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, and anti-inflammatory
evaluation of new isatin azo disperse dyes:
computational studies, molecular docking, and
printing performance on polyester fabrics

Hend A. Hekal, *a Elkhabiry Shaban,*b Zeinab A. Elshahid,c Hayam A. Abd El Salam,d

Faten M. Atlame and Ahmed A. Nosieraf

Pharmaceutical and industrial uses of heterocyclic compounds are so varied that they are important for material

science and drug discovery. First synthesized in 1841, isatin is a derivative of indole that has garnered significant

attention as a structure that is modular for bioactive chemicals. In this study, novel isatin-based azo dyes, namely

2-cyano-N0-(4-hydroxy-3-methoxy)-(E)-(aryl)diazinyl)benzylidene)-2-((Z)-2-oxoindolin-3-ylidene)

acetohydrazides (4a–d) and (E)-5-(2-cyano-2-((Z)-2-oxoindolin-3-ylidene)acetyl)-3-(3,5-dimethoxyphenyl)-1-

(aryl)formazans (5a–d), were effectively synthesized and their structure was clarified using spectroscopic

investigations utilizing mass spectrometry, 1H, 13C NMR, and FT-IR. The colorimetric and fastness

characteristics of the dyes, such as their resistance to light, perspiration, washing, sublimation, and rubbing,

were assessed after they were applied to printing polyester fabric. An assessment of the anti-inflammatory

properties of synthetic isatin azo dyes revealed that almost all of them exhibit anti-inflammatory actions

against COX-2, TNF, and IL-6. Additionally, using the 6-311++G(d, p) basis set, density functional theory (DFT)

was used to study the isatin azodyes 4a–d and 5a–d. The energy values of the highest filled molecular orbital

(HOMO), the lowest unfilled molecular orbital (LUMO), and the MEP were measured to discover more about

the reactive regions of the molecules. To illustrate the connection between theory and experiment, FT-IR

spectra were calculated for isatin dye molecules. Excellent agreement was established between experimental

and theoretical data. In conclusion, every newly created dye has the potential to be an anti-inflammatory.

Compounds 4b and 5b were shown to be the most efficient against TNF and IL-6, and theoretical evidence

supports these findings. To gain more insights into how compound 5b interacts with TNF (tumor necrosis

factor), we used molecular docking tools to predict its affinity within the receptor, providing useful

preliminary evidence for drug development. Additionally, docking analysis was performed, and it confirmed

the presented results.
Introduction

One of the most signicant classes of chromophores, azo dyes,
has many applications in the scientic, industrial, and medical
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the Royal Society of Chemistry
domains. Researchers have studied simple synthesis
techniques for azo dyes and their derivatives, which have
a variety of potential applications. The basic skeletal structure
of azo chromophores, a type of chemical molecule that is
a colorant, contains azo groups.1,2 The nitrogen–nitrogen
double bond (–N]N–), which distinguishes azo dyes, offers the
textile industry various advantages. In this sense, heterocyclic
compounds that contain sulfur, nitrogen, or oxygen are essen-
tial for azo dyes to produce a variety of hues and increase the
dye's color. Azo dyes with heterocyclic moieties now outperform
those made from simple aromatic amines in terms of coloring
characteristics, potency strength, thermal capacity, and more
favorable solvatochromic behavior.3,4 Additionally, the proce-
dure of applying color to fabric with patterns or designs is
known as textile printing, as opposed to dyeing.5,6 Therefore,
various factors, such as the kind and amount of dyes selected,
might affect the dyes utilized for printing.6 Other factors that
RSC Adv., 2026, 16, 23257–23279 | 23257
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Fig. 1 Some examples of marketed isatin derivative candidates.
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affect such dyes include the type of thickening chosen, the
composition of the thick and sticky printing paste, the ber
composition, and the design of the fabric to be printed. Azo
dyes are well-known colored substances that are widely used in
23258 | RSC Adv., 2026, 16, 23257–23279
a variety of textile materials (such as leather and ber) as well as
the printing, paint, and cosmetics industries.5 Previous studies
have shown that the heterocyclic ring's azo chromophore boosts
the compound's possible pharmacological action. Isatin (I, 1H-
© 2026 The Author(s). Published by the Royal Society of Chemistry
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indole-2,3-dione; Fig. 1) is a heterocyclic compound that was
rst created about 170 years ago.7,8 Isatin's many chemically
reactive functional groups make it more valuable for synthesis
purposes. Because of this, it is regarded as a preferred substrate
in organic and medicinal chemistry, where it is frequently used
to produce a variety of bioactive compounds with a wide spec-
trum of biological actions, including anticancer,9 anti-HIV,10

antiviral,11 antitumor,12 antifungal,13 antimalarial,14 antioxi-
dant,15 anti-inammatory,16 antimicrobial,17 analgesic,18 anti-
convulsants,19 and so on. Numerous conventional isatin
analogs are already used in medicine, and Fig. 1 lists a few
commercially available drugs that exploit isatin scaffolding to
treat a range of ailments. Azo dyes' physicochemical and dyeing
qualities are improved by adding isatin-based Schiff base
derivatives, which qualify them for use in polyester textiles.20

For isatin-containing azo compounds to retain dye integrity
during manufacturing and use, their thermal and storage
stability is crucial.21 Improved color strength and fastness are
directly linked to these stability parameters, ensuring resistance
to degradation at high dyeing temperatures and long-term color
retention.22 Recent developments in computational chemistry,
coupled with knowledge of biological and metabolic mecha-
nisms and structures, have resulted in the creation of an
extensive companion.23 It has made a substantial contribution
to our knowledge of the structure, properties, and selectivity of
molecules.24 Furthermore, it furnishes us with crucial particu-
lars concerning the compounds under investigation, including
total energy, dipole moment, electronic energy, binding energy,
LUMO, HOMO, and bond lengths. When this data is in line with
the experiment's results, its value increases. Additionally, it
helps us understand how the molecule would most likely
behave during reactions.25 The most promising method for
using computer-based computations to investigate the electro-
chemical properties of different substances is density func-
tional theory (DFT).24–26 In comparison to other existing
methodologies, Density Functional Theory (DFT) is inexpensive
and provides an excellent level of accuracy with less computa-
tional time.26,27 Considering these factors, we aimed to design
and synthesize a novel class of isatin-based azo dyes and to
evaluate their anti-inammatory potential. DFT studies were
employed to examine how electronic and molecular structural
modications inuence biological activity. The development of
disperse dyes that combine commercial dyeing performance
with biological functionality has recently attracted signicant
attention.28,29 A basic biological reaction to an infection or
damage, inammation, is linked to many illnesses, such as
cancer, autoimmune diseases, and heart failure. During the
inammatory process, mediators such as interleukins (IL-2, IL-
6) and tumor necrosis factor-alpha (TNF-a) are released, along
with activation of cyclooxygenase (COX-1/2) enzymes.30,31 Lipo-
polysaccharide (LPS), a bacterial endotoxin, is widely used in
experimental inammation models, as it triggers proin-
ammatory pathways in macrophages, leading to increased
expression of cytokines and mediators such as IL-6, TNF-a,
COX-2, and nitric oxide (NO).32,33 Suppressing thesemediators is
therefore a key therapeutic approach in managing inamma-
tory disorders. Combining azo dyes with isatin-based Schiff
© 2026 The Author(s). Published by the Royal Society of Chemistry
base moieties provides an innovative route to achieve both
functional nishing and dyeing in a single step. Even in the
absence of substantial medicine release, fabrics printed with
anti-inammatory dye molecules can offer signicant func-
tional benets at the skin-textile interface. Surface-bound
bioactive moieties (such as isatin-based azo dyes) can indi-
rectly reduce skin irritation, odor, and discomfort by inu-
encing microbial growth, oxidative stress, and local
inammatory responses through continuous contact between
textiles and the skin, especially during prolonged or humid
wear conditions. This function is particularly important for
advanced and medical textiles, as materials that come into
contact with delicate or injured skin have been demonstrated to
reduce inammation and promote healing when bioactive
components are present at the surface. As part of the new idea
of “biofunctional colorants”, which combine colors with latent
biological activity, adding anti-inammatory structures is still
benecial from a scientic standpoint, even in traditional
polyester systems where dyes are mostly immobilized inside the
ber. As a result, these textiles increase wearer comfort and
hygiene and offer an attractive option for the development of
bioactive textile systems with multiple functions and regulated
release in the future.34–36 This work presents the rst report on
synthesizing isatin–Schiff base bioconjugates linked through an
azo bridge. These novel compounds are explored as disperse
dyes for polyester printing, with additional evaluation of their
anti-inammatory activities.

Experimental
Chemicals and instrumentation

All reagents and starting materials are discussed in the SI. All
instruments and methods were observed in the SI section.

Purity and characterization

All compounds were separated aer completion of the reaction
using thin layer chromatography (TLC: ethyl acetate: petroleum
ether 1 : 3). The purity of all synthesized compounds was ach-
ieved via ash column chromatography and conrmed via
different characterization methods, including elemental anal-
ysis, FT-IR, 1H-NMR, and 13C-NMR.

