was used to
monitor the reaction until completion. The reaction mixture
was ltered and the ltrate was evaporated in vacuo to yield the
crude solid. The precipitate was washed with water several
times and crystallized from ethanol to give white product of
compound 2.

2.1.2 Synthesis of ((4-oxo-4,5-dihydrothiazol-2-yl)amino)
benzenesulfonamide 3.36 To a solution of 2-chloro-N-(4-
ates as selective hCA IX inhibitors.

RSC Adv., 2021, 11, 26241–26257 | 26243
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sulfamoylphenyl) acetamide 2 (2.625 g, 0.01 mol) in absolute
ethanol (20 mL) ammonium thiocyanate (0.76 g, 0.01 mol) was
added. The whole mixture was reuxed for 3 h and the reaction
was monitored using TLC. The obtained solid during reux was
ltered and washed with water. The precipitate was crystallized
from ethanol to yield white crystals of compound 3.

Yield 70%, m.p. 250–252 �C as reported.
2.1.3 General procedure for the synthesis of compounds

4a–j. To a solution of ((4-oxo-4,5-dihydrothiazol-2-yl)amino)
benzenesulfonamide 3 (0.271 g, 0.001 mol) in glacial acetic
acid (20 mL), sodium acetate (0.164 g, 0.002 mol) and the
appropriate aldehyde (0.02 mol) were added. The whole mixture
was reuxed for 24 h for derivatives 3a–d and 48 h for deriva-
tives 3e–j and the reaction was monitored by TLC until
completion of the reaction. The solid resulted was ltered and
washed from ethanol several times. The precipitate was crys-
tallized from acetic acid to afford compounds 4a–j.

2.1.3.1 (E)-4-(5-Benzylidene-4-oxo-4,5-dihydrothiazol-2-
ylamino)benzenesulfonamide 4a. Creamy solid: yield, 84%; m.p.
326� 2 �C; IR (KBr) nmax: 3313, 3284 (NH2), 3201 (NH), 2978 (CH
aliph.), 1678 (C]O) cm�1, 1H-NMR (DMSO-d6) d: 7.02 (d, J ¼
8.0 Hz, 1H, Ar-H), 7.35 (s, 1H, CH), 7.42–7.64 (m, 5H, Ar-H), 7.68
(d, J ¼ 8.0 Hz, 2H, Ar-H), 7.83 (d, J ¼ 8.0 Hz, 1H, Ar-H), 8.00 (s,
2H, NH2), 12.35 (s, 1H, NH) ppm. MS (Mw: 359.04): m/z 360.94
(M + 2, 66.32%), 359.18 (43.74%), 329.61 (86.59%), 267.29
(100%); anal. calcd. For C16H13N3O3S2: C, 53.47; H, 3.65; N,
11.69. Found: C, 53.69; H, 3.91; N, 11.28% as reported.37

2.1.3.2 (E)-4-(5-(4-Hydroxybenzylidene)-4-oxo-4,5-
dihydrothiazol-2-ylamino)benzenesulfonamide 4b. Yellow solid:
yield, 87%; m.p. 234� 2 �C; IR (KBr) nmax: 3441 (OH), 3348, 3255
(NH2), 3201 (NH), 2951 (CH aliph.), 1670 (C]O) cm�1, 1H-NMR
(DMSO-d6) d: 6.87 (d, J ¼ 8.0 Hz, 1H, Ar-H), 6.95 (d, J ¼ 8.0 Hz,
1H, Ar-H), 7.35 (s, 1H, CH), 7.49–7.58 (m, 3H, Ar-H), 7.65 (d, J ¼
8.0 Hz, 1H, Ar-H), 7.84 (d, J¼ 8.0 Hz, 1H, Ar-H), 7.91 (s, 1H, NH),
7.96 (d, J ¼ 8.0 Hz, 1H, Ar-H), 10.41 (s, 2H, NH2), 12.17 (s, 1H,
OH) ppm. 13C-NMR (DMSO-d6) d: 116.8, 117.0, 117.1, 122.0,
124.4, 127.0, 127.7, 129.2, 132.5, 133.2, 134.4, 140.4, 144.9,
160.0, 165.6, 167.4 ppm. MS (Mw: 375.03): m/z 375.47 (M+,
23.67%), 344.80 (66.80%), 314.23 (49.20%), 300.56 (100%); anal.
calcd. For C16H13N3O4S2: C, 51.19; H, 3.49; N, 11.19. Found: C,
50.97; H, 3.63; N, 11.45% as reported.37

2.1.3.3 (E)-4-(5-(4-Methoxybenzylidene)-4-oxo-4,5-
dihydrothiazol-2-ylamino)benzenesulfonamide 4c. Light brown
solid: yield, 85%; m.p. 345 � 2 �C; IR (KBr) nmax), 3329, 3251
(NH2), 3201 (NH), 2978 (CH aliph.), 1678 (C]O) cm�1, 1H-NMR
(DMSO-d6) d: 3.87 (s, 3H, OCH3), 7.05 (d, J ¼ 8.0 Hz, 1H, Ar-H),
7.13 (d, J ¼ 8.0 Hz, 1H, Ar-H), 7.18 (d, J ¼ 8.0 Hz, 1H, Ar-H), 7.36
(s, 1H, CH), 7.46 (d, J¼ 8.0 Hz, 2H, Ar-H), 7.60 (d, J¼ 8.0 Hz, 2H,
Ar-H), 7.84 (s, 2H, NH2), 7.95 (d, J ¼ 8.0 Hz, 1H, Ar-H), 12.14 (s,
1H, NH) ppm. 13C-NMR (DMSO-d6) d: 55.9, 115.4, 115.6, 120.8,
122.0, 125.9, 127.0, 127.1, 129.2, 132.2, 132.8, 133.9, 140.5,
144.9, 161.2, 161.8, 165.5 ppm. MS (Mw: 389.05):m/z 391.67 (M +
2, 16.26%), 389.82 (M+, 50.15%), 369.60 (81.39%), 283.86
(48.96%), 149.28 (100%); anal. calcd. For C17H15N3O4S2: C,
52.43; H, 3.88; N, 10.79. Found: C, 52.66; H, 4.05; N, 11.08%.

2.1.3.4 (E)-4-(5-(4-Chlorobenzylidene)-4-oxo-4,5-
dihydrothiazol-2-ylamino)benzenesulfonamide 4d. Yellow solid:
26244 | RSC Adv., 2021, 11, 26241–26257
yield, 81%; m.p. 314 � 2 �C; IR (KBr) nmax), 3383, 3325 (NH2),
3251 (NH), 2978 (CH aliph.), 1674 (C]O) cm�1, 1H-NMR
(DMSO-d6) d: 7.19 (d, J ¼ 8.0 Hz, 1H, Ar-H), 7.38 (s, 1H, CH),
7.51 (d, J ¼ 8.0 Hz, 2H, Ar-H), 7.65 (d, J ¼ 8.0 Hz, 1H, Ar-H), 7.70
(d, J ¼ 8.0 Hz, 2H, Ar-H), 7.83 (d, J ¼ 8.0 Hz, 1H, Ar-H), 7.95 (s,
2H, NH2), 8.00 (d, J ¼ 8.0 Hz, 1H, Ar-H), 12.14 (s, 1H, NH) ppm.
13C-NMR (DMSO-d6) d: 121.2, 122.0, 122.7, 127.0, 127.8, 129.2,
129.8, 130.0, 131.8, 132.3, 132.4, 135.0, 136.0, 140.9, 145.0,
167.2 ppm. MS (Mw: 393.00): m/z 394.78 (M + 2, 13.37%), 393.55
(M+, 39.40%), 389.85 (59.83%), 350.38 (62.60%), 236.22
(55.85%), 110.01 (100%); anal. calcd. For C16H12ClN3O3S2: C,
48.79; H, 3.07; N, 10.67. Found: C, 48.95; H, 3.20; N, 10.51%.

