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cterial and antioxidant capabilities
using indole-modified 1-phenyl-1H-pyrazolo[3,4-
b]pyridine-5-carbonitrile derivatives, molecular
docking evaluation and in silico ADMET prediction

Hemat S. Khalaf, *a Ahmed F. El-Sayed bc and Ahmed H. Shamroukh *a

A new series of 1-phenyl-1H-pyrazolo[3,4-b]pyridine-5-carbonitriles 4a–f, were prepared via

a Knoevenagel condensation reaction followed by Michael addition for their antimicrobial and

antioxidant properties, through the one-pot three-component reaction of 3-indolyl-3-oxopropanenitrile

(1), aromatic aldehydes 2 and 1H-pyrazol-5-amines 3 in ethanol in the presence of triethylamine as

a catalyst, which upon cyclization and auto-oxidation yielded the corresponding product in excellent

proportion. Elemental analysis and spectroscopic methods were used to investigate the novel derivatives.

The newly synthesized compounds' antibacterial and antioxidant properties were assessed, and their

interactions with important proteins were investigated using molecular docking. Strong action was

demonstrated by compounds 4a, 4c, and 4f against the bacterial strains P. aeruginosa, K. pneumoniae, S.

aureus, and E. coli. DPPH radical scavenging techniques were used to evaluate their antioxidant

capacities, demonstrating their capacity to counteract oxidative stress. Molecular docking and ADMET/

drug-likeness screening revealed favorable binding energies and adherence to Lipinski's rules, indicating

these compounds could be promising orally bioavailable drug candidates.
Introduction

Infectious diseases are amajor cause of death in developing and
developed countries.1,2 These diseases are treated with antibi-
otics. The discovery of penicillin in 1928 and its use as an
antibiotic since 1938 have improved human health.3 However,
the overuse of antibiotics, generally without prescription, has
led to the emergence and spread of advanced strains of
microbes that are resistant to the effectiveness of antibiotics.4

Several studies have implicated antimicrobial resistance as
a major threat to public health,5,6 Antimicrobial resistance
makes antibiotic treatment ineffective, leading to increased
treatment costs and higher rates of morbidity and mortality,
especially in immunocompromised patients.7 Therefore, there
is a need to develop new antibacterial compounds with novel
targets and selective toxicity to overcome this problem.7,8 Free
radicals (FR) are produced in the body, but the body cannot
expel them via endogenous or exogenous antioxidants, result-
ing in oxidative stress.9 Throughout various biochemical path-
ways, multiple reactions take place in which the boosters are the
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reactive oxygen species (ROS), such as hydrogen peroxide (H2O2)
and the superoxide radical anion (O2c

−), among others.
Increased quantities of FR may result in damage of biomole-
cules, leading to severe pathological diseases such as athero-
sclerosis, cancer, diabetes, cardiovascular, and chronic
inammation.10 To inactivate the excess ROS, biological
systems contain endogenous antioxidant mechanisms,
including superoxide dismutase (SOD), catalase (CAT), gluta-
thione peroxidase, as well as non-enzymatic compounds like
bilirubin and albumin. Thus, the consumption of antioxidants
is the most efficient method to avoid many diseases related to
the production of high levels (ROS).11 The clinical administra-
tion of drugs and the chemoprophylaxis of different diseases
that happen via oxidizing agents need the development of new
antioxidants that have the predicted antioxidant activity and
desired pharmacological properties.12

Pyrazolo[3,4-b]pyridines, as one of the classes of nitrogen-
containing heterocycles, can form a variety of interactions
with the active centers of cell components making these
compounds useful as anticancer,13–15 antibacterial,16 antima-
larial,17 antiviral,18 anti-inammatory,19 antitrypanosomal,20

anti-hypertension and pulmonary hypertension,21,22 anti-Alz-
heimer's agents.23 Also, some clinical drugs contain pyrazolo
[3,4-b]pyridine moieties are Etazolate for the treatment of Alz-
heimer's disease, Riociguat is used to treat two forms of
pulmonary hypertension (PH): chronic thromboembolic
RSC Adv., 2025, 15, 47255–47270 | 47255
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Fig. 1 Chemical structures of some clinical drugs having pyrazolo[3,4-b]pyridine and indole moieties.