Organic synthesis

General method for the synthesis of 2-cyano-2-(2-oxoindolin-
3-ylidene) acetohydrazide. 2-Cyano-2-(2-oxoindolin-3-ylidene)
acetohydrazide was synthesized according to the literature.34

General method for the synthesis of Schiff base compounds
2 and 3. A mixture of 2-cyano-2-(2-oxoindolin-3-ylidene) aceto-
hydrazide37 (1) (2.28 g, 10 mmol) and an ethanolic solution of
aromatic aldehyde (10 mmol) in a few drops of acetic acid was
reuxed for 6–8 h (TLC control: ethyl acetate: petroleum ether
1 : 3). The reaction mixture was poured into ice water, ltered
off, dried, and recrystallized from ethanol.

2-Cyano-N0-((E)-4-hydroxy-3-methoxybenzylidene)-2-((Z)-2-
oxoindolin-3-ylidene) acetohydrazide (2).Orange red solid, yield
89%; mp 210 °C; 1H NMR (400 MHz, DMSO-d6) d (ppm): 10.82
RSC Adv., 2026, 16, 23257–23279 | 23259
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(s, 1H, CONH), 10.52 (s, 1H, NH-indole), 9.70 (s, 1H, OH), 8.53
(s, 1H, CH]N), 6.87–8.05 (m, 7H, Ar–H), 3.85 (s, 3H, OCH3);

13C
NMR (101 MHz, DMSO-d6) d (ppm): 165.40 (C]O indole),
163.32 (C]O), 152.01 (C–OH), 148.70 (C–OCH3), 110.00 (CN),
100.00 (CH]N), 56.20 (O–CH3), 111.20–145.20 (Ar–C); IR (KBr)
n: 3459.47 (OH), 3413.90 (NH), 3286.31 (CH-arom), 3022.00 (CH-
aliph), 2359.49 (C^N), 1714.50 (C]O), 1657.20 (C]N), 1605.14
(C]C); Anal. Calcd for C19H14N4O4 (362.34): C, 62.98%; H,
3.89%; N, 15.46%. Found: C, 62.58%; H, 3.69%; N, 15.28%.

2-Cyano-N0-((E)-3,5-dimethoxybenzylidene)-2-((Z)-2-
oxoindolin-3-ylidene)acetohydrazide (3). Deep yellow solid,
yield 90%; mp 143 °C; 1H NMR (400 MHz, DMSO-d6) d (ppm):
10.65 (s, 1H, CONH), 10.52 (s, 1H, NH-indole), 8.61 (s, 1H, CH]

N), 6.62–8.44 (m, 7H, Ar–H), 3.80 (s, 6H, 2OCH3);
13C NMR (101

MHz, DMSO-d6) d (ppm): 161.45 (C]O indole), 161.24 (C]O),
159.25 (C–OCH3), 104.58 (CN), 56.01 (O–CH3), 106.60–136.10
(Ar–C); IR (KBr) n: 3356.42 (OH), 3283.51 (NH), 3210.59 (CH-
arom), 3092.11 (CH-aliph), 2286.58 (C^N), 1720.82 (C]O),
1663.33 (C]N), 1593.92 (C]C); Anal. Calcd for C20H16N4O4

(376.37): C, 63.83%; H, 4.29%; N, 14.89%. Found: C, 63.53%; H,
4.17%; N, 14.63%.

General method for the synthesis of isatin azodyes (4a–d). A
cooled sodium nitrite solution (0.90 g, 12.7 mmol) in water was
added dropwise to a cooled solution of aromatic amine (13.7
mmol) dissolved in concentrated HCl. The diazonium salt was
then added dropwise to a cooled solution of compound 2
(3.07 g, 8.5 mmol) dissolved in 10 mL (10% NaOH). The reaction
mixture was stirred overnight at 0 °C, the product was ltered,
crystallized from ethanol, and dried to offer compounds 4a–d.

2-Cyano-N0-((E)-4-hydroxy-3-methoxy-5-((E)-(4-nitrophenyl)
diazenyl) benzylidene)-2-((Z)-2-oxoindolin-3-ylidene)
acetohydrazide (4a). Orange red dye; yield 91%; mp 120–122 °
C; 1H NMR (400 MHz, DMSO-d6) d (ppm): 11.00 (s, 1H, CONH),
10.81 (s, 1H, NH-indole), 9.72 (s, 1H, OH), 8.54 (s, 1H, CH]N),
6.88–8.16 (m, 10H, Ar–H), 3.90 (s, 3H, OCH3);

13C NMR (101
MHz, DMSO-d6) d (ppm): 165.38 (C]O indole), 163.96 (C]O),
163.00 (C–OH), 151.82 (C–OCH3), 116.50 (CN), 110.00 (CH]N),
56.45 (O–CH3), 120.50–148.70 (Ar–C); IR (KBr) n: 3320.66 (NH/
OH), 3120.15 (CH-arom), 3083.70 (CH-aliph), 2124.00 (C^N),
1720.81 (C]O), 1668.93 (C]N), 1605.84 (C]C), 1457.91 (N]
N); Anal. Calcd for C25H17N7O6 (511.45): C, 58.71%; H, 3.35%; N,
19.17%. Found: C, 58.51%; H, 3.17%; N, 19.03%.

2-Cyano-N0-((E)-4-hydroxy-3-((E)-(4-hydroxyphenyl)diazenyl)-
5-methoxybenzylidene)-2-((Z)-2-oxoindolin-3-ylidene)
acetohydrazide (4b). Dark brown; yield 92%; mp 130–132 °C; 1H
NMR (400 MHz, DMSO-d6) d (ppm): 10.98 (s, 1H, CONH), 10.80
(s, 1H, NH-indole), 10.03 (s, 1H, OH), 9.74 (s, 1H, OH), 8.53 (s,
1H, CH]N), 6.86–8.04 (m, 10H, Ar–H), 3.85 (s, 3H, OCH3);

13C
NMR (101 MHz, DMSO-d6) d (ppm): 165.40 (C]O indole),
163.98 (C]O), 163.30 (C–OH), 151.77 (C–OCH3), 116.30 (CN),
110.20 (CH]N), 56.21 (O–CH3), 116.30–148.70 (Ar–C); IR (KBr)
n: 3419.51 (NH/OH), 3142.12 (CH-arom), 3081.59 (CH-aliph),
2102.90 (C^N), 1727.13 (C]O), 1665.43 (C]N), 1610.04 (C]
C), 1457.91 (N]N); Anal. Calcd for C25H18N6O5 (482.46): C,
62.24%; H, 3.76%; N, 17.42%. Found: C, 62.14%; H, 3.66%; N,
17.36%.
23260 | RSC Adv., 2026, 16, 23257–23279
2-Cyano-N0-((E)-4-hydroxy-3-methoxy-5-((E)-(4-methoxy-
phenyl)diazenyl)benzylidene)-2-((Z)-2-oxoindolin-3-ylidene)
acetohydrazide (4c). Dark red dye; yield 89%; mp 105–107 °C;
1H NMR (400 MHz, DMSO-d6) d (ppm): 11.01 (s, 1H, CONH),
10.81 (s, 1H, NH-indole), 9.73 (s, 1H, OH), 8.53 (s, 1H, CH]N),
6.82–8.05 (m, 10H, Ar–H), 3.85 (s, 3H, OCH3), 3.80 (s, 3H,
OCH3);

13C NMR (101 MHz, DMSO-d6) d (ppm): 165.39 (C]O
indole), 163.20 (C]O), 162.97 (C–OH), 151.80 (C–OCH3), 110.50
(CN), 100.00 (CH]N), 56.20 (O–CH3), 110.50–151.06 (Ar–C); IR
(KBr) n: 3342.39 (NH/OH), 3151.01 (CH-arom), 3078.09 (CH-
aliph), 2100.79 (C^N), 1720.81 (C]O), 1665.43 (C]N),
1610.75 (C]C), 1454.41 (N]N); Anal. Calcd for C26H20N6O5

(496.48): C, 62.90%; H, 4.06%; N, 16.93%. Found: C, 62. 39%; H,
3.86%; N, 16.75%.

2-Cyano-N0-((E)-4-hydroxy-3-methoxy-5-((E)-phenyldiazenyl)
benzylidene)-2-((Z)-2-oxoindolin-3-ylidene)acetohydrazide (4d).
Orange red dye; yield 90%; mp 140–142 °C; 1H NMR (400 MHz,
DMSO-d6) d (ppm): 12.65 (s, 1H, CONH), 11.20 (s, 1H, NH-
indole), 9.72 (s, 1H, OH), 8.53 (s, 1H, CH]N), 6.84–8.04 (m,
11H, Ar–H), 3.85 (s, 3H, OCH3);

13C NMR (101 MHz, DMSO-d6)
d (ppm): 165.40 (C]O indole), 163.99 (C]O), 162.90 (C–OH),
151.78 (C–OCH3), 112.29 (CN), 100.00 (CH]N), 56.22 (O–CH3),
112.29–148.70 (Ar–C); IR (KBr) n: 3339.59 (NH/OH), 3114.57
(CH-arom), 3078.09 (CH-aliph), 2158.98 (C^N), 1720.81 (C]O),
1666.13 (C]N), 1613.55 (C]C), 1460.72 (N]N); Anal. Calcd for
C25H18N6O4 (466.46): C, 64.37%; H, 3.89%; N, 18.02%. Found:
C, 64.23%; H, 3.69%; N, 17.46%.

General method for the synthesis of azo compounds (5a–d).
A mixture of sodium nitrite (0.90 g, 12.7 mmol) in water was
added dropwise to a cooled solution of aromatic amine (13.7
mmol) dissolved in concentrated HCl. The diazonium salt was
then added dropwise to a cooled solution of compound 3
(3.19 g, 8.5 mmol) dissolved in 10 mL pyridine. The reaction
mixture was stirred overnight at 0 °C, the product was ltered,
crystallized from ethanol, and dried to offer compounds 5a–d.