2.1.3.5 Synthesis of 5-allyl-2-hydroxy-3-methoxybenzaldehyde.
POCl3 (0.1 mol) was added portion wise to DMF (10 mL) and
stirred at room temperature for 30 minutes. Then, a solution of
eugenol (0.1 mol) in DMF (1 mL) was added portion wise at
room temperature. The whole mixture was stirred for 24 h and
then poured onto ice (10 g). The product was neutralized with
40% NaOH and the resultant oil was separated and puried
using column chromatography starting with petroleum to
afford the 5-allyl-2-hydroxy-3-methoxybenzaldehyde.

2.1.3.6 (E)-4-(5-(5-Allyl-2-hydroxy-3-methoxybenzylidene)-4-
oxo-4,5-dihydrothiazol-2-ylamino)benzenesulfonamide 4e. Light
brown solid: yield, 79%; m.p. 259 � 2 �C; IR (KBr) nmax), 3523
(OH), 3360, 3271 (NH2), 3201 (NH), 2862 (CH aliph.), 1678 (C]
O) cm�1, 1H-NMR (DMSO-d6) d: 3.74 (d, J ¼ 5.6 Hz, 2H,
CH2 –CH]CH2), 4.04 (s, 3H, OCH3), 5.08 (d, J ¼ 8.2 Hz, 2H,
CH2–CH]CH2 ), 5.90 (m, 1H, CH2–CH]CH2), 7.11 (d, J ¼
8.0 Hz, 1H, Ar-H), 7.22 (d, J¼ 8.0 Hz, 1H, Ar-H), 7.31 (s, 1H, CH),
7.46 (d, J ¼ 8.0 Hz, 2H, Ar-H), 7.74 (d, J ¼ 8.0 Hz, 2H, Ar-H), 7.80
(s, 2H, NH2), 7.95 (s, 1H, NH), 11.42 (s, 1H, OH) ppm. 13C-NMR
(DMSO-d6) d: 40.6, 58.4, 113.7, 112.7, 118.9, 121.8, 127.0, 127.5,
129.0, 130.2, 136.5, 140.1, 152.9, 157.1, 171.6, 172.4, 186.9 ppm.
MS (Mw: 445.08): m/z 446.92 (M + 1, 9.33%), 413.56 (15.47%),
392.77 (61.79%), 388.09 (32.24%), 360.87 (17.87%), 326.78
(100%), 130.70 (51.36%); anal. calcd. For C20H19N3O5S2: C,
53.92; H, 4.30; N, 9.43. Found: C, 54.09; H, 3.87; N, 9.34%.

2.1.3.7 (E)-4-((4-oxo-2-(4-Sulfamoylphenylamino)thiazol-
5(4H)-ylidene)methyl)benzoic acid 4f. White solid: yield, 69%;
m.p. 245 � 2 �C; IR (KBr) nmax) 3518 (OH), 3344, 3255 (NH2),
3197 (NH), 2854 (CH aliph.), 1766, 1678 (2C]O) cm�1, 1H-NMR
(DMSO-d6) d: 5.52 (s, 1H, OH), 7.16 (d, J¼ 8.0 Hz, 1H, Ar-H), 7.32
(s, 1H, CH), 7.48 (m, 2H, Ar-H), 7.64 (d, J ¼ 8.0 Hz, 1H, Ar-H),
7.82 (m, 3H, Ar-H), 7.86 (s, 2H, NH2), 7.96 (d, J ¼ 8.0 Hz, 1H,
Ar-H), 8.27 (s, 1H, NH) ppm. 13C-NMR (DMSO-d6) d: 110.8,
122.0, 125.6, 127.7, 128.5, 130.0, 130.6, 131.4, 132.9, 140.5,
151.2, 168.2, 193.5 ppm. MS (Mw: 403.03): m/z 403.72 (M+,
23.08%), 394.62 (42.22%), 355.00 (67.74%), 320.27 (100%); anal.
calcd. For C17H13N3O5S2: C, 50.61; H, 3.25; N, 10.42. Found: C,
50.85; H, 3.41; N, 10.33%.

2.1.3.8 (E)-4-(5-(4-Nitrobenzylidene)-4-oxo-4,5-dihydrothiazol-
2-ylamino)benzenesulfonamide 4g. Yellow solid: yield, 77%; m.p.
317� 2 �C; IR (KBr) nmax) 3417, 3314 (NH2), 3232 (NH), 2897 (CH
aliph.), 1651 (C]O) cm�1, 1H-NMR (DMSO-d6) d: 7.20 (d, J ¼
8 Hz, 1H, Ar-H), 7.35 (d, J ¼ 8 Hz, 1H, Ar-H), 7.42 (s, 1H, CH),
7.51 (d, 2H, Ar-H), 7.77 (m, 4H, Ar-H), 7.98 (s, 2H, NH2), 8.02 (s,
1H, NH) ppm. MS (Mw: 404.02): m/z 404.38 (M+, 61.70%), 399.81
© 2021 The Author(s). Published by the Royal Society of Chemistry
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(24.26%), 351.23 (65.60%), 344.38 (67.88%), 218.86 (100%);
anal. calcd. For C16H12N4O5S2: C, 47.52; H, 2.99; N, 13.85.
Found: C, 47.68; H, 3.15; N, 14.02%.

2.1.3.9 (E)-4-(5-(4-Hydroxy-3-methoxybenzylidene)-4-oxo-4,5-
dihydrothiazol-2-ylamino)benzenesulfonamide 4h. Orange solid:
yield, 82%; m.p. 263� 2 �C; IR (KBr) nmax) 3561 (OH), 3360, 3271
(NH2), 3201 (NH), 2862 (CH aliph.), 1678 (C]O) cm�1, 1H-NMR
(DMSO-d6) d: 4.04 (s, 3H, OCH3), 6.95 (d, J ¼ 8.0 Hz, 1H, Ar-H),
7.35 (s, 1H, CH), 7.38 (m, 3H, Ar-H), 7.50 (s, 1H, OH), 7.55 (d, J¼
8.0 Hz, 1H, Ar-H), 7.65 (d, J ¼ 8.0 Hz, 1H, Ar-H), 7.84 (d, J ¼
8.0 Hz, 1H, Ar-H), 7.92 (s, 1H, NH), 7.99 (s, 2H, NH2) ppm. 13C-
NMR (DMSO-d6) d: 57.0, 116.8, 117.0, 117.2, 122.0, 124.4, 127.0,
127.5, 129.1, 132.5, 133.2, 134.5, 136.4, 140.3, 144.9, 160.0,
160.8 ppm. MS (Mw: 405.05): m/z 405.44 (M+, 58.86%), 476.91
(47.73%), 352.81 (96.34%), 329.33 (61.38%), 284.90 (100%);
anal. calcd. For C17H15N3O5S2: C, 50.36; H, 3.73; N, 10.36.
Found: C, 50.22; H, 3.94; N, 10.54%.