Fig. 2 A strategy for designing (indole-pyrazolo[3,4-b]pyridine)
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pulmonary hypertension (CTEPH) and pulmonary arterial
hypertension (PAH). Vericiguat is a medication used to reduce
the risk of cardiovascular death (Fig. 1).24,25

On the other hand, indole is a nitrogen-containing hetero-
cyclic compound considered a model for the design of drugs
such as the classical non-steroidal anti-inammatory drugs
(NSAIDs) Indomethacin,26 Delavirdine is a non-nucleoside
reverse transcriptase inhibitor used to treat HIV infection.27

Eletriptan, Almotriptan and Naratriptan are 5-HT1B/1D
receptor agonists used to treat migraines (Fig. 1).28

Additionally, indole derivatives have been shown to possess
a variety of biological properties, including antitumor,29,30

antifungal,31 analgesic,32 anti-inammatory,33 antipyretic,34

anticonvulsant,35 and selective COX-2 (cyclooxygenase-2)
inhibitory properties.36 Antioxidant properties are found in
various indole derivatives.37,38 Melatonin derivatives have
proved particularly useful39 due to their potent capacity to
scavenge reactive oxygen species (ROS) and reactive nitrogen
species (RNS).40

In addition, molecular docking is widely utilized to predict
how small therapeutic compounds interact with their protein
targets, providing valuable insights into the molecules' affinity
and activity. In pharmaceutical design, this process is essential.
47256 | RSC Adv., 2025, 15, 47255–47270
Given docking studies' biological and pharmacological impor-
tance, signicant efforts have been made to improve algorithms
for accurate docking predictions.41 Docking is vital for assessing
interactions between synthesized compounds and protein
receptors, offering essential information on their binding
modes and potential biological properties.42–44

Pyrazolo[3,4-b]pyridine and indole scaffolds are well-
recognized for their diverse and potent biological activities,
including antimicrobial, antioxidant, and anticancer proper-
ties. Motivated by the potential for synergistic interactions, we
sought to integrate these two pharmacologically privileged
moieties into a single molecular architecture to enhance their
hybrid.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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overall bioactivity. As part of our continued efforts to develop
novel heterocyclic compounds with therapeutic potential,45–48

the present study reports the design and synthesis of a new
series of 1-phenyl-1H-pyrazolo[3,4-b]pyridine-5-carbonitrile
derivatives functionalized with an indole unit. The synthe-
sized compounds were subsequently evaluated for their anti-
microbial and antioxidant activities, aiming to identify
candidates with promising dual-function bioactivity (Fig. 2).
Results and discussion
Chemistry

A series of 1-phenyl-1H-pyrazolo[3,4-b]pyridine-5-carbonitrile
derivatives 4a–f were prepared via a one-pot, three-component
reaction of 3-indolyl-3-oxopropanenitrile (1), aromatic aldehydes
2a–b and 1H-pyrazol-5-amines 3a–c in ethanol in the presence of
triethylamine (TEA) as a catalyst (Scheme 1). The formation of
product 4 could be explained rstly through the nucleophilic
addition of 3-indolyl-3-oxopropanenitrile 1 to aldehyde 2 initiated
by TEA to form the intermediate A (Knoevenagel product)49 Then
adduct A underwent a Michael-type addition reaction with 1H-
pyrazol-5-amine 3 to yield an adduct B intermediate. Aer that,
intermediate B underwent intramolecular cyclization to give the
Scheme 1 Synthetic pathway of 1-phenyl-1H-pyrazolo[3,4-b]pyridine-5

Scheme 2 The proposed mechanism of the synthesizing pyrazolo[3,4-b

© 2025 The Author(s). Published by the Royal Society of Chemistry
intermediates C, which upon loss of water formed intermediate
D. Finally by autoxidation of intermediate D produced the target
compound 4 (Scheme 2).