(Z,Z)-5-(2-cyano-2-((Z)-2-oxoindolin-3-ylidene)acetyl)-3-(3,5-
dimethoxyphenyl)-1-(4-nitrophenyl)formazan (5a). Orange red
dye; yield 90%; mp 80–82 °C; 1H NMR (400 MHz, DMSO-d6)
d (ppm): 10.98 (s, 1H, CONH), 10.86 (s, 1H, NH-indole), 6.60–
8.59 (m, 11H, Ar–H), 3.76 (s, 6H, 2OCH3);

13C NMR (101 MHz,
DMSO-d6) d (ppm): 161.45 (C]O indole), 161.24 (C]O), 159.25
(C–OCH3), 104.58 (CN), 56.01 (O–CH3), 106.62 -150.46 (Ar–C); IR
(KBr) n: 3421.61 (NH/OH), 3281.40 (CH-arom), 3087.21 (CH-
aliph), 2354.59 (C^N), 1720.82 (C]O), 1668.93 (C]N),
1593.92 (C]C), 1454.41 (N]N); Anal. Calcd for C26H19N7O6

(525.48): C, 59.43%; H, 3.64%; N, 18.66%. Found: C, 59. 29%; H,
3.44%; N, 18.48%.

(Z,Z)-5-(2-Cyano-2-((Z)-2-oxoindolin-3-ylidene)acetyl)-3-(3,5-
dimethoxyphenyl)-1-(4-hydroxyphenyl)formazan (5b). Dark
brown dye; yield 91%; mp 145–147 °C; 1H NMR (400 MHz,
DMSO-d6) d (ppm): 11.01 (s, 1H, CONH), 10.88 (s, 1H, NH-
indole), 10.67 (s, 1H, OH), 6.61–8.80 (m, 11H, Ar–H), 3.77 (s,
6H, 2OCH3);

13C NMR (101 MHz, DMSO-d6) d (ppm): 161.93
(C]O indole), 161.43 (C]O), 161.23 (C–OCH3), 104.08 (CN),
56.00 (O–CH3), 106.64–145.77 (Ar–C); IR (KBr) n: 3404.09 (NH/
OH), 3284.20 (CH-arom), 3092.81 (CH-aliph), 2218.06 (C^N),
© 2026 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ra01392a


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 5

/8
/2

02
6 

6:
24

:0
6 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
1725.58 (C]O), 1669.76 (C]N), 1597.54 (C]C), 1463.74 (N]
N); Anal. Calcd for C26H20N6O5 (496.48): C, 62.90%; H, 4.06%; N,
16.93%. Found: C, 62. 69%; H, 3.96%; N, 16.85%.

(Z,Z)-5-(2-Cyano-2-((Z)-2-oxoindolin-3-ylidene)acetyl)-3-(3,5-
dimethoxyphenyl)-1-(4-methoxyphenyl)formazan (5c). Light
brown dye; yield 92%; mp 155–157 °C; 1H NMR (400 MHz,
DMSO-d6) d (ppm): 11.02 (s, 1H, CONH), 10.87 (s, 1H, NH-
indole), 6.61–8.60 (m, 11H, Ar–H), 3.79 (s, 6H, 2OCH3), 3.76
(s, 3H, OCH3);

13C NMR (101 MHz, DMSO-d6) d (ppm): 161.92
(C]O indole), 161.42 (C]O), 159.22–161.22 (C–OCH3), 104.07
(CN), 55.99 (O–CH3), 106.64–149.48 (Ar–C); IR (KBr) n: 3356.42
(NH/OH), 3155.91 (CH-arom), 3082.99 (CH-aliph), 2089.58
(C^N), 1725.02 (C]O), 1679.45 (C]N), 1588.32 (C]C),
1460.72 (N]N); Anal. Calcd for C27H22N6O5 (510.51): C, 63.52%;
H, 4.34%; N, 16.46%. Found: C, 63. 36%; H, 4.22%; N, 16.28%.

(Z,Z)-5-(2-Cyano-2-((Z)-2-oxoindolin-3-ylidene)acetyl)-3-(3,5-
dimethoxyphenyl)-1-phenylformazan (5d). Dark red dye; yield
91%; mp 100–102 °C; 1H NMR (400 MHz, DMSO-d6) d (ppm):
10.99 (s, 1H, CONH), 10.88 (s, 1H, NH-indole), 6.61–8.90 (m,
12H, Ar–H), 3.76 (s, 6H, 2OCH3);

13C NMR (101 MHz, DMSO-d6)
d (ppm): 161.43 (C]O indole), 161.23 (C]O), 161.23 (C–OCH3),
104.09 (CN), 56.00 (O–CH3), 106.64–148.90 (Ar–C); IR (KBr) n:
3396.37 (NH/OH), 3219.00 (CH-arom), 3091.41 (CH-aliph),
2164.70 (C^N), 1725.58 (C]O), 1680.43 (C]N), 1592.61 (C]
C), 1460.46 (N]N); Anal. Calcd for C26H20N6O5 (480.15): C,
64.99%; H, 4.20%; N, 17.49%. Found: C, 64. 79%; H, 4.06%; N,
17.27%.

Printing and fastness determination
Printing paste procedure

To prepare each printing paste dye, Table 1 lists the quantities
of all ingredients used in the preparation of the printing paste.
Polyester fabric samples were printed using the aforementioned
printing paste via the traditional screen-printing method.
Following a period of drying at room temperature, the prints
were thermo-xed for four minutes at 180 °C.When fabrics were
being thermoxed, they were simultaneously stretched
(tensioned) and heated.6 Aer being stretched between a metal
holder, the textile samples are placed in an automatic thermo-
static oven (Fyianyuan Instrument Co., model number LD-3642,
China) and baked for 4 min at 180 °C. Several methods are used
to wash the prints, including two cold–water cycles, two hot–
water cycles, 20 minutes at 60 °C, and 2 g of nonionic detergent
per liter.6
Table 1 The amounts used to make the printing paste ingredients

Component Amount Function

Dye 3 g Colorant
Thickener 75 g Rheology modier
Lyoprint EV
(dispersing agent)

0.5 g Dye dispersing agent

Acetic acid 0.5–1 g pH adjustment (pH 5–6)
Water 21 g Solvent/medium
Total 100 g

© 2026 The Author(s). Published by the Royal Society of Chemistry
Color strength measurements (K/S) and analyses

A Hunter Lab Ultra Scan PRO spectrophotometer was used to
assess the colorimetric strength data aer the printed polyester
fabric samples had been washed and dried. The basis for
measuring the printed samples, at least at the dye concentra-
tion of the paste, is the notion that (K/S) values are propor-
tionate to the dye concentration on the fabric under printed
conditions.2 The color strength, expressed by the K/S value, was
determined using the Kubelka–Munk eqn (1).

K=S ¼ ð1� RÞ2
2R

(1)

R = Decimal fraction of the dyed fabric reection, K =

absorption coefficient, and S = scattering coefficient. Because it
inuences consumer demand and tastes, the color of printed
fabrics is important. The color characteristics of the surfaces of
printed polyester fabrics were evaluated by examining colori-
metric data for printed fabrics in terms of L*, a*, and b* using
the CIELAB system.2

Fastness properties methods

In accordance with the standard method ISO 105-C06 B2S (2012),
the wash fastness test was performed using a mixture of 4 g L−1

ECE detergent, 1 g L−1 sodium perborate, and 25 steel balls at 50 °
C for 30minutes, with a liquor ratio of 50 : 1. The colored polyester
fabric was placed on the crockmeter's base so that its long
dimension in the direction of rubbing sat at on the sharp fabric.
The ISO 105-X12:2001 rubbing fastness test was carried out in that
way. A square of white testing fabric was allowed to glide on the
tested fabric twenty times by turning the crank ten full turns. The
testing squares were completely submerged in distilled water for
the wet rubbing test. The remainder of the process was identical to
that of the dry test. The white testing fabric's degradation was
assessed using a grayscale, with 1 denoting poor, 2 fair, 3
moderate, 4 acceptable, and 5 excellent. The fastness to acidic and
alkaline perspiration was measured using a perspiromete set at
a specic pressure, temperature, and time in accordance with ISO
105-E04, and any color shi of the dyed samples (Alt) and color
staining on the nearby undyed cotton (SC) and polyester (SP)
fabrics were then evaluated using the related ISO grey scales for
color change and staining rates. Light fastness was further
assessed using a Xenon arc lamp test in accordance with ISO 105-
B02. The dry heat fastness test was conducted at 180 or 210 °C
using a xometer in accordance with ISO 105-P01. Any change in
the specimens' color (Alt) and any color staining of the
surrounding cotton (SC) and polyester (SP) were then assessed
using the corresponding ISO greyscales for color change and
staining.38–41

Assessment of anti-inflammatory
activity of the synthesized dyes
Cell culture (seeding and treatment)

The RAW 264.7 macrophage cell line was maintained in DMEM-
F12 medium. The media was supplemented with 10% fetal
RSC Adv., 2026, 16, 23257–23279 | 23261
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bovine serum at 37 °C in 5% CO2 and 95% humidity. Cells were
subcultured using 0.15% trypsin. The cell line was kindly
provided by Professor Stig Linder, the Oncology and Pathology
Department, Karolinska Institute, Stockholm, Sweden, and was
originally obtained from ATCC.30–33,42
Cell viability assay