2.1.3.10 (E)-4-(4-oxo-5-(3,4,5-Trimethoxybenzylidene)-4,5-
dihydrothiazol-2-ylamino)benzenesulfonamide 4i. Yellow solid:
yield, 71%; m.p. 275 � 2 �C; IR (KBr) nmax) 3367, 3297 (NH2),
3255 (NH), 2839 (CH aliph.), 1681 (C]O) cm�1, 1H-NMR
(DMSO-d6) d: 3.72 (s, 3H, OCH3), 3.86 (s, 6H, OCH3), 7.05 (d, J
¼ 8.0 Hz, 2H, Ar-H), 7.35 (s, 1H, CH), 7.50 (s, 1H, NH), 7.67 (d, J
¼ 8.0 Hz, 1H, Ar-H), 7.85 (d, 2H, J ¼ 8.0 Hz, Ar-H), 7.96 (d, J ¼
8.0 Hz, 1H, Ar-H), 8.00 (s, 2H, NH2) ppm. 13C-NMR (DMSO-d6) d:
56.6, 60.7, 105.8, 108.2, 110.4, 112.6, 120.7, 127.1, 128.9, 129.2,
134.1, 136.2, 140.3, 145.0, 153.8, 159.5, 165.4, 167.2 ppm. MS
(Mw: 449.07): m/z 449.36 (M+, 48.46%), 421.11 (30.76%), 295.15
(41.02%), 268.01 (40.96%), 183.35 (100%); anal. calcd. For
C19H19N3O6S2: C, 50.77; H, 4.26; N, 9.35. Found: C, 51.03; H,
4.42; N, 9.47%.

2.1.3.11 (E)-4-(5-(4-(Dimethylamino)benzylidene)-4-oxo-4,5-
dihydrothiazol-2-ylamino)benzenesulfonamide 4j. Pale yellow
solid: yield, 83%; m.p. 333 � 2 �C; IR (KBr) nmax) 3356, 3305
(NH2), 3251 (NH), 2819 (CH aliph.), 1670 (C]O) cm�1, 1H-NMR
(DMSO-d6) d: 3.02 (s, 3H, CH3), 3.04 (s, 3H, CH3), 6.84 (d, J ¼
8.0 Hz, 1H, Ar-H), 7.34 (s, 1H, CH), 7.40 (m, 2H, Ar-H), 7.51 (d, J
¼ 8.0 Hz, 2H, Ar-H), 7.63 (d, J ¼ 8.0 Hz, 1H, Ar-H), 7.82 (s, 1H,
NH), 7.86 (d, J¼ 8.0 Hz, 1H, Ar-H), 7.94 (d, J¼ 8.0 Hz, 1H, Ar-H),
7.99 (s, 2H, NH2) ppm. 13C-NMR (DMSO-d6) d: 57.0, 116.8, 117.0,
117.2, 122.0, 124.4, 127.1, 127.5, 129.1, 132.5, 133.2, 134.5,
136.4, 140.3, 144.988, 160.02, 160.75 ppm. MS (Mw: 402.08): m/z
402.86 (M+, 72.86%), 354.24 (42.73%), 337.03 (61.34%), 323.27
(100%); anal. calcd. For C18H18N4O3S2: C, 53.71; H, 4.51; N,
13.92. Found: C, 53.60; H, 4.68; N, 14.08% as reported.37
2.2 Biological evaluation

2.2.1 MTT cytotoxicity assay. The American Type Culture
Collection is the source of cell lines used that were cultured in
DMEM (obtained from Invitrogen/Life Technologies) and 10%
FBS (Hyclone). Additionally, 10 mg mL�1 insulin (purchased
from Sigma), as well as 1% penicillin–streptomycin were added.
The remaining chemicals and reagents were all purchased from
Sigma or Invitrogen. Plate cells with a density ranges from 1.2 to
1.8, 10 000 cells per well in a 96-well plate was evacuated to
a centrifuge tube for 24 hours in a volume of 100 mL complete
© 2021 The Author(s). Published by the Royal Society of Chemistry
growth medium and 100 mL of the investigated substance per
well before the MTT experiment. Aer that, the cell layer is
rinsed with 0.25 percent (w/v) trypsin 0.53 mM EDTA solution to
eliminate any traces of serum containing trypsin inhibitor. Aer
adding 2.0 to 3.0 mL of trypsin EDTA solution to the ask, the
cells were observed under an inverted microscope until the cell
layer was dispersed, which normally took 5 to 15 minutes. A
pipette was employed to gently aspirate cells aer adding 6.0 to
8.0 mL of full growth media. The cell suspension was relocated
to a another centrifuge tube containing the medium and cells
from the rst step to be centrifuged for 5 to 10 minutes at
125�g, with the supernatant discarded. In fresh growth
medium, the cell pellet was resuspended. Aer that, the
necessary aliquots of the cell suspension are added to fresh
culture containers. Aer 24 hours of incubation at 37 �C, the
cells were treated with serial quantities of the tested substance
and incubated for 48 hours at 37 �C. Aer that, the plates were
viewed under an inverted microscope and the MTT assay was
carried out.38 For usage with �16 multiwall plates, the MTT
technique of in vitro cytotoxicity control is well adapted. For best
results, cells should be used in the log growth process, and the
nal cell density should not exceed 106 cells per cm2. Blanks
should be comprised in each test to provide a full medium
without cells. Take away the cultures from the incubator and
place them in a sterile work environment, such as a laminar
ow hood. To use, each vial of MTT [M-5655] was reconstituted
with 3 mL of medium, excluding phenol red and serum.
Reconstituted MTT was added to the culture medium in
a volume equal to 10% of the total volume. Return the cultures
to the incubator for another 2–4 hours, based on the cell type
and density.

When the incubation period had ended, crops were taken
from the incubator then an amount of MTT Solubilization
Solution [M-8910] equivalent to the original culture's were
added to the formazan crystals. In a gyratory shaker, gentle
mixing is recommended to improve dissolution. Trituration
may be necessary on occasion, especially in thick cultures, to
guarantee that the MTT formazan crystals are completely dis-
solved. The absorbance is measured at wavelength 570 nm with
a spectrophotometer. Background absorbance of 16 multiwall
plates was measured at 690 nm and was subtracted from the
570 nm reading.39 The concentration range used to determine
IC50 was 100 mM, 25 mM, 6.25 mM, 1.56 mM, 0.39 mM.

2.2.2 Recovery of compounds 4e, 4h, and 4g from MDA-
MB-231 for cellular uptake assay. The cell pellets were sus-
pended in the RIPA buffer that includes 20 mM Tris/HCl at pH
8.0, 137 mM NaCl, 10% of glycerol, 5 mM EDTA, 1 mM phe-
nylmethyl–sulfonyl uoride, 1.5 mg of leupeptin, and protease
inhibitor mixture then the cell-liquid extraction was performed.
The cell extracts were subjected to centrifugation at 18 000 rpm
for 15 min. 100 mg of the cell extract was each acidied by 6N
HCl (1 : 1 v/v) and vortexed for 30 s. 500 mL of the extracting
buffer was then added to each of the acidied cell extracts, and
samples were vortexed again and shaken in the Orbited shaker
(at 100 rpm) for 15 min. The upper organic layer obtained aer
centrifugation at 18 000 rpm for 20 min was ltered by
a membrane lter. Finally this organic layer was transferred to
RSC Adv., 2021, 11, 26241–26257 | 26245
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a clean injection HPLC sample vials of about 100 mL for quan-
titative analysis using HPLC.