The structure of the target compounds 4a–f was characterized
using the IR spectra, 1H and 13C NMR spectroscopic data, and the
elemental analysis (cf. Experimental). The IR spectra showed
absorption bands at n 3370–3380 cm−1 characterized for NH group
of indoles, bands of aromatic moieties in their respective regions
at n 3045–3082 cm−1 and bands at n 2217–2226 cm−1 for C^N
group, all established the desired structures (SI, S1 and S4).
Meanwhile, the 1H NMR spectra showed singles at d 11.64–
11.94 ppm attributed to the NH groups (D2O exchangeable),
besides the remaining protons of aromatic rings resonated at their
usual chemical shi (cf. SI, S2, S5, S6, and S8). Also, the 13C NMR
spectra showed singles attributed to methyl and methoxy groups,
besides the remaining carbons of aromatic rings resonated at their
usual chemical shi (SI, S7, S9 and S10). In addition, the mass
spectra of compounds 4a–f gave molecular ion peaks conrming
the synthesized compounds' structures (cf. SI, S3).

Biological assays

Antioxidant activities of compounds. The prepared
compounds were tested for antioxidant capability using DPPH
-carbonitrile derivatives 4a–f.

]pyridine derivatives.

RSC Adv., 2025, 15, 47255–47270 | 47257

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ra07372c


Table 1 Antioxidant activity of synthesized compounds

Code

Antioxidant activity DPPH%

2.0 mg mL−1 1.0 mg

Control (BHT) 72.55 � 0.30 42.68 �
4a 28.30 � 0.30 11.22 �
4b 28.35 � 0.18 9.98 �
4c 35.80 � 0.40 14.22 �
4d 29.90 � 2.8 7.58 �
4e 28.30 � 0.21 11.20 �
4f 36.80 � 0.40 13.70 �

Table 2 Antibacterial and antifungal activities of compounds on yeast a

Compounds (2 mg mL−1)

Inhibition zone diameters (IZDs) (mm)

C. albicans E.coli ATCC25915 S. aureu

4a (−) (+) 12.00 � 0.10 (+) 14.20
4b (−) (−) (+) 2.50
4c (−) (+) 7.0 � 0.10 (+) 4.5 �
4d (−) (−) (−)
4e (−) (−) (+) 6.50
4f (−) (+) 6.0 � 0.0 (+) 3.50
Ciprooxacin (50 mg mL−1) — (+) 11.00 � 0.10 (+) 12.00

a Values are given as mean ± standard error.

Fig. 3 Antioxidant activity of synthesized compounds using DPPH
method.

Table 3 The minimum inhibitory concentration (MIC) values of compou

Compounds Concentration mg mL−1

Inhibitio

E. coli ATCC25915 S. aureu

4a 2.0 mg mL−1 (+) 12.00 � 0.10 (+) 14.20
1.0 mg mL−1 (+) 4.50 � 0.05 (+) 5.20
0.5 mg mL−1 (−) (−)

4c 2.0 mg mL−1 (+) 7.0 � 0.10 (+) 4.5 �
1.0 mg mL−1 (−) (−)
0.5 mg mL−1 (−) (−)

4f 2.0 mg mL−1 (+) 6.0 � 0.0 (+) 3.50
1.0 mg mL−1 (−) (−)
0.5 mg mL−1 (−) (−)

a Values are given as mean ± standard error.

47258 | RSC Adv., 2025, 15, 47255–47270
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and compared to the positive control, Butylated hydroxytoluene
(BHT) at a concentration of 50 mg mL−1. Compounds 4c and 4f
showed signicant DPPH activity, with values of 35.80 ± 0.40,
14.22 ± 0.10, and 0.0, and 36.80 ± 0.40, 13.70 ± 0.12, and 0.0 at
concentrations of 2.0, 1.0, and 0.5 mg mL−1, respectively.
Moreover, compounds 4a, 4b, 4d, and 4e exhibited escalating
DPPH activity from 11.22 ± 0.30, 9.98 ± 0.13, 7.58 ± 0.09, and
11.20 ± 0.11 at 1.0 mg mL−1 to 28.30 ± 0.30, 28.35 ± 0.18, 29.90
± 2.8, and 28.30 ± 0.21 at 2.0 mg mL−1, respectively (Fig. 3).
These compounds exhibit redox characteristics that allow them
to act as reducers, hydrogen atom suppliers, and free radical
scavengers, all of which contribute to their antioxidant activity.
These compounds exhibit antioxidant capabilities by
IC50 mg mL−1mL−1 0.5 mg mL−1