The viability of the RAW 264.7 macrophage cell line was deter-
mined following the method of Elshahid et al.30 with slight
modications. Briey, aer 24 h of seeding (5 × 105 cells per
well), cells were treated with a nal concentration of 100 mg
mL−1 of isatin derivatives and celecoxib in triplicate for 24 h.
Doxorubicin (positive control) was applied at a concentration of
100 mM, and DMSO (negative control) at 0.5% concentration.
The viability was estimated by the reduction of yellow MTT (3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) to
purple formazan as described previously. Viability % was
calculated as follows:

% Viability = ((OD − X/OD − NC) − 1) × 100

where OD: optical density, X: absorbance of sample well, NC:
absorbance of negative control measured at 595 nm with
reference at 690 nm.
Nitric oxide assay

The effect of isatin derivatives on nitric oxide (NO) levels was
determined in RAW 264.7 cells according to the method of
Hamed et al.31 with slight modications. Cells were pre-
incubated with various concentrations (100, 50, 25, 12.5 mg
mL−1) of isatin analogues for 1 hour, then treated with LPS (100
ng mL−1) for 24 hours. The release of nitrite in culture super-
natants was recorded as a marker of NO production and
measured by the Griess test. Briey, 100 mL of culture super-
natant was collected at the end of incubation, mixed with an
equal volume of Griess reagent, and incubated at room
temperature for 10 minutes. Absorbance at 540 nm was recor-
ded, and a sodium nitrite standard curve was used to calculate
the amount of nitrite, as shown in the equation:

Nitric oxide inhibitionð%Þ ¼ ðcontrol� testÞ
control

� 100

Effect of isatin derivatives on TNF-a and IL-6 and cyclo-
oxygenase (COX-2) levels in mouse macrophages

The in vitro anti-inammatory activity of isatin derivatives was
determined in RAW 264.7 cells according to the method of, with
slight modications: cells were pretreated with different
concentrations of isatin derivatives for 1 hour, then incubated
with LPS (100 ng mL−1) for 24 hours. The inammatory medi-
ator's interleukin-6 (IL-6), tumor necrosis factor (TNF-a), and
cyclooxygenase (COX-2) were assessed using a Sunlong Biotech
Co., Ltd, China ELISA (Enzyme-Linked Immunosorbent Assay)
kit. The manufacturer's instructions of the kit were followed, to
estimate the results. Samples and standards were pipetted into
the wells with antibodies specic for Il-6 and TNF-a and COX-2
then were incubated. Aer incubation, the wells were washed
23262 | RSC Adv., 2026, 16, 23257–23279
away, and horseradish peroxidase-conjugated streptavidin was
pipetted into the wells, which were washed once again. TMB
(tetramethylbenzidine) substrate solution was added to the
wells; color developed proportionally to TNF-a, Il-6 and COX-2
bound amount. Color development was discontinued (stop
solution) and the color intensity was measured at 450 nm.43
Statistical analysis

All statistical analysis and IC50 values were calculated using the
concentration-response curve t to the non-linear regression
model and One-way ANOVA was performed using GraphPad
Prism® v6.0 (GraphPad Soware Inc., San Diego, CA, USA).
Results and discussion

Vanillin and/or 3,5-dimethoxy benzaldehyde, respectively,
interacted with 2-cyano-2-(2-oxoindolin-3-ylidene) acetohy-
drazide (1)37 in ethanol and drops of acetic acid to produce two
distinct Schiff bases of isatin derivatives 2 and 3, Scheme 1.

Compounds 2 and 3 were conrmed with different spectro-
scopic data (IR and NMR). The FT-IR spectra revealed different
absorption bands at 3400 cm−1 for NH/OH, 3280–3155 cm−1 for
Ar–H, 2300 cm−1 for C^N, 1725 cm−1 for C]O, and 1650 cm−1

for C]N, Fig. S1 and S2. The 1H-NMR spectra of compounds 2
and 3 revealed different signals at 3.80 ppm, 8.55 ppm,
10.50 ppm, and 10.70 ppm due to OCH3, CH]N Schiff base,
NHindole, and NHamide protons, respectively, Fig. S3–S5. 13C-
NMR (DMSO) analysis of 2 shows the following signals:
d 56.21 (OCH3), 109.84 (HC]NSciff base), 151.96 (C–OCH3),
163.23, 165.39 (C]O), and 110.51–149.01 (CArom.), Fig. S6.

13C-NMR (DMSO) analysis of the compound 3 shows the
following signals: d 56.01 (2 OCH3), 104.58 (HC]NSciff base),
159.25 (C–OCH3), 161.24, 161.45 (C]O), and 106.60–134.49
(CArom.), Fig. S7.

The diazotization of different aromatic amines was per-
formed to produce the corresponding diazonium salt which
couples with the sodium salt of Schiff's bases (2 and 3) to give 2-
cyano-N0-(4-hydroxy-3-methoxy-5-((E)-(Aryl)diazenyl)benzyli-
dene)-2-((Z)-2-oxoindolin-3-ylidene)acetohydrazide (4a–d) and
(E)-5-(2-cyano-2-((Z)-2-oxoindolin-3-ylidene)acetyl)-3-(3,5-
dimethoxyphenyl)-1-(Aryl)formazan (5a–d), respectively,
Schemes 2 and 3.

The FT-IR spectra of compounds 4a–d showed different
absorption bands for the N]N, C]C, C]N, C]O, C^N, and
NH/OH groups at 1454–1460 cm−1, 1605–1613 cm−1, 1665–
1668 cm−1, 1720 cm−1, 2100–2158 cm−1, and 3339 and
3419 cm−1, respectively, Fig. S1.

The FT-IR spectra of compounds 5a–d showed different
absorption bands for the N]N, C]C, C]N, C]O, C^N, and
NH/OH groups at 1440 cm−1, 1593–1680 cm−1, 16597–
1668 cm−1, 1725 cm−1, 2089–2354 cm−1, and 3356 and
3421 cm−1 respectively, Fig. S2. The 1H-NMR spectra of
compounds 4a–d revealed different signals at 3.80–3.85 ppm,
8.53 ppm, 9.72–10.03 ppm, and 11.00 ppm due to OCH3, CH]

N, OH, and NHindole protons, respectively, Fig. S8–S11. The
1H-

NMR spectra of compounds 5a–d revealed important signals at
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Synthetic pathway of Schiff bases of isatin compounds 2 and 3.
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3.76–3.79 ppm, 10.88 ppm, and 11.00 ppm due to 2OCH3,
NHindole, and CONH protons respectively, Fig. S12–S15. 13C-
NMR (DMSO) analysis of 4a–4d shows the following signals:
d 56 (OCH3), 110 (HC]NSciff base), 151 (C–OCH3), 153, 165 (C]
O), and 110–151 (CArom.), Fig. S16–S19. 13C-NMR (DMSO)
analysis of 5a–5d shows the following signals: d 56 (OCH3), 104
(CN), 159 (C–OCH3), 161 (C]O), and 106–149 (CArom.),
Fig. S20–S23 SI.
Color performance of azo disperse dyes on polyester fabric

Test prints performed with new synthetic dyes must be made in
order to determine whether dye derivatives are appropriate as
azo disperse dyes for printing polyester fabric at a concentration
of 3 wt% mixed with printing paste. This was achieved through
making a range of printing pastes that were thickened using
synthetic thickeners and yielded acceptable results. The new
azo dyes were utilized to produce pastes for printing on poly-
ester fabric. Colloidal coloring was used to generate polyester
fabrics with a highly uniform yellow print that came in a range
of colors (yellow, greenish yellow and brownish yellow). The
color tones of the dyed fabrics are shown in Table 2 along with
the color intensity (represented as K/S) of the screen-printed
dyes applied to polyester. Different print values are produced
by the K/S values, which are inuenced by the kind and chem-
ical structure of the new dyes. The presence of conjugated
© 2026 The Author(s). Published by the Royal Society of Chemistry
double bonds, the dye molecule's planarity, and its linearity are
the main characteristics that contribute to better dye xation.
Additionally, substituent location is quite important. Since the
hydroxyl group on the dye is an auxochrome, which enhances
the dye color and increases the conjugated double bond. The
electron-withdrawing nitro group (–NO2), which promotes
bathochromic and hyperchromic effects and improves tincto-
rial strength by increasing p-electron delocalization across the
azo chromophore, is responsible for the increased color
strength observed for dye 4a. On the other hand, the dye
structure (4a–d) naturally contains the hydroxyl group (–OH),
which functions as an auxochrome to increase color intensity
and enhance intermolecular interactions with the polyester
substrate, such as hydrogen bonding and dipole–dipole inter-
actions. These substituent effects are well known in azo
disperse dye systems, where hydroxyl groups improve dye–ber
affinity and overall dyeing efficiency while electron-withdrawing
groups improve range characteristics and color strength,44,45

Table 2. The following formulas were used to determine the hue
angle (h°) and chroma (saturation) (C*):46

C* ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ða*Þ2þ ðb*Þ2

p
(2)

h� ¼ tan�1
�
b*

a*

�
(3)
RSC Adv., 2026, 16, 23257–23279 | 23263
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Scheme 2 Synthesis of compounds 4a–d.
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The recently developed isatin Schiff base dyes' blackness or
lightness on polyester materials is determined by comparing
the L* and C* values. The dyes 4a–d and 5a–d have color
lightness values (L*) ranging from 48.67 to 71.56. The dyes 4c,
4d, and 5d are lighter compared with the other dyes. All the
synthesized dyes give a redder tone (positive a* values and
a yellower tone (positive b* values).
23264 | RSC Adv., 2026, 16, 23257–23279
Fastness properties
Washing fastness