2.2.2.1 HPLC analysis of compounds 4e, 4g and 4h. The HPLC
system used to carry out the HPLC analysis of compounds 4e, 4g
and 4h was a Dionex Ultimate 3000 UHPLC equipped with auto-
sampler, quaternary solvent delivery pump and diode array
detector (Germany). The soware used was Chromeleon so-
ware. The stationary phase used was ZORBAX Eclipse Plus® C18
column with dimensions of (250 � 4.6 mm, 5 mm) (California,
USA). A mobile phase, which was composed of methanol : water
(90 : 10, v/v), was used, and the samples were each injected at an
injection volume of 20 mL. Each sample was injected in tripli-
cate and UV scanning was carried out at 254 nm.

2.2.3 In vitro carbonic anhydrase IX and II enzyme inhi-
bition. To each well of enzyme control (EC), sample (S), inhib-
itor control (IC), solvent control (SC), and background control
(BC), carbonic anhydrase IX or II assay buffer was added as 80
mL, 90 mL and 80 mL in BC, EC, and S/SC/IC, respectively. While
carbonic anhydrase enzyme was added by 5 mL in each of EC
and S/SC/IC. Then thoroughly combine all of the ingredients
and pour into the appropriate wells. Dissolve the candidate
inhibitors at 10� the highest nal test concentration in the
selected solvent for the screening compounds, inhibitor
control, and enzyme control preparations (e.g. DMSO). Add 10
mL test inhibitors (S, BC) or inhibitor solvent (SC). For inhibitor
control (IC), add 10 mL CA inhibitor into IC well(s), and BC well.
The concentration range used to determine IC50 was 10 mM, 1
mM, 0.1 mM, 0.01 mM. Then incubate at room temperature (RT)
for 10 min. To examine the effect of the solvent on enzyme
activity, prepare a parallel well(s) as a solvent control (same as
EC in presence of nal solvent concentration). Every test
chemical should be run with its own background control
because the signal from the probe may be affected, resulting in
a false negative result. 5 mL of CA Substrate should be added to
the BC, EC, S, SC, and IC wells and mixed thoroughly. At room
temperature, measure absorbance at 405 nm in kinetic mode
for 1 hour. In the linear range of the plot, two time points (t1 and
t2) were chosen, and the corresponding values for the absor-
bance (Ab1 and Ab2) were acquired. Calculate the slope for all
samples, Dabsorbance/Dt.

% Relative activity ¼ DAb of S � 100

DAb of EC

% Relative inhibition ¼ DAb of EC � DAb of S � 100

DAb of EC
2.2.4 Cell cycle analysis. MDA-MB-231 cells were treated

with the aryl thiazolone–benzenesulfonamide 4e at its IC50

concentration (IC50 ¼ 3.58 mM) for 24 h, aer that ice-cold
phosphate buffered saline (PBS) was used to wash the cells.
Then, the mentioned cells were treated by gathering via
centrifugation, and remained in ice-cold 70% (v/v) ethanol. This
is followed by washing using PBS, and re-suspended with RNase
(100 mgmL�1). About 40 mgmL�1 of PI was used for staining and
nally analysis was carried out via ow cytometry (Becton
26246 | RSC Adv., 2021, 11, 26241–26257
Dickinson, BD, USA). CellQuest soware 5.1 (Becton Dickinson)
used to calculate the cell cycle distributions.40

2.2.5 Annexin V-FITC apoptosis assay. Annexin V-FITC/PI
apoptosis detection kit obtained from (BD Biosciences, San
Jose, CA, USA) was used in the assay of the phosphatidylserine
externalization following the instructions of the manufacturer,
as reported previously.41

2.2.6 Antimicrobial activity. Five Gram-negative bacteria
(Escherichia coli ATCC 25955, Pseudomonas aeruginosa ATCC
10145, Klebsiella pneumonia, Proteus vulgaris, and Salmonella
typhimurium), two Gram-positive bacteria (Bacillus subtilis ATCC
6633 and Staphylococcus aureus NRRL B-767), one yeast
(Candida albicans ATCC 10231) were used as test organisms and
antimicrobial tests were performed as described by Inge-
brigtsen et al.42,43 The assay was carried out in 96-well micro-
plates (Thermo Fisher Scientic, United States), in which each
well lled with 170 mL of Mueller Hinton Broth medium, 10 mL
of suspension of an actively growing (log phase) culture of test
microbes and 20 mL of test compounds (nal concentration of
50 mg mL�1).

At 37 �C for 24 h, the plates were incubated overnight. The
absorbance at 600 nm for bacteria and 340 nm for C. albicans
was measured aer incubation. Using a Spectrostar Nano
Microplate Reader Albicans (BMG LABTECH GmbH, Allmend-
grun, Germany). As a control, ciprooxacin and nystatin were
used.

2.2.7 Anti-biolm activity. The procedures involved
employing 96-well at polystyrene plates and four clinical
microbes including Gram-positive bacteria and Gram-negative
bacteria according to method,44,45 all of the synthesized deriva-
tives biolm inhibitory activity was calculated with some
adaptations. 180 mL of lysogenic broth (LB broth) was poured in
every well and then inoculated with 10 mL of pathogenic
bacteria. Subsequently the 10 mL of samples (conc. 50 mg mL�1)
was added along with control bacteria. The plates were allowed
to be incubated for 24 h at 37 �C then the contents in the wells
were removed aer incubation. This is followed by washing with
200 mL of phosphate buffer saline (PBS) pH 7.2 to remove free
oating bacteria and le to dry for 1 h at a sterilized laminar
ow. 200 mL of crystal violet (0.1 percent, w/v) was added per
well for 1 h for staining, and the excess stain was then removed,
and the plates were held for drying. In addition, dried plates
were washed with 95% ethanol and the optical density was
calculated using a Spectrostar Nano Microplate Reader at
570 nm optical density (BMG LABTECH GmbH, Allmendgrun,
Germany).

2.2.8 Molecular modeling study. Docking studies was
carried out using MOE® 2010. The target macromolecule
carbonic anhydrase IX's 3D crystal structure was acquired from
protein databank (PDB ID: 5FL6, resolution: 1.41 Å). The
protein chain was adjusted and protonated at its reported pH
and temperature of 293 K, as specied in the PDB le's Exper-
imental section. Then the protein energy was minimized by
selecting CHARMM and MMFF94 force elds. Aer that, the
active binding site was recognized and determined for docking.
Then, validation was accomplished with RMSD of 1.69 Å.
ChemBioDraw Ultra 12.0 was used to sketch the structures of
© 2021 The Author(s). Published by the Royal Society of Chemistry
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the designed derivatives and the ligand and were saved in MDL-
SD le format. Docking studies was carried out by using
Triangle matcher as placement algorithm. A maximum of 30
poses were taken into consideration for each predicted
compound during the docking process. Finally, the best pose
was carefully chosen consistent with its binding free energy and
binding interactions within its active site.