0.70 25.60 � 0.90 —
0.30 0.0 3.533
0.13 0.0 3.527
0.10 0.0 2.793
0.09 0.0 3.448
0.11 0.0 3.533
0.12 0.0 2.614

nd bacterial strainsa

s ATCC25923 K. pneumoniae ATCC29212 P. aeruginosa ATCC10145

� 0.05 (+) 10.0 � 0.11 (+) 11.0 � 0.09
� 0.10 (−) (−)
0.00 (+) 8.0 � 0.40 (+) 8.5 � 0.00

(−) (−)
� 0.00 (−) (−)
� 0.00 (+) 7.80 � 0.60 (+) 9.80 � 0.00
� 0.11 (+) 8.20 � 0.08 (+) 14.32 � 0.54

nds 4a, 4c, and 4f against pathogenic bacteriaa

n zone diameters (IZDs) (mm)

s ATCC25923 K. pneumoniae ATCC29212 P. aeruginosa ATCC10145

� 0.05 (+) 10.0 � 0.11 (+) 11.0 � 0.09
� 0.05 (−) (+) 4.50 � 0.05

(−) (−)
0.00 (+) 8.0 � 0.40 (+) 8.5 � 0.00

(−) (−)
(−) (−)

� 0.00 (+) 7.80 � 0.60 (+) 9.80 � 0.00
(−) (+) 4.00 � 0.00
(−) (−)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 3D representations of the compound at the binding pocket of dihydropteroate synthase of S. aureus (PDB: ID 1AD4). (a and b) 4a, (c and d)
4c, (e and f) 4f, (g and h) ciprofloxacin.
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partnering the DPPH radical with a hydrogen atom or contrib-
uting electrons. Our results are consistent with the study by
Khalafet al.,50 which similarly assessed the antioxidant capa-
bilities of synthesized compounds using DPPH scavenging
tests. Furthermore, Jawhari et al.,42 shown that the antioxidant
efficacy of produced compounds is related to the substituents
present on the phenyl ring, emphasizing the favorable role of
hydroxyl groups in improving antioxidant performance Table 1.
© 2025 The Author(s). Published by the Royal Society of Chemistry
Antimicrobial activities of compounds against pathogenic
microbial strains. All produced compounds were evaluated for
antibacterial activity against a variety of bacterial species. The
antimicrobial activity was examined across six different micro-
organisms, and the compounds 4a, 4c, and 4f shown action
against all tested bacterial strains, resulting in considerable
inhibition zones with diameters of 12.00 ± 0.10, 7.0 ± 0.10, and
6.0± 0.0 mm for K. pneumoniae ATCC25915, 14.20 ± 0.05, 4.5 ±
RSC Adv., 2025, 15, 47255–47270 | 47259
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Table 4 Molecular interactions of ligands with amino acids of dihydropteroate synthase of S. aureus (PDB: ID 1AD4)

Protein Ligand

Hydrophilic interactions Hydrophobic contacts No. of H-bonds
No. of total
bonds Affinity kcal mol−1

Residue (H-bond) Length Residue (bond type) Length

Dihydropteroate
synthase of
S. aureus

4a — — Met128, (Pi-alkyl) 5.33 0 6 −7.60
Phe172, (Pi-alkyl) 5.00
Lys203, (Pi-alkyl) 5.49
Arg239, (Pi-cation) 4.67
Arg52, (Pi-cation) 4.87
Phe172, (Pi–Pi stacked) 4.88

4c — — Arg52, (C–H bond) 3.12 0 3 −7.40
Phe172, (Pi-alkyl) 5.33
Phe172, (Pi–Pi stacked) 4.92

4f — — Lys203, (Pi-alkyl) 5.39 0 5 −7.60
Lys203, (Pi-sigma) 3.90
Arg239, (Pi-cation) 4.90
Phe172, (Pi–Pi stacked) 4.72
Asn11, (Pi-lone pair) 2.90