The ability of colored materials to retain their color aer being
washed with soap and detergent is referred to as “wash fast-
ness”. The traditional gray scale is used to grade color variations
in dyed molecules and stains on the white area of the printed
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Scheme 3 Synthesis of compounds 5a–d.
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fabric. Polyester fabric's washing fastness was evaluated by
measuring how quickly the synthesized dyes were extracted
from the fabric aer washing. The dye's molecular size, water
solubility, and mechanical contact type with the fabric were
among the several variables. It is well-known that the wash
fastness increases with the size of the dispersed dye. Thus, it is
© 2026 The Author(s). Published by the Royal Society of Chemistry
conceivable that larger molecules can be used to create
dispersion dyes with minimal thermo-migration. The unlevel
dyeing caused by the limited dye uptake and greater ber-dye
interplay because of the decreased mobility are the expected
weak points in this specic case.47 Excellent washing fastness
has been shown by the printed polyester fabrics tested with dyes
RSC Adv., 2026, 16, 23257–23279 | 23265
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Table 2 Azo disperse dyes 4a–d and 5a–d printed on polyester fabrics: optical measurementsa

Dye Color shade Photo of printed sample
Absorption [lmax

(nm)] on fabrics K/S L* a* b* C* h

4a Brown 395 14.79 48.67 13.10 42.23 44.22 72.77

4b Yellow 390 11.30 69.19 8.33 32.73 32.78 86.70

4c Yellow 390 11.80 70.62 1.89 18.57 20.36 65.83

4d Orange yellow 375 9.18 71.56 1.63 42.75 42.78 87.81

5a Yellow 390 12.09 62.66 1.93 53.80 53.84 87.94

5b Brownish yellow 380 10.64 68.44 0.30 29.04 29.04 89.41

5c Yellow 385 11.33 66.80 3.25 45.20 45.32 85.88

5d Dark yellow 375 8.97 69.19 1.89 32.73 32.78 86.70

a Lightness (L*), degree of redness (+ve) and greenness (−ve) (a*), degree of yellowness (+ve) and blueness (−ve) (b*), chroma (c*), hue (h) and color
strength (K/S).
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4a, 5a, and 5b; washing fastness is good for the remaining dyes,
Table 3. The dye-ber affinity and insufficient dye molecule
consumption in the fabrics are the causes of this.
Acid and alkaline fastness to perspiration

Regardless of pH level, the majority of colored materials
received high ratings for perspiration fastness, suggesting that
pH has little effect on the dyed samples' sensitivity. This may be
explained by the innate ability to withstand deterioration in
both basic and alkaline conditions. The grayscale was used to
assess the color comparisons. The dye-printed polyester fabric
produced very good to outstanding (4–5) outcomes, Table 3.
Rubbing fastness

The ability of a fabric to keep its color when exposed to the
abrasive forces of rubbing at a particular pressure is known as
color fastness to rubbing. A reactive (dry/wet) white cotton
fabric is used in the color fastness to rubbing test, a funda-
mental component of textile quality control, and it is rubbed on
the fabric surface a predened number of times. A standardized
23266 | RSC Adv., 2026, 16, 23257–23279
grayscale for staining assessment is then used to determine the
extent of color transfer to the cotton material. Dry rubbing color
fastness, which measures the fabric's resistance to color loss in
a dry state, and wet rubbing color fastness, which measures the
same in a moist state, are the two main categories into which
this attribute is divided. Five was the highest value on a tradi-
tional grayscale, and one was the lowest. The dye's molecular
weight and the fabric's affinity for the synthetic dye determine
how much dye can be obtained from the surface of polyester
fabrics. 4a and 5a exhibit the least amount of fastness among all
the synthetic dyes. Rubbing fastness test results are also shown
in Table 3.
Light fastness

Among the most important characteristics to look for in textiles
with colors that will be exposed to light in their intended
purpose is light fastness. It looks at how long and how well
printed dyes hold up against fading when exposed to constant
light. The traditional blue scale was used to rate it, with one
denoting extremely poor and eight denoting excellent. The
degree to which a dye does not deteriorate in the presence of
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Fastness properties of azo disperse dyes 4a–d and 5a–d printed on polyestera

Sample

Washing fastness
Rubbing
fastness

Perspiration fastness

Light

Acidic Alkali

St.

Alt. Dry Wet

St.

Alt.

St.

Alt.SC SP SC SP SC SP

4a 4–5 3–4 4–5 2–3 2–3 4–5 4 4–5 4–5 4 4 7
4b 3–4 4 3–4 3–4 3–4 4 3–4 3–4 3–4 4 3–4 6
4c 4 4 3–4 3–4 3–4 3–4 4 4–5 4–5 3–4 4 7
4d 3–4 2–3 2–3 4–5 4–5 3–4 2–3 3–4 3–4 2–3 3–4 5
5a 4–5 4 4–5 2–3 2–3 4–5 4 3–4 4–5 4 4 7
5b 4–5 3–4 4–5 3–4 4 3–4 3–4 4–5 3–4 3–4 4 7
5c 4–5 3–4 4 4 3–4 4 3–4 4 4–5 4–5 4 7
5d 3–4 2–3 2–3 4–5 4–5 3–4 2–3 2–3 3–4 2–3 2–3 5

a Fixation of prints was carried out thermo-xation. Alt, alteration of colour; SC, staining of cotton; SP, staining of polyester. Rate for light fastness:
4–8 (acceptable), 1–3 (not acceptable); rate for different fastness: 3–5 (acceptable), 1–2 (not acceptable).
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sunshine is known as its light fastness. These kinds of
substituents have a notable effect on the charged particle
density around the azo group. For all synthetic dyes, light
fastness (5–7) is generally good, as shown in Table 3. Because
they can participate in photochemical reactions, dyes contain-
ing electron-donating groups and nitro, such as dyes 4a, 5a, 4c,
and 5c, are oen more prone to photodegradation. The relative
locations of the 4-nitro and 4-methoxy groups in relation to the
azo group component and the crystalline form of polyester ber
are likely responsible for the dyes' overall great light fastness.48
Sublimation fastness

The sublimation fastness technique was used to estimate the
color fastness to sublimation. It shows how resilient the printed
dyes are to extreme temperatures and pressure (180 and 210 °C).
Every printed dye showed satisfactory results (3–5), Table 4.

Excellent performance on a polyester substrate was demon-
strated by the sublimation test results. The large molecular size
and the presence of polar substituent groups like –OH, –NH,
and NH2 groups in the benzene rings are the causes of this.48
Table 4 Sublimation fastness variables for fabric made from polyester
printed with colors 4a–d and 5a–d a

Sample

Dry heat fastness at
180 °C

Dry heat fastness at
210 °C

SC SP SC SP

4a 4–5 4–5 4–5 4
4b 3–4 3–4 3–4 3–4
4c 4 4 4 4
4d 3–4 2–3 3–4 2–3
5a 4–5 4–5 4–5 4
5b 3–4 2–3 3–4 3–4
5c 4–5 4–5 4 4
5d 3–4 2–3 3 2–3

a Alt, alteration of color; SC, staining of cotton; SP, staining of polyester.
Structure–activity relationship (SAR) for fastness and color
strength properties

Molecular structure and dye–ber interactions within the
hydrophobic polyester substrate all inuence the color strength
(K/S) and fastness properties of the synthesized azo disperse
dyes. Dyes with electron-withdrawing groups, such as the nitro
substituent (–NO2) found in dye 4a, show higher K/S values. This
occurrence can be explained by increased p-electron delocal-
ization across the azo chromophore, which strengthens light
absorption and increases molar absorptivity (hyperchromic
effect).46 Additionally, electron-withdrawing groups improve
dipole–dipole interactions with polyester's ester functional
groups, increasing molecular polarity and improving dye
binding and xing during thermoxation. On the other hand,
dyes with electron-donating groups like hydroxyl (–OH) and
methoxy (–OCH3) substituents (such as 4b, 4c, and 5b)
© 2026 The Author(s). Published by the Royal Society of Chemistry
displayed moderate K/S values but better intermolecular inter-
actions.49 As an auxochrome, the –OH group inuences
molecular aggregation behavior and promotes hydrogen
bonding and secondary interactions with the polyester surface.
On the opposite hand, high electron donation may impede dye
migration into the amorphous parts of polyester bers by
decreasing molecular planarity and p–p stacking efficiency
(Fig. 2).