2.2.9 ADME/Tox study. Online pkCSM was chosen to
predict the pharmacokinetic properties of the designed
compounds that showed potent carbonic anhydrase IX enzyme
inhibition.46 Various parameters as absorption, Lipinski's rule,
water solubility, permeability to caco-2, intestinal absorption
(human), permeability to skin as well as interactions with P-
glycoprotein were measured. In this work, the ndings obtained
were checked against the pkCSM pharmacokinetics prediction
property reference values.

2.2.10 Statistical study. Statistical analysis of cytotoxicity
ad enzyme inhibition data was performed by one-way ANOVA,
through GraphPad Prism soware.
3 Results and discussion
3.1 Chemistry

The design in this study is based in using SLC-0111 as a lead
compound in which its ureido moiety is replaced by thiazol-4-
one heterocyclic ve membered ring that integrates the thio-
ureido moiety involved in the reported lead compound. In this
work, the design of synthesis of benzenesulfonamide deriva-
tives containing thiazol-4-one scaffold was shown in Scheme 1.
4-((4-oxo-4,5-Dihydrothiazol-2-yl)amino)benzenesulfonamide 3
was prepared via intramolecular cyclization rearrangement
reaction of previously prepared chloroacetamide derivative 2
Scheme 1 Synthesis of Benzenesulfonamides compounds 4a–j. (i) Chlor
ethanol, reflux, 1 h; (iii) appropriate aldehydes, sodium acetate, acetic ac

© 2021 The Author(s). Published by the Royal Society of Chemistry
when treated with ammonium thiocyanate in ethanol.23,47

Furthermore, intermediate 3 underwent coupling reaction with
selected aromatic aldehydes on the active methylene group of
compound 3 to afford 5-aryl-4-oxo-4,5-dihydrothiazol-2-
ylamino)benzenesulfonamides 4a–j. The structure of the
synthesized compounds 4a–j was conrmed by different spec-
tral data. 1H-NMR spectrum of compounds 4a–j showed the
disappearance of the characteristic dd signal corresponds to
CH2 of the thiazol-4-one ring and the appearance of the char-
acteristic singlet signal of CH proton at 7.31–7.38 ppm. Addi-
tionally, 1H-NMR spectrum revealed additional protons due to
the presence of additional aromatic protons signals related to
aromatic aldehydes. Moreover, 13C-NMR revealed the appear-
ance of the characteristic signal of methine carbon at 145.0–
161.2 ppm in addition to additional aromatic carbons which
appeared in the aromatic region corresponding to substituted
aromatic aldehyde moieties.
3.2 Biological evaluation

3.2.1 In vitro anticancer screening. The newly synthesized
compounds were screened for their cytotoxic activity against
three types of human breast cancer cell lines, highly resistant
breast cancer cell line MDA-MB-231, MCF-7, and the normal
breast cell line MCF 10A, obtained from the American Type
Culture Collection (ATCC, Rockville, MD). The results were
demonstrated as IC50 which corresponds to growth inhibition
and are submitted in (Table S1†). The results revealed that all
the compounds showed signicant moderate to excellent
growth inhibition against breast cancer cell lines. The substi-
tution with electron donating groups showed better inhibitory
effect than those substituted with electron withdrawing effect.
oacetyl chloride, dry DMF, r.t., 2 h; (ii) ammonium thiocyanate, absolute
id, reflux, 24 h.

RSC Adv., 2021, 11, 26241–26257 | 26247
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Fig. 4 The bar graphs showing the IC50 of the target compounds � standard error compared to staurosporine against MDA-MB-231 cell lines.
****High significantly different from staurosporine at p < 0.05, ***moderate significantly different from staurosporine at p < 0.05. *Mild
significantly different from staurosporine at p < 0.05.

Table 1 Cytotoxic activity of the new compounds against MDA-MB-
231, and MCF-7 cancer cell lines and MCF 10A normal cell line

Compound no.

Cytotoxicity IC50 mM � S.D.

MDA-MB-231 MCF-7 MCF 10A

4a 12.8 � 0.5 9.63 � 0.4 24.2 � 0.9
4b 14.6 � 0.6 3.63 � 0.1 17.8 � 0.6
4c 6.31 � 0.2 3.67 � 0.1 22.7 � 0.8
4d 1.88 � 0.1 15.5 � 0.6 22.9 � 0.8
4e 3.58 � 0.1 4.58 � 1.8 19.4 � 0.7
4f 17.2 � 0.7 36 � 1.4 30.3 � 1.1
4g 5.54 � 0.2 2.55 � 0.1 47.9 � 1.7
4h 1.56 � 0.1 1.52 � 0.1 26.1 � 1.1
4i 16.3 � 0.6 4.05 � 0.2 14.2 � 0.5
4j 10.1 � 0.4 26.6 � 1.0 13.1 � 0.5
Staurosporine 7.67 � 0.3 5.89 � 0.2 13.0 � 0.5
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Thus, compounds 4b and 4c displayed potent growth inhibition
against MCF-7 with IC50 ¼ 3.63 and 3.67 mM respectively
compared to staurosporine (IC50 5.89 mM). It is worth to
mention that compound 4c was 3.5 times more selective to
MDA-MB-231 than to normal breast cell line MCF-10A (Fig. 4–6).
Further analysis of the inhibitory results within the thiazol-4-
one-benzenesulfonamides derivatives, compound 4e displayed
enhanced growth inhibition on both breast cancer cell lines
namely MDA-MB-231 and MCF-7 (IC50 ¼ 3.58 and 4.58 mM
respectively) compared to staurosporine (IC50 7.67 and 5.89
mM). As for its selectivity, it was found that it is selective to both
breast cancer cell lines 5.5 times than MCF-10A cell line.
Surprisingly, compound 4g substituted with nitro group in the
para position showed highly potent inhibitory effect against
both breast cancer cell lines (IC50 ¼ 5.54 and 2.55 mM respec-
tively). Additionally, the p-nitro aryl analogue was highly selec-
tive to normal breast cell line with 8.5 times. Furthermore, the
analogue (4h) containing vanillin tail showed the highest
inhibitory activity against MDA-MB-231 and MCF-7 cell lines
(IC50 ¼ 1.56, and 1.52 mM respectively) with also highest selec-
tivity 17.5 more times MCF-10A. For the trimethoxy substituted
26248 | RSC Adv., 2021, 11, 26241–26257
analogue (4i), it was found that it displayed remarkable growth
inhibitory effect against MCF-7 (IC50 ¼ 4.05 mM) which is more
potent than staurosporine (Table 1, 4 and Fig S1†). In an
attempt to clarify that compound 4e is not the most potent
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 The bar graphs showing the IC50 of the target compounds �
standard error compared to Dorzolamide against CA IX cell lines. A:
****high significantly different from dorzolamide at p < 0.05, ***:
moderate significantly different from dorzolamide at p < 0.05, **: mild
significantly different from dorzolamide at p < 0.05.