Ciprooxacin Val49, (H-bond) 2.74 Ser201, (Halogen) 3.02 2 8 −6.40
Arg239 (H-bond) 2.18 Arg202, (Pi-alkyl) 5.11

His241, (Pi-cation) 4.69
Lys203, (Pi-alkyl) 5.37
Lys203, (CH-bond) 3.55
Arg219, (unfavorable)

Table 5 Molecular interactions of ligands with LasR protein in P. aeruginosa

Protein Ligand

Hydrophilic
interactions Hydrophobic contacts

No. of H-bonds
No. of total
bonds Affinity kcal mol−1Residue (H-bond) Length Residue (bond type) Length

LasR protein
in P. aeruginosa

4a — — Asp65, (Pi-cation) 3.27 0 5 −10.10
Lys16, (Pi-cation) 3.88
Arg61, (Pi-cation) 4.40
Arg61, (Pi-alkyl) 4.50
Ala58, (Pi-anion) 4.38

4c Arg61, (H-bond) 1.94 Asp65, (Pi-anion) 4.07 1 7 −11.60
Asp65, (Pi-anion) 4.24
Ala58, (Pi-alkyl) 5.27
Arg61, (Pi-alkyl) 4.80
Lys16, (Pi-anion) 2.57
Lys16, (Pi-anion) 4.46

4f — — Tyr56, (C–H bond) 3.75 0 6 −10.90
Arg61, (Pi-alkyl) 4.86
Ala58, (Pi-alkyl) 4.58
Arg61, (Pi-cation) 3.30
Asp65, (Pi-cation) 4.40
Lys16, (Pi-cation) 3.30

Ciprooxacin — — Asp73, (C–H bond) 3.45 0 15 −8.50
Asp73, (C–H bond) 3.35
Tyr56, (Pi-alkyl) 5.32
Leu36, (Pi-alkyl) 4.78
Tyr64, (Pi-alkyl) 4.80
Ile52, (Pi-alkyl) 4.55
Ala50, (Pi-alkyl) 5.36
Ala127, (Pi-alkyl) 4.17
Thr75, (Halogen) 3.66
Val76, (Pi-sigma) 3.37
Gly38, (Pi–Pi T shaped) 4.81
Cys79, (Pi-sulfur) 5.60

47260 | RSC Adv., 2025, 15, 47255–47270 © 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 3D representations of compound at the binding pocket of LasR protein in P. aeruginosa (PDB: ID 2UV0): (a and b) 4a, (c and d) 4c, (e and f)
4f, (g and h) ciprofloxacin.
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0.00, and 3.50 ± 0.0 mm for S. aureus ATCC25923, 10.0 ± 0.11,
8.0 ± 0.40, and 7.80 ± 0.60 mm for K. pneumoniae ATCC29212,
and 11.0 ± 0.09, 8.5 ± 0.00, and 9.80 ± 0.00 mm for P.
© 2025 The Author(s). Published by the Royal Society of Chemistry
aeruginosa ATCC10145. Additionally, compounds 4b, and 4e
only showed activity against S. aureus ATCC25923 with inhibi-
tion zones of 2.50 ± 0.10, and 6.50 ± 0.0, respectively. Notably,
RSC Adv., 2025, 15, 47255–47270 | 47261
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Table 6 Molecular interactions of ligands with amino acids of DNA gyrase of E.coli (PDB: ID 7P2M)

Protein Ligand

Hydrophilic interactions Hydrophobic contacts

No. of H-bonds
No. of total
bonds Affinity kcal mol−1Residue (H-bond) Length Residue (bond type) Length

DNA gyrase of
E.coli
(PDB: ID 7P2M)

4a — — Pro79, (alkyl) 5.32 0 6 −9.0
Ile78, (alkyl) 5.14
Ile94, (alkyl) 5.50
Ile94, (alkyl) 4.34
Ile94, (alkyl) 4.27
Asp49, (pi-cation) 4.32

4c — — Ala53, (alkyl) 5.04 0 8 −8.9
Ile78, (alkyl) 4.95
Ile78, (alkyl) 4.25
Ile94, (pi-sigma) 3.39
Arg76, (pi-cation) 4.29
Glu50, (pi-cation) 4.97
Glu50, (pi-cation) 3.83