Fastness performance is also signicantly inuenced by
molecular size and planarity. Due to decreased mobility and
diffusion out of the ber matrix, larger and more planar dye
molecules (such as 5a and 5b) showed better washing and
sublimation fastness. This is in line with the free-volume
hypothesis of dispersion dyeing, which states that at high
temperatures, dye molecules spread into polyester amorphous
regions and become physically conned when they cool.50,51

Fixation stability is further enhanced by strong van der Waals
contacts and p–p stacking between the dye molecules and
polyester chains. It was found that substituent-induced elec-
tronic effects affected light fastness. While electron-
withdrawing groups improved resistance to photodegradation
RSC Adv., 2026, 16, 23257–23279 | 23267
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Fig. 2 Colorimetric performances of azo disperse dyes (4a–5d) on polyester fabrics: (A) the printed fabrics' color strength (K/S). (B) The printed
fabrics' maximum absorption wavelength (lmax, nm)
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by stabilizing the chromophore's excited states, dyes with
electron-donating groups showed somewhat decreased photo-
stability because they were more prone to photooxidation.
Molecular weight and intermolecular interactions have
a signicant impact, with larger and more polar dyes exhibiting
better resistance to thermal migration.52 Overall, the combined
statistical and molecular analysis makes it abundantly evident
that substituent type, electronic distribution, and molecular
geometry, all of which together control dye–ber affinity,
diffusion behavior, and fastness properties, have a signicant
impact on dye performance. These results offer a rational
structure to synthesize high-performance disperse dyes for
polyester application.
Fig. 3 Effect of isatin derivatives and celecoxib on Raw-264.7
macrophages at 100 mg mL−1. Cells were incubated with different
compounds for 24 h. Values are expressed as the means ± SD (n = 3).
Anti-inflammatory activity
Effect of isatin derivatives on Raw-264.7 macrophages-
induced inammation

Cell viability. As illustrated in Fig. 3, the cytotoxic effects of
the synthesized compounds were evaluated using the MTT
assay on the tested cell line. The results demonstrated that most
of the compounds exhibited negligible cytotoxicity at the tested
concentration of 100 mg mL−1, as evidenced by cell viability
values comparable to those of the untreated control group.

As illustrated in Fig. 3, compounds 4b and 5c showed
a noticeable reduction in cell viability at 100 mg mL−1, which
suggests a moderate to high cytotoxic effect of them at higher
concentrations. In contrast, compounds 4a, 5a, and 5d
demonstrated the lowest levels of cytotoxicity among the tested
derivatives. These ndings indicate that these compounds
possess superior biocompatibility and minimal adverse effects
on normal cellular metabolism. Their low toxicity makes them
particularly promising candidates for further pharmacological
evaluation, especially in studies targeting anti-inammatories.

As illustrated in Table S1, the higher IC50 of compounds
against normal cells indicates their ability to inhibit cell
viability at relatively high concentrations. Also, the IC50 values
reported for compounds 4b and 5c in Table S1 are in good
agreement with the cytotoxicity trends observed in Fig. 3. The
23268 | RSC Adv., 2026, 16, 23257–23279
lower IC50 values of compounds 4b and 5c against normal cells
indicate their ability to inhibit cell viability at relatively low
concentrations. This nding reects higher cytotoxicity, as
a reduced IC50 value corresponds to increased potency in
damaging healthy cells.

Nitric oxide (NO). Nitric oxide production has been linked to
macrophage stimulation and inammatory conditions because
of external stimulation.32 It is used as a marker to assess the
anti-inammatory effects of various compounds.33 The inhibi-
tion of NO release in activated Raw 264.7 macrophages by isatin
derivatives is illustrated in Fig. 4. The Raw cells were incubated
with both compounds and LPS or LPS only for 24 h. The Griess
reagent is used to estimate nitrite release in culture medium.
Nitrite is used as a marker of NO levels.

From Fig. 4, most of the evaluated compounds demonstrated
comparable inhibitory activities, reducing nitric oxide release
by more than 70% relative to untreated and/or LPS-treated
control cells. This substantial decrease highlights their effec-
tiveness in attenuating macrophage-mediated inammatory
responses. The quantitative analysis presented in Table S1,
which lists the IC50 values of the tested compounds, further
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Effect of isatin analogues (at a concentration of 100 mg mL−1) on nitric oxide levels in LPS- activated Raw macrophages. Raw cells were
preincubated for 1 h with isatin derivatives or vehicle (0.025% DMSO) and positive control drug(celecoxib at 100 mg mL−1), followed by LPS
stimulation (1 mg mL−1) and further incubated for 24 h at 37 °C. Results are expressed as mean ± SD of three independent experiments per-
formed in triplicate. LPS: lipopolysaccharide.
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conrms their potency and supports their potential as prom-
ising anti-inammatory agents.

The observed biological activity may be attributed to the
structural features of the isatin scaffold, including its ability to
participate in hydrogen bonding and p–p interactions with key
amino acid residues in inammatory target proteins. Addi-
tionally, the presence of electron-donating or electron-
withdrawing substituents likely inuences the compounds'
lipophilicity, cellular permeability, and binding affinity, thereby
modulating their inhibitory efficacy. These ndings provide
valuable insights into the structure–activity relationship (SAR)
of the synthesized derivatives.

Overall, the signicant suppression of NO production
underscores the therapeutic potential of these isatin analogs as
anti-inammatory agents. Fig. 3 illustrates the cytotoxicity
prole of the tested compounds as evaluated by the MTT assay.
The results demonstrate that treatment with the synthesized
isatin derivatives did not adversely affect the viability of RAW
264.7 macrophage cells across the tested concentrations. The
majority of the compounds maintained high cell viability,
indicating minimal cytotoxic effects. This observation conrms
that the cells remained metabolically active. The absence of
signicant cytotoxicity indicates that the observed biological
activities of the tested compounds are not attributed to
nonspecic cell death. Based on the MTT assay results, it can be
concluded that the anti-inammatory effects are independent
of cytotoxic mechanisms. This nding underscores the thera-
peutic potential of the synthesized compounds, as ideal anti-
inammatory agents should suppress inammatory mediators
without compromising normal cell viability. Therefore, the
compounds exhibit a favorable safety prole, supporting their
suitability for further pharmacological investigations.
© 2026 The Author(s). Published by the Royal Society of Chemistry
Numerous studies have established that nitric oxide (NO),
a short-lived and highly reactive free radical, plays a pivotal role
as a signaling molecule in the inammatory process.35 The
inhibition of NO generation represents a key therapeutic
strategy for the development of novel anti-inammatory agents.

Collectively, the high cell viability observed in the MTT assay
validates the reliability of subsequent nitric oxide inhibition
studies. The ndings conrm that the reduction in NO levels
induced by the tested compounds is due to their genuine anti-
inammatory activity rather than cytotoxic effects, thereby
highlighting their promise as safe and effective candidates for
further in vitro and in vivo investigations.35

Effect of isatin derivatives on TNF-a and interleukin-6. Upon
stimulation by external factors, macrophages release cytokines
at high levels.

Increased cytokines levels, such as TNF-a and IL-6, lead to
dysregulation in the body's immune system, inducing an
excessive response that initiates multiple inammatory condi-
tions.53 Hence, we investigated the effect of isatin analogues on
the different cytokines levels to reveal their role in the inam-
matory pathway involving TNF-a and IL-6.

Our results, displayed in Fig. 5a and b, indicated that the
LPS-treated cells showed signicantly high levels of TNF-a and
IL-6 compared to control untreated cells. On the other hand,
incubation of cells with isatin analogues resulted in a decline in
the levels of both inammatory mediators. Most compounds
displayed signicant inhibition of TNF release upon LPS stim-
ulation. However, in the case of IL-6, compounds (4b, 5b, and
4a) markedly reduced IL-6 release as compared to LPS-treated
cells.

Effect of isatin analogues on cyclooxygenase enzyme-II. It
was reported that high levels of cyclooxygenase enzyme is an
indicative of a persistent inammatory condition.54 For further
RSC Adv., 2026, 16, 23257–23279 | 23269
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Fig. 5 Effect of isatin derivatives on TNF-a (a) and IL-6 (b) release induced by LPS in RAW 264.7 macrophages. Cells were treated with different
compounds for 1 h before LPS treatment. Celecoxib was used as a positive control drug, C−ve: control, negative control, untreated cells. Data
are expressed as mean± SD (n= 3). Statistical analysis using GraphPad Prism-one-way (multiple comparison test); a= p < 0.05, b= p < 0.01, c=
p < 0.001 and d = p < 0.0001 to the LPS-treated cells. ns: means no significant difference. Absorbance was measured at 450 nm.
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elucidation of the anti-inammatory potential of isatin
analogues, the level of cyclooxygenase enzyme-II(COX-2) was
measured quantitatively by sandwich ELISA. The isatin
analogues were incubated with LPS-treated RAW264.7 macro-
phage cells, followed by estimation of COX-2 levels. As illus-
trated in Fig. 6, it was observed that the isatin analogues (at the
IC50 dose) resulted in a reduction of COX-2 levels as compared
to LPS-treated cells. Several studies have reported similar
results regarding synthetic derivatives of natural products that
suppressed COX-2 expression in LPS-induced RAW 264.7
macrophages.54,55
Discussion

The activation and differentiation of raw macrophages to
dendritic cells required the presence of lipopolysaccharide.
23270 | RSC Adv., 2026, 16, 23257–23279
Once activated it initiates a cascade of inammatory media-
tors.56 This involves the release of proinammatory cytokines
like tumor necrosis factor-alpha and interleukins (1, 2 and 6).57

In our present study, it was found that isatin analogues
managed to suppress the increase in proinammatory cyto-
kines in response to LPS activation. It was reported that an
activated immune system resulted in excessive production of
reactive oxygen species (ROS), disturbing the antioxidant
balance and inducing DNA, protein, and lipid damage.58 The
isatin analogues reduced reactive oxygen and nitrogen species
accumulation produced by LPS stimulation of macrophages
mediated by nitric oxide.59 The high levels of NO exaggerate the
release of more proinammatory cytokines; concomitantly,
these cytokines promote the release of more NO, showing
a positive feedback loop that exacerbates the inammatory
process.60 So, inhibiting nitric oxide release may hinder the
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Effect of isatin analogues on cyclooxygenase enzyme-II levels in LPS in RAW 264.7 macrophages. Cells were treated with different
analogues for 1 h before LPS treatment. Following 24 h of incubation, level of Cox-2 were determined in cell supernatant using quantitative
Sandwich ELISA technique. Celecoxib was used as a positive control drug. Data are expressed as Mean ± SD (n = 3). Statistical analysis using
Graph pad prism-one-way (multiple comparison test); * = p < 0.05, ** = p < 0.01, *** = p < 0.001 and **** = p < 0.0001 compared to the LPS-
treated cells. ns: means no significant difference. LPS: lipopolysaccharide.
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inammatory process. Our results indicated that isatin
analogues reduced NO, TNF-a, and IL-6 (Fig. 5a and 4b). It could
be concluded that the anti-inammatory potential of isatin
analogues is mediated through NO inhibition.