Table 2 IC50 of carbonic anhydrase IX and carbonic anhydrase II
enzyme inhibition of derivatives 4e, 4g and 4h

Compound no. CA IX IC50 (mM) CA II IC50 (mM)

4e 0.011 3.92
4g 0.017 1.55
4h 0.026 2.19
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cytotoxic analogue yet it is most active CA IX inhibitor (Fig. 5),
cellular uptake assay of compounds 4e, 4g and 4h by human
MDA-MB-231 cancer cells was carried out. It is interesting to
note that the level of compound 4e taken up into MDA-MB-231
cell line was 12.5 mg mL�1 while the intracellular amount
calculated for compound 4h was 17.07 mg mL�1 (Fig S2†).
Comparing the cell penetration effect of the three mentioned
compounds on the cytotoxic activity onMDA-MB-231 cancer cell
line suggests that the potent inhibitory activity of compound 4h
could be attributed to the increased uptake of 4 h into breast
cancer cell lines.
Fig. 6 Effect of compound 4e on the phases of cell cycle of MDA-MB-

© 2021 The Author(s). Published by the Royal Society of Chemistry
3.2.2 Carbonic anhydrase IX inhibition. The inhibitory
potency of all the synthesized thiazol-4-one-
benzenesulfonamide derivatives against carbonic anhydrase
IX was evaluated. The results represented as IC50 values and are
summarized in Table S1.† CA IX activity was carried out to all
the synthesized compounds to determine their inhibitory abil-
ities to decrease the reaction of hydrogenocarbonate formation
and to further gain insight into structure activity relationships.
Investigation of the results of CA IX inhibitory activities among
the synthesized compounds revealed that the inhibitory activity
ranges from 10 to 338 nM. In particular, substituent with the
eugenol aldehyde was well tolerated and the best result was
obtained in compound 4e (IC50 ¼ 10.93 nM). Also, among
compounds with aldehydes derived from natural source, the
vanillin derived analogue 4h gave signicant inhibitory activity
of (IC50¼ 25.56 nM). Moreover, compound 4g that possess nitro
group in the para position showed excellent inhibitory activity
with IC50 ¼ 16.96 nM compared to the positive control Dorzo-
lamide (8.83 nM) and SLC-0111 (4.5 nM) as reported18 (Table
S1† and Fig. 5). The SAR outcomes hinted that generally di-
substitution and poly-substitution are more advantageous for
the activity against CA IX than monosubstiution. Except for the
nitro derivative, the incorporation of electron donating groups
(4-OCH3 or 4-N(CH3)2) is more benecial for the inhibitory
activity towards CA IX than electron withdrawing groups (4-Cl or
4-COOH). It was concluded from the CA IX enzyme inhibition
results that compound 4e was relatively similar in potency to
benzensulfonamide derivative III (IC50 ¼ 8.3 nM) that was re-
ported by Abdelrahman et al.17 and also had a better inhibitory
activity than the other related analogues reported by them.

3.2.3 Carbonic anhydrase II inhibition. In order to go in
deep sight to the selectivity of the benzenesulfonamides deriv-
atives, CA II enzyme inhibition was carried out to the most
potent derivatives 4e, 4g and 4h. The results revealed that the
synthesized compounds didn't inhibit the cytosolic CA II which
is a required feature for compounds targeting tumor – associ-
ated enzymes (Table 2).

3.2.4 Cell cycle analysis. The effect of benzenesulfonamide
analogue 4e on cell cycle progression was performed against
MDA-MB-231 breast cancer cell line, via a DNA ow cytometric
231 cell lines.
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Fig. 7 Effect of compound 4e on the percentage of annexin V-FITC-positive staining against MDA-MB-231.
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assay (Fig. 6). The MDA-MB-231 cells was treated with derivative
4e at its IC50 concentration (IC50¼ 3.58 mM) for 24 h. The results
of this ow cytometric assay (Fig. 6) revealed that exposure of
MDA-MB-231 cells to compound 4e led to a remarkable increase
in the percentage of cells at pre-G1 by 22 fold, associated with
concurrent signicant arrest in the S phase by 1.4 fold,
compared to positive control. Thus compound 4e provokes
apoptosis by arresting the cell cycle.

3.2.5 Annexin V-FITC apoptosis assay. The cytotoxic activity
of thiazolone–benzenesulfonamide 4e was examined for its
consistency to induce apoptosis against MDA-MB-231 cancer
cells, so Annexin V-FITC/propidium iodide assay was performed
via ow cytometry (Fig. 7).

The outcomes showed that compound 4e had the ability to
induce apoptosis against MDA-MB-231 cells that is evidenced by
the considerable increase in the percent of annexin V-FITC-
positive apoptotic cells, appearing in the late apoptotic phase
(from 0.18% to 22.04%) in addition to necrosis phase (from
Table 3 Antimicrobial activity in inhibition ratio for the synthesized com

Test microbesa (inhibition ratio%)

Compound
no. K. pneumonia E. coli P. vulgaris

4a NA NA NA
4b NA NA NA
4c 14.43 25.68 0.00
4d 59.28 NA 33.47
4e 62.89 60.66 41.95
4f 26.80 46.45 3.39
4g NA NA 23.31
4h 33.51 29.51 19.07
4i NA NA NA
4j NA NA 5.08
Cip 99.7 99.1 99.78
Nys — — —

a Cip: ciprooxacin, Nys: nystatin, NA: not active.

26250 | RSC Adv., 2021, 11, 26241–26257
1.20% to 16.65%), which signies about 22 fold total increase
when compared to positive control.

3.2.6 Antimicrobial activity. Thiazolidinone–benzene
sulfonamide compounds have been identied as attractive
scaffolds for the innovation of new antibacterial agents, based
on earlier reports on their antibacterial ability.48 Therefore, all
the synthesized compounds (4a–j) were evaluated against K.
pneumonia, E. coli, P. vulgaris, S. aureus, S. typhimurium, P. aer-
uginosa and C. albicans (Table 3). The antimicrobial results
revealed that synthesized compound 4d (chloro analogue) dis-
played moderate antimicrobial activity against K. pneumonia, S.
aureus and S. typhimurium with growth inhibition of 59.28%,
72.62% and 64.68%, respectively comparing with ciprooxacin
as positive control with growth inhibition of 99.7%, 99.25% and
99.56% respectively. Eugenol analogue 4e exhibited the most
potent antibacterial activity among the synthesized derivatives
against S. aureus and S. typhimurium with growth inhibition
80.69% and 75.09% respectively. This is in addition to its
considerable antibacterial activity against K. pneumonia, and E.
pounds

S. aureus S. typhimurium P. aeruginosa C. albicans

NA NA 15.33 NA
NA NA 18.61 8.87
15.58 NA 27.37 NA
72.62 64.68 40.88 NA
80.69 75.09 32.12 NA
57.93 45.72 NA NA
69.74 60.97 73.36 NA
68.30 59.11 27.01 NA
NA NA NA NA
NA NA 37.59 NA
99.25 99.56 99.25 —
— — — 99.21

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Anti-biofilm activity of synthesized compounds 4a–j at 50 mg mL�1 against different bacterial strains

Biolm inhibition ratio%

Compound no. K. pneumonia E. coli P. vulgaris S. aureus S. typhimurium P. aeruginosa

4a NA NA 16.30 NA NA NA
4b 78.29 18.78 16.85 53.06 NA 45.51
4c 54.26 NA NA NA NA NA
4d NA NA NA NA NA NA
4e 18.60 15.47 61.41 45.92 63.43 NA
4f 10.08 19.89 64.67 21.43 36.57 NA
4g 79.46 NA NA 35.24 NA NA
4h 77.52 19.89 50.54 19.39 66.86 35.96
4i 5.43 49.72 7.61 22.55 22.86 NA
4j NA NA NA NA NA NA
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coli with growth inhibition of 62.89%, and 60.66%, respectively
(Table 3). Furthermore, a signicant inhibitory effect was dis-
played to compound 4g against S. aureus, S. typhimurium, and P.
aeruginosa with inhibitory effect 69.74%, 60.97% and 73.36%
respectively when compared to ciprooxacin. Finally, the
vanillin analogue 4h showed moderate growth inhibition
against S. aureus and S. typhimurium via 68.30% and 59.11%
respectively when compared to ciprooxacin (Table 3). Based on
Fig. 8 2D diagram (A) and 3D diagram (B) of the superimposed of the c
active site of CA IX with RMSD of 1.41 Å. In addition, 2D diagram (C) and
site.