4f Asp49, (H-bond) 2.30 Ile94, (alkyl) 4.84 3 8 −8.7
Asn46, (H-bond) 2.86 Ala53, (alkyl) 5.21
Glu50, (H-bond) 2.81 Asp49, (pi-cation) 2.30

Asp49, (pi-cation) 4.91
Asp49, (pi-cation) 4.41

Ciprooxacin Glu50, (H-bond) 2.90 Ile94, (alkyl) 4.74 1 8 −7.20
Ile78, (alkyl) 5.22
Ile78, (alkyl) 5.19
Val120, (alkyl) 5.14
Ile78, (pi-sigma) 3.88
Thr165, (pi-sigma) 3.96
Asp73, (C–H bond) 2.77
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the yeast strain C. albicans did not show any inhibition activity
with all compounds (Table 2). The most active compounds were
further assessed for their antimicrobial activities to determine
the minimum inhibitory concentration (MIC) values of
compounds 4a, 4c, and 4f against pathogenic bacteria, as out-
lined in Table 3. Compound 4a displayed MIC values of 1.0, 1.0,
2.0, and 1.0 mg mL−1 against E. coli ATCC25915, S. aureus
ATCC25923, K. pneumoniae ATCC29212, and P. aeruginosa
ATCC10145, respectively. Compounds 4f showed MIC values of
2.0, 2.0, 2.0, and 1.0mgmL−1 against the same bacterial strains.
Compound 4c demonstratedMIC values of 1.0 mgmL−1 against
all pathogenic bacteria, including E. coli ATCC25915, S. aureus
ATCC25923, K. pneumoniae ATCC29212 and P. aeruginosa
ATCC10145, respectively (Table 3).

Molecular docking

Docking and interaction studies with dihydropteroate syn-
thase of S. aureus. Dihydropteroate synthase plays a signicant
is a key player in the production of folate, a necessary compo-
nent for DNA synthesis and cellular metabolism. The synthe-
sized compounds were evaluated for their binding energies can
be viewed in Fig. 4. Compounds 4a, 4c, and 4f demonstrated
favorable binding energies of −7.60, −7.40, and
−7.60 kcal mol−1, respectively, outperforming ciprooxacin
(−6.40 kcal mol−1). No compounds was identied to establish
hydrogen bonds. Additionally, they engaged in hydrophobic
interactions within the enzyme's activity pocket, forming alkyl
bonds with His241, Arg204, Lys203, Arg202, Met128, and
47262 | RSC Adv., 2025, 15, 47255–47270
Phe172, (C–H bond) with Arg239 and Arg52, (Pi-cation) with
Arg239 and Arg52, (Pi–Pi stacked) with Phe172, (Pi-sigma) with
Lys203, and (Pi-lone pair) with Asn11. Notably, amino acids
Asn11, Val49, and Arg52 situated in the catalytic site were
observed to enhance the binding affinity of these compounds.
Consequently, compounds 4a, 4c, and 4f are anticipated to
exhibit their antibacterial activity by effectively inhibiting the
dihydropteroate synthase enzyme in S. aureus (Table 4). Our
ndings are similar to the study by Melk et al.,51 where
computational analysis was conducted to elucidate the molec-
ular interactions between promising compounds and enzymes
as antimicrobial protein receptors.