The overexpression of cyclooxygenase-2 is linked to many
chronic inammatory conditions, including asthma, arthritis,
and cancer.61 The current work indicated that isatin analogues
play a role in inhibiting the release of COX-2 and consequent
mediators; hence, it may have a potential therapeutic effect in
the treatment of various inammatory conditions.
Structure–activity relationship (SAR) for anti-inammatory
activity

To our knowledge, there aren't many studies that examine the
structure–activity correlation (SAR) of isatin and demonstrate
its anti-inammatory capabilities. Regarding the structure–
activity relationship (SAR), as illustrated in Fig. 7, a consistent
correlation was found between the electrical properties of the
substituent aromatic (Ar) groups and the anti-inammatory
effects on tumor necrosis factor-alpha (TNF-a) and
interleukin-6 (IL-6).

� The higher anti-inammatory activity of hydroxyl-
substituted derivatives compared with nitro, methoxy, and
© 2026 The Author(s). Published by the Royal Society of Chemistry
unsubstituted isatin analogues can be attributed to their
enhanced ability to inhibit pro-inammatory cytokines such as
TNF-a and IL-6.62

� The hydroxyl (–OH) group acts as both a hydrogen bond
donor and acceptor, facilitating strong intermolecular interac-
tions with amino acid residues in biological targets involved in
inammatory signaling pathways. These interactions enhance
binding affinity and stabilize ligand-receptor complexes,
resulting in a more potent inhibition of cytokine production.62

Furthermore, the electron-donating resonance (+M) effect of
the hydroxyl group increases electron density within the
aromatic system, improving molecular reactivity and biological
activity.63

� In addition, phenolic hydroxyl groups exhibit signicant
antioxidant properties by scavenging reactive oxygen species
(ROS), which play a crucial role in triggering inammatory
responses and stimulating TNF-a and IL-6 expression.64 This
antioxidant behavior contributes to the downregulation of pro-
inammatory mediators.

� In contrast, the nitro group (–NO2), a strong electron-
withdrawing substituent, reduces electron density and may
weaken interactions with biological targets, consequently
reducing anti-inammatory efficacy.65
RSC Adv., 2026, 16, 23257–23279 | 23271
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Fig. 7 SAR activity of isatin compounds 4a–d and 5a–d.
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� The methoxy group (–OCH3), although electron-donating,
primarily acts as a hydrogen bond acceptor and introduces
steric hindrance due to its methyl moiety, resulting in
comparatively lower activity than the hydroxyl group.65,66

� Meanwhile, the unsubstituted hydrogen lacks both elec-
tronic and hydrogen-bonding contributions, leading to the
weakest inhibitory effect.65

� From the above discussion, we can conclude that the
presence of one or more electron-donating OH groups may
enhance the anti-inammatory activity.
23272 | RSC Adv., 2026, 16, 23257–23279
Computational details
Quantum chemical calculations

Molecular modeling procedures and quantum chemistry
approaches can specify a wide range of molecule features,
including substituents, molecular fragments, reactivity, shape,
and binding sites. The relationship between structural factors
and isatin dyes' activity was investigated using quantum
chemical calculations. The computational study employed the
density DFT technique to molecular structures optimization of
© 2026 The Author(s). Published by the Royal Society of Chemistry
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the isatin analogs utilizing the Gaussian 09 computer program's
implementation of Beck's three-parameter exchange functional
(B3LYP) with a 6-311G++ (d, p) basis set. Fig. S7 and S8 display
the ideal chemical structure with the lowest energy, as deter-
mined by calculations of the substances under investigation.

The results show that compounds 4b and 5b, which bear
a hydroxyl substituent (electron-donating group) in the aryl
aldehyde moiety of the isatin azo dyes, exhibit enhanced bio-
logical activity compared to compounds 4a and 5a containing
a nitro group (electron-withdrawing substituent), Table S2. This
behavior is supported by their higher HOMO energies (−5.9871
and −5.8812 eV, respectively, Table S1), indicating an increased
Fig. 8 The HOMO, LUMO, and ESP of the most active compound, 5b.

© 2026 The Author(s). Published by the Royal Society of Chemistry
ability to donate electrons and interact more effectively with the
target protein. In addition, global reactivity descriptors provide
further insight into structure–activity relationships.
Compounds 4b and 5b exhibit the highest soness values
(0.8232 and 0.8506 eV, respectively), Table S2, corresponding to
smaller HOMO–LUMO energy gaps and greater chemical reac-
tivity.67,68 This increased soness facilitates charge transfer
interactions, which may enhance both enzyme binding and,
potentially, color strength due to improved electronic delocal-
ization. Overall, the computational results are in good agree-
ment with the experimental data, demonstrating that electron-
RSC Adv., 2026, 16, 23257–23279 | 23273
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donating substituents enhance reactivity, electronic properties,
and biological activity of the studied azo dyes.

The frontier molecular orbitals (FMOs)

The highest energy of paired electrons (EHOMO) and the lowest
energy of unpaired electrons (ELUMO) can be used to assess the
stimulation parameters and the electron's carrying
capability.69–71 They play a crucial role in the molecule's chem-
ical stability.72 The HOMO is largely an electron donor, whereas
the LUMO is primarily an electron acceptor.73 The molecules'
chemical stability and reactivity are determined by the differ-
ence between HOMO and LUMO. The B3LYP/6-311G++(d, p)
level was used to predict the HOMO–LUMO orbitals, their
distributions, and energy levels, as shown in Fig. S26 for every
synthesized isatin molecule. The HOMO of isatin dyes 4a–
d mainly disperses charges throughout the vanillin group,
which can interact with the biological target as a nucleophile
(donor of hydrogen bonds). Their LUMO is delocalized at the
isatin moiety, except for compound 4a, where it distributes
charges extended to the nitrophenyl moiety with the vanillin
moiety. It interacts with the biological target (hydrogen bond
acceptor) by acting as an electrophile. The HOMO of isatin
azodyes 5a–d are localized over the dimethoxy phenyl moiety,
and the LUMO are delocalized over the isatin moiety, except for
compound 5a, whose LUMO extends charge to the nitrophenyl
moiety with the isatin moiety, Fig. S27.

Molecular electrostatic potential

The molecular electrostatic potential, or MEP, is a three-
dimensional representation of molecular charge patterns.
Molecular electrostatic potential can be used to connect its
dipole moment, electronegativity, residual charges, and chem-
ical reactivity properties.74 A molecular electrostatic analyzer
can be used to examine phenomena such as solvent effects,
hydrogen bonding interactions, electrophilic and nucleophilic
sites, and other related properties.75–77 The zones of positive,
negative, and neutral potential are expressed by various hues.
The red and yellow sections indicate the regions with high
electron density, which are associated with electrophilic reac-
tivity.78 Blue denotes low electron density and nucleophilic
reactivity, while white denotes a region with positive electro-
static potential. Conversely, areas of zero potential are repre-
sented by green colors.79 For isatin molecules, to reduce the
reactive zone (attacks by electrophile and nucleophile sites), the
electrostatic potential of the molecule is computed. The posi-
tive, negative, and neutral potential zones are depicted by
distinct colors. Electrophilic reactivity is associated with the
yellow and red zones, which represent areas of high electron
density. White denotes a zone of positive electrostatic potential,
whereas a zone of low electron density and nucleophilic reac-
tivity is shown by the color blue. Conversely, green indicates
regions with no promise. These areas with different electrostatic
potentials can aid in predicting the chemical activity of the
molecule and provide valuable insights into various intermo-
lecular interactions. Fig. S28 and S29 display the MEP graphs
for the generated compounds, 2,4a–d and 3,5a–d, respectively.
23274 | RSC Adv., 2026, 16, 23257–23279
The molecular electrostatic potential (MEP) maps reveal higher
electron density around the oxygen atoms, highlighting favor-
able sites for electrophilic interactions, which may contribute to
improved binding and biological performance. Furthermore,
the hydrogen atoms are situated in regions of positive potential,
marking them as likely centers for nucleophilic interaction due
to their electron-decient nature.

The electronic distribution of frontier orbitals (HOMO &
LUMO) and ESP of the most active compound is shown in Fig. 8.