© 2021 The Author(s). Published by the Royal Society of Chemistry
these results presence of electron withdrawing groups (as Cl
and NO2) on aryl moiety improved the antibacterial activity of
the synthesized compounds against S. aureus, and S. typhimu-
rium. Also, the poly substitution on the aryl ring enhanced the
antibacterial activity against S. aureus, S. typhimurium, K.
pneumonia and E. coli.

3.2.7 Anti-biolm activity. In order to further determine
the inhibitory activity of the synthesized compounds (4a–j),
o-crystallized (red) and the docking pose (blue) of native ligand within
3D representation (D) of compound SLC-0111 within the CA IX binding

RSC Adv., 2021, 11, 26241–26257 | 26251
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Table 5 Docking energy scores (S) in kcal mol�1, interacting amino
acid, distance in Å of the tested compounds 4e, 4f, 4g, 4h and SLC-
0111

Cpd no.
S scorea

kcal mol�1 Amino acid/bond
Distance
(Å)

4e �15.5765 His94/Zn-coordination bond 2.06
His96/Zn-coordination bond 2.11
His119/Zn-coordination
bond

2.19

His94/H-donor 2.49
Thr200/H-acceptor 2.07
Thr200/H-acceptor 3.16
Asp131/H-donor 2.11
Asp131/H-acceptor 2.46

4f �9.5118 His94/Zn-coordination bond 2.06
His96/Zn-coordination bond 2.11
His119/Zn-coordination
bond

2.19

4g �12.4361 His94/Zn-coordination bond 2.06
His96/Zn-coordination bond 2.11
His119/Zn-coordination
bond

2.19

His96/H-acceptor 3.03
Thr200/H-acceptor 2.29
Thr200/H-acceptor 2.63
Gln71/H-acceptor 1.71

4h �10.5835 His94/Zn-coordination bond 2.06
His96/Zn-coordination bond 2.11
His119/Zn-coordination
bond

2.19

Thr200/H-donor 2.07
Thr200/H-acceptor 2.47
Asp131/H-acceptor 3.75

SLC-0111 �11.0025 His94/Zn-coordination bond 2.06
His96/Zn-coordination bond 2.11
His119/Zn-coordination
bond

2.19

His94/H-donor 2.69
Thr200/H-donor 2.98
Thr200/H-acceptor 2.38
Thr200/H-acceptor 2.56

a S: the score of placement of a compound into the binding pocket of
protein using London dG scoring function.
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their antibiolm potentials against K. pneumonia, E. coli, P.
vulgaris, S. aureus, S. typhimurium, and P. aeruginosa were
determined. Compounds 4b and 4c displayed signicant anti-
biolm activity against K. pneumonia with % inhibition rates
of 78.29% and 54.26%, respectively. Interestingly, both carbonic
anhydrase IX inhibitors 4g and 4h exhibited excellent inhibitory
activity against K. pneumonia with % inhibition of 79.46% and
77.52% respectively. In addition to its inhibitory effect against
K. pneumonia, the vanillin derivative 4h exhibited 66.86%
inhibition against S. typhimurium. The eugenol derivative 4e
showed potent inhibitory activity against P. vulgaris, and S.
typhimurium with % inhibition rates of 61.41% and 63.43%,
respectively (Table 4). Moreover, the carboxylic acid analogue 4f
revealed signicant inhibitory activity against P. vulgaris with
64.67% inhibition. From these results, it could be concluded
that presence of electron donating group enhanced the anti-
biolm effect towards Gram negative bacteria as K. pneu-
monia. Moreover, the poly substitution on the aryl ring (4e and
4h) enhanced the antibiolm effect toward S. typhimurium.

3.2.8 Molecular docking studies. This study was conducted
to identify the activity of the newly synthesized benzenesulfo-
namide derivatives and to understand some structural obser-
vations for their binding modes and their binding interactions
with CA IX enzyme. Consequently, the most active derivatives
(4e, 4g and 4h) in addition to compound 4f, as a representative
for the least active compounds for comparison, were docked
within the active site of CA IX using Molecular Operating
Environment (MOE, 2010.10) soware. The 3D crystal structure
of CA IX (PDB ID: 5FL6) in complex with 5-(1-(4-methylphenyl)-
1H-1,2,3-triazol-4-yl)thiophene-2-sulfonamide was used for this
docking study.49,50 First, the docking setup was validated by
performing redocking of the co-crystalized ligand in the CA IX
binding site. The redocking validation step of the co-crystallized
ligand accurately indicates that the utilized docking protocol is
appropriate for this current docking simulation. This is
demonstrated by the small RMSD value between the redocked
pose and the co-crystallized ligand (1.41 Å); the energy binding
score (S) ¼ �9.1411 kcal mol�1 and the ability of the docked
pose to occupy all the key interactions achieved by the co-
crystallized ligand with the CA IX active site hot spots (Fig. 8).
Accordingly, the validation process used in anticipating the
ligand-target interactions at the binding site for the compounds
was successful. It is worth to mention that SLC-0111 was docked
in the binding site of the CA IX and it exhibited the same
binding interactions as the native ligand (Fig. 8).

The CA IX catalytic pocket is reportedly as cone-shaped
cavity, which is segregated into two characteristic conserved
environments as mentioned before. So, docking results of the
active analogues 4e, 4g and 4h suggested that they all t accu-
rately within the active site involving some interactions
including coordination bonds and hydrogen bonds. Generally,
it was recognized that the top docked poses have a common
binding conguration and orientation that the phenyl-bearing
sulfonamide moiety in the mentioned derivatives aligned
towards His94, His96, His119, Thr200, Thr201, Tyr11 and
Glu106 amino acids residues while the benzylidene moieties
were extended towards Arg129, Val130, Asp131 and Leu134
26252 | RSC Adv., 2021, 11, 26241–26257
residues forming some H bond interactions. Their remarkable
potency against CA IX enzyme may be signicantly due to the
apparent similarity between the predicted binding patterns of
these analogues and SLC-0111, the results of the docking
studies are represented in Table 5.