Vibrational spectra

The correlation between the estimated and observed wave-
numbers of the isatin molecules utilizing the DFT/B3LYP/6-
311G++ (d, p) method, Tables S2 and S3. Examples of the
computed and observed infrared spectral data are shown in
Fig. S30 and S31. The correct wavenumber assigned to a given
vibration is determined by comparing the estimated and actual
wavenumbers. The difference in wave number measurements
between the estimated and actual numbers can be explained by
comparing the phase of solids data with theoretical estimates
for the gaseous phase.80 For isatin analogs 4a–d, the broadband
(3320–3419 cm−1) shown in the experiment is caused by the
symmetric stretching vibrations of the N–H group, whereas the
computed band is about 3490 cm−1. Also, studying the isatin
azodyes absorbed in (1454–1460) cm−1 (experimental) and at
(1448–1465) cm−1 (calculated) may depend on the stretching
vibration of the N]N azo group. Furthermore, the measured
variation n(C]O), n(C]N), and n(C^N) were observed at about
1720 cm−1, (1657–1668) cm−1, and (2102–2158 cm−1), respec-
tively, and the calculated vibrations are 1708, 1646, and
2231 cm−1, respectively, Table S3. On the other hand, for isatin
azodyes 5a–d, the stretching vibration of the crucial N]N group
is observed at 1436–1458 cm−1(calculated), and 1454–
1463 cm−1(observed). The nitrile group appears at about
2235 cm−1 (theoretical) and at about 2250 (experimental).
Furthermore, the carbonyl and imine groups are observed at
about 1707 and 1450 cm−1 (calculated), respectively, and at
about 1720 and 1590 cm−1 (experimentally), respectively, Table
S4. As shown by the linear correlation (R) value of 0.998 in
Fig. S32 and S33, the computed and experimental results
demonstrate a high level of accuracy.

Molecular docking study of compound 5b within the TNF
(tumor necrosis factor) binding site

HVEM is a TNF (tumor necrosis factor) receptor that supports
a variety of immunological processes involving many cell types.
It interacts with immunoglobulin (Ig) superfamily members
BTLA and CD160, as well as a TNF ligand called LIGHT. The
variety of interactions between HVEM and HVEM binding
partners has made it difficult to evaluate the functional impact
of HVEM binding to certain ligands in various contexts. In order
to examine the molecular foundations of different roles, we
obtained crystal structures that display the distinct HVEM
surfaces that engage with LIGHT or BTLA/CD160, including the
human being HVEM-LIGHT-CD160 ternary complex, where
HVEM interacts with both binding partners concurrently. Based
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Compound 5b's binding interactions within TNF's active site (PDB ID: 4RSU). The interacting amino acid residues are depicted as sticks,
colored according to their chains, while the ligand is displayed as ball and stick. Hydrogen bond interactions are shown by dashed lines.
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on these structures, we created mouse HVEM mutants that
precisely identied the TNF or Ig ligands in vitro. In knock-in
mice expressing these mutants, all the proteins in the HVEM
network are produced; however, they show distinct roles for Ig
ligands in reducing hepatic inammation and LIGHT in elim-
inating intestinal microorganisms.81

Molegro Virtual Docker (MVD)82 was implemented for molec-
ular docking examinations in order to assess the docking tech-
nique utilizing the crystal structure of the TNF complex. The
optimized molecular structure for 5b molecule acquired from
DFT/B3LYP/6-311+G(d, p) estimations were utilized as input le
for conformational search using systematic search route. The
lowest energy conformer was utilized for the docking simulation.
Our studies began with the examination of the known structure
acquired Protein Data Bank (PDB ID: 4RSU with resolution of 2.3
Å). The co-crystallized NAG: 2-acetamido-2-deoxy-beta-D-glucopyr-
anose used to try out the validation of the docking method. With
a grid box radius of 8 Å, the docking grid was centered at coor-
dinates X = 23.62, Y = −16.33, and Z = 96.14, guaranteeing that
the full TNF active site was covered. Standard precision settings
were used in the docking process to replicate the simulated ligand
binding pose. Excellent concordance between the anticipated and
observed poses was demonstrated by the root-mean-square devi-
ation (RMSD) of 2.0 Å obtained from superimposing the docked
© 2026 The Author(s). Published by the Royal Society of Chemistry
and crystal ligand conformations, Fig. S34. This demonstrates the
validity and suitability of the chosen docking procedure and grid
parameters for ensuing virtual screening and structure-based TNF
medication discovery.

Key residues Gln95 (chain D), Leu94 (chain D), and Glu178
(chain A) create additional stabilizing bonds of hydrogen with
the natural ligand, Fig. S34. These interactions contribute to the
overall binding capacity and specicity by anchoring the ligand
in the TNF binding cle. The recognized physiological charac-
teristics necessary for TNF inhibition are in line with these
suggested relationships.

A strong and sustained binding affinity between the ligand
and the TNF protein was shown by the docking simulation of
compound 5b, which produced a binding score of
−155.035 kcal mol−1, a rerank score of−107.22 kcal mol−1, and
a hydrogen bond interaction energy of −8.847 kcal mol−1.
Multiple hydrogen bonds, hydrophobic contacts, and favorable
docking parameters indicate that compound 5b successfully
stabilizes within the TNF active site, conrming its possible
inhibitory function, which is consistent with the experimental
ndings.

Compound 5b's binding contacts within the TNF's active site are
seen in Fig. 9, emphasizing the network of hydrophobic and
hydrogen bond interactions that support the compound's stability
RSC Adv., 2026, 16, 23257–23279 | 23275
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Fig. 10 The hydrophobic interactions of compound 5b inside the TNF binding site (PDB ID: 4RSU). Key amino acid residues of the TNF receptor
surround the ligand, which is shown in a ball-and-stick image. Through van der Waals interactions, hydrophobic residues like Leu94 (green)
create a nonpolar pocket that stabilizes the ligand. Lys168 (blue).
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and affinity. Critical amino acid residues of the TNF binding cle
surround the ligand, which is depicted in stick form (gray carbon
framework) and colored stick format based on residue type and
chain. A detailed inspection of the interaction map reveals that
compound 5b forms multiple hydrogen bonds with key residues
Fig. 11 Compound 5b's two-dimensional interaction diagram inside TN
green (donor) and blue (acceptor) dashed lines in the black stick image

23276 | RSC Adv., 2026, 16, 23257–23279
within chains A and D of TNF. Specically, hydrogen bonding
interactions are observed with Glu178(A) (2.45 Å), Lys92(D) (2.6 Å),
Gln95(D) (3.05 Å), and Cyc93(D) (2.46 Å), along with a stabilizing
interaction with two hydrogen bonds with His208(A) at 2.99 and
2.46 Å. Strong and directed hydrogen bonding, which is known to
F's binding pocket (PDB ID: 4RSU). Hydrogen bonds are depicted as
of the ligand.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 Compound 5b's three-dimensional surface inside the TNF binding pocket. The ligand is depicted with its molecular electrostatic surface,
and the TNF protein is displayed as a ribbon diagram colored according to secondary structure (a-helices, b-sheets, and loops).
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improve ligand binding stability inside the TNF binding pocket, is
suggested by these short bond lengths (range from 2.4–3.05 Å).
Additionally, hydrophobic interactions are formed with Leu94(D)
(3.41 Å) and Lys168(A) (3.40 Å), Fig. 10, which together add to the
hydrophobic enclosure surrounding the aromatic rings of the
ligand. The molecule is further anchored in the receptor cavity by
this environment, which promotesp–p stacking and van derWaals
stability. The important residues that stabilize compound 5b's
binding to the TNF receptor are clearly shown in the 2D interaction
map, Fig. 11. The spatial orientation of the ligand within the
binding pocket of the receptor is depicted in the 3D structural
visualization of compound 5b complexed with TNF, Fig. 12.
Conclusion

Isatin azodyes 2-cyano-N0-(4-hydroxy-3-methoxy) (E)-(Aryl) di-
azinyl) benzylidene)-2-((Z)-2-oxoindolin-3-ylidene) acetohy-
drazide (4a–d), and (E)-5-(2-cyano-2-((Z)-2-oxoindolin-3-ylidene)
acetyl)-3-(3,5-dimethoxyphenyl)-1-(Aryl) formazan (5a–d) were
created, and several spectroscopic techniques were used to
clarify their structures. The azo compounds with electron-
donating OH groups, 4b and 5b, demonstrated the strongest
anti-inammatory effects of all the azo dyes. Moreover, the most
potent designed derivative, 5b, interacts with TNF's amino acid
residues through hydrophobic and hydrogen bonding interac-
tions, according to a study utilizing molecular docking of the
receptor. These computations can be applied to the preselection
of fresh, strong candidates, which is currently primarily based
on empirical data. Key hydrogen bonding and non-covalent
interactions with residues such as Lys92, Gln95, Glu178,
His208, Leu94, and Lys168 support the inhibitory potency of
© 2026 The Author(s). Published by the Royal Society of Chemistry
compound 5b. Furthermore, the agreement between the docked
pose and the co-crystallized ligand validates the reliability of the
docking protocol. The estimated FT-IR data were also computed
to determine the compounds' distinctive vibration frequencies,
which demonstrated a strong connection with the experimental
data. Therefore, our research identies compound 5b as
a promising targeted inhibitory candidate against COX-2, TNF-
a, and IL-6, with signicant potential as an anti-inammatory
agent. However, further investigations including gene expres-
sion analyses, protein-level studies, and in vivo evaluations are
necessary to validate their mechanisms of action and conrm
their safety and efficacy.

Additionally, the synthesis of new hydroxyl-substituted azo
dyes is recommended to investigate and optimize their anti-
inammatory properties.
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