It was conceptualized that the type and number of these
interactions could explain the variation between these ligands
in their potency. The most active predicted eugenol derivative
4e (IC50 ¼ 10.93 � 0.53 nM) exhibited the highest number and
types of interactions. It formed ve different H-bonds; two H-
bonds between the hydroxyl and methoxy groups of eugenol
moiety and Asp131, one H-bond between NH group of sulpho-
namide and His94, two H-bonds between oxygen group of sul-
phonamide and Thr200. Furthermore, the sulfonamide group
showed coordination bonds with Zn2+ ion and three histidine
residues (His94, His96, and His119) as shown in Fig. 9A and B.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Compared to eugenol derivative 4e, the decreased inhibition of
p-nitrobenzylidene derivative 4g against CA IX (IC50 ¼ 16.96 �
0.83 nM) could be explained by the absence of some interac-
tions such as two H-bonds with Asp131 indicating that the
replacement of the EDG (OCH3 and OH) with EWG (P-NO2)
resulted in the absence of an important H-bond with Asp131
amino acid in the active site of CA IX enzyme, on the other side,
carbonyl group of thiazol-4-one moiety showed H-bond with
Gln71 (Fig. 9C and D). However, 4-hydroxy-3-
Fig. 9 2D diagram (A) and 3D pose (B) of compound 4e, 2D diagram (C) a
compound 4h within binding site of CA IX binding site.

© 2021 The Author(s). Published by the Royal Society of Chemistry
methoxybenzylidene derivative 4h showed the least activity
(IC50 ¼ 25.56 � 1.25 nM) between the most active ones due to
the reduction in the number of interactions despite of adopting
a similar orientation (Fig. 9E and F).

Furthermore, the exploration of the docking outcomes of the
least active compound 4f into the CA IX active pocket indicated
that compound 4f possessed a totally opposing orientation and
dispositioning compared with the previously docked active
compounds (4e, 4g and 4h) as shown in Fig. 10. It was found
nd 3D pose (D) of compound 4g, and 2D diagram (E) and 3D pose (F) of

RSC Adv., 2021, 11, 26241–26257 | 26253
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that the benzoic acid group was located near His94, His96,
His119, Thr200, Thr201, Tyr11 and Glu106 residues and
exhibited coordination bonds with Zn2+ ion and three histidine
residues (His94, His96, and His119), while the benzenesulfo-
namide core was extended towards Arg129, Val130, Asp131 and
Leu134 residues and don't exhibited any interactions mirrored
in a decrease in the CA IX inhibitory activity. As a result, docking
study was coherent with the in vitro assay results, verifying that
hybridization between the phenyl-bearing sulfonamide phar-
macophoric and the thiazole-4-one CA IX moieties are prom-
ising leads for further optimization.

3.2.9 Prediction of ADMET properties. In the current study,
the pharmacokinetic properties predicted to the mostly potent
CAIX inhibitors (4e, 4g and 4h) were assessed. These molecular
predictions of the mentioned derivatives depending on the
computed partition coefficient (log P) revealed that all the
studied analogues had a good lipophilicity as their log P values
were less than 5 (ref. 51) (Table S2†). The predicted lip-
ophilicities are negatively associated with their water solubility
potentials but have a correlation with caco-2 permeability.
Absorption is a very complex process that is dened as move-
ment of a drug from an extravascular site of administration into
the systemic circulation depending on permeability and solu-
bility of the compound.52 For oral drugs, absorption occurs by
either transcellular diffusion, paracellular diffusion, and
transporter-mediated mechanisms and caco-2 cell lines53 was
used to estimate the latter mechanism. Lagorce et al.54 reported
that enzyme inhibitors showed lower caco-2 permeability than
ion channels and nuclear receptors. Thus, this may explain the
low absorption properties of the examined compounds.
Furthermore, caco-2 permeability and human intestinal
absorption have a role in determining the bioavailability of the
drugs. From the results represented, all the examined deriva-
tives illustrated an elevated cellular permeability prediction,
particularly compound 4g that displayed 81.72% intestinal
absorption (Table S2†). Skin permeability is a crucial
Fig. 10 2D diagram (A) and 3D pose (B) of compound 4f within the bind

26254 | RSC Adv., 2021, 11, 26241–26257
consideration for the development of transdermal drug
delivery. All the synthesized compounds showed good skin
permeability. The three derivatives were found to be substrate
of P-glycoprotein. Yet, neither of the evaluated derivatives were
expected as P-glycoprotein II inhibitors. Additionally, the
distribution of drug refers to its distribution throughout the
body. Some parameters were investigated in silico regarding
distribution that include blood brain barrier (BBB) perme-
ability, and central nervous system (CNS) permeability. Also, the
free (unbound) drug is also important to bemonitored due to its
availability to interact with the protein target.55 Prediction of
distribution descriptors revealed that the synthesized analogues
showed desirable theoretical dose related to uniform plasma
distribution. Moreover, all the estimated benzenesulfonamides
based derivatives expressed poor brain distribution but are
capable of penetrating CNS (Table S2†). In the same context,
metabolism is the biotransformation of the drug to facilitate tis
excretion. Thus, metabolism prediction showed that all
synthesized analogues showed low CYP promiscuity, however
compound 4e can inhibit CYP2C19 and CYP2C9 while 4g
analogue inhibit CYP3A4, however all compounds are CYP3A4
substrate. These ndings indicated that the mentioned deriva-
tives could have a role in drug–drug interactions and oxidative
stress could be initiated. Analogue 4h is expected to be a Renal
OCT2 substrate with respect to excretion prediction. Finally,
toxicological predictions of the synthesized analogues were
estimated using pkCSM soware. Herein, via AMES toxicity
testing, the bacterial mutagenic ability of the benzenesulfona-
mide derivatives showed that all analogues could be regarded as
non-mutagenic agents. Nevertheless, the toxicity of all the
analogues in T. pyriformis are high.

Moreover, one of the signicant parameters of toxicity,
which is cardiotoxicity, was predicted for the investigated
compounds; human ether-a-go-go-go-related gene I, II (hERG I,
II). The predicted outcomes presented that the estimated
compuds didn't inhibit hERG I, II, except for vanillin derivative
ing site of CA IX.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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4e that inhibits hERG II, that may reect normal cardiac
rhythm.

4 Conclusion

In this work, a new series of sulfonamide derivatives containing
thiazolone ring with different aryl moieties were designed and
synthesized as potent carbonic anhydrase IX inhibitors. The
synthesized derivatives were evaluated for their anticancer
activity against two human BC cell lines (MDA-MB-231 and
MCF-7) in addition to normal human cell line (MCF-10A). All
the compounds were evaluated for their inhibitory activity
against CA IX in a range with 10.93–25.06 nM. Three analogues
4e, 4g and 4h displayed signicant selectivity towards tumor
assisted CA IX over cytosolic CA II. From the results, we can
conclude that the introduction of eugenol aldehyde or vanillin
moieties (electron donating groups) are associated with
enhanced anticancer activity (IC50 ¼ 3.58 and 1.56 mM) against
MDA-MB-231 and (IC50 ¼ 4.58 and 1.52 mM) against MCF-7 as
well as remarkable selectivity over normal breast cell line MCF-
10A. This can be explained in accordance to docking studies due
to their high binding affinities via forming high number and
types of interactions. Additionally, compound 4e was able to
induce apoptosis in MDA-MB-231 cells conrmed by the
increase of annexinV – FITC percent by 22 fold. Moreover, the
synthesized analogues were screened against antibacterial and
anti-biolm inhibition. The presence of electron withdrawing
groups (as Cl and NO2) on the aryl moiety was shown to improve
the antibacterial activity against S. aureus, and S. typhimurium
while the presence of electron donating group enhanced the
anti-biolm effect towards Gram negative bacteria as K. pneu-
monia. Moreover, the poly substitution on the aryl ring (4e and
4h) enhanced the antibiolm effect toward S. typhimurium.
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