Docking and molecular interaction studies of LasR protein
in P. aeruginosa. LasR protein in P. aeruginosa is a transcrip-
tional regulator that plays a vital role in regulating the expres-
sion of virulence and pathogenicity. The docking results of
molecules are summarized in Table 5 and visualized in Fig. 5.
Notably, among the compounds under scrutiny, the most
potent bacterial inhibitors, compounds 4a, 4c, and 4f, displayed
signicant affinity interactions with binding energies of−10.10,
−11.60, and −10.90 kcal mol−1, respectively, surpassing
ciprooxacin (−8.50 kcal mol−1). These compounds were
identied to establish hydrogen bonds with essential amino
acids like Ser129 and Arg61, while also participating in diverse
hydrophobic interactions within the protein's active site,
including alkyl bonds with Arg61, and Ala58, (Pi-cation) with
Asp65, Lys16, Arg61, (Pi-Anion) with Ala58, Asp65, Lys16, and
Asp73, (C–H bond) with Tyr56. Furthermore, amino acids
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 3D representations of compounds at the binding pocket of DNA gyrase of E.coli (PDB: ID 7P2M): (a and b) 4a, (c and d) 4c, (e and f) 4f, (g
and h) ciprofloxacin.
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Ser129, Ala58, and Ser129 positioned within the catalytic site
were observed to contribute to enhancing the binding affinity of
these compounds (Table 5).The amalgamation of these results
with the veried in vitro antibacterial activity outcomes suggests
that compounds 4a, 4c, and 4f hold promise as potent bacterial
inhibitors targeting the LasR protein in P. aeruginosa. Similar
conclusions were drawn by Khidre et al.43 who demonstrated
antimicrobial activity and provided in silico explanations using
© 2025 The Author(s). Published by the Royal Society of Chemistry
LasR protein in P. aeruginosa as a crucial enzyme and protein
target for molecular docking.

Docking and molecular interaction studies with DNA gyrase
of E.coli. The DNA gyrase, essential for DNA replication and
transcription in E. coli. This examination, detailed in Table 6
and Fig. 6. These results spotlighted the most effective bacteria
inhibitors: compounds 4a, 4c, and 4f, exhibiting remarkable
affinity interactions of −9.0, −8.9, and −8.7 kcal mol−1,
RSC Adv., 2025, 15, 47255–47270 | 47263
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Table 7 Molecular interactions of ligands with amino acids of KPC-2 carbapenemase of K. pneumoniae (PDB: ID 2OV5)

Protein Ligand

Hydrophilic interactions Hydrophobic contacts

No. of H-bonds
No. of total
bonds Affinity kcal mol−1Residue (H-bond) Length Residue (bond type) Length

KPC-2
carbapenemase of
K. pneumoniae

4a — — His219, (Pi-cation) 4.38 0 1 −7.0
4c — — Trp105, (Pi–Pi T shaped) 5.96 0 4 −7.4

Trp105, (Pi–Pi T shaped) 4.67
His219, (Pi–Pi T shaped) 5.26
Thr237, (C–H bond) 3.54

4f — — Trp105, (Pi–Pi T shaped) 4.93 0 3 −7.7
Glu276, (Pi-cation) 5.72
Thr237, (C–H bond) 3.78

Ciprooxacin Ser70, (H-bond) 2.13 Thr216, (Halogen) 3.25 2 6 −7.3
Trp105, (Pi-alkyl) 4.32

Ser130, (H-bond) 1.77 Trp105, (Pi–Pi T shaped) 4.62
Trp105, (C–H bond) 3.79
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respectively, in contrast to ciprooxacin (−7.20 kcal mol−1).
Notably, only compound 4f demonstrated the formation of
hydrogen bonds with crucial amino acids like Asp49, Asn46,
and Glu50, while also engaging in diverse hydrophobic inter-
actions within the enzyme's activity pocket, including alkyl
bonds with Ile78, Pro79, Ile94, Ala53, and Val120, (Pi-cation)
with Arg76, Asp49, and (Pi-sigma) with Ile94. Moreover, amino
acids Asp49, Glu50, and Asn46 located at the catalytic site were
observed to contribute to enhancing the binding affinity of
these compounds. The comprehensive results from the docking
analysis suggest that compounds 4a, 4c, and 4f have the
potential to act as potent inhibitors of bacterial growth by tar-
geting the DNA gyrase enzyme. These results were similar to
Sroor et al.,44 who used molecular docking and in silicon
screening of compounds against DNA gyrase as antimicrobial
protein receptor.

Docking and interaction studies of KPC-2 carbapenemase of
K. pneumoniae. Molecular docking studies were conducted to
elucidate the potential binding modes and affinities of the
synthesized compounds against the KPC-2 carbapenemase,
a key enzyme conferring antibiotic resistance in K. pneumoniae.
The docking outcomes involving molecules and the cipro-
oxacin are extensively outlined in Table 7 and Fig. 7. Notably,
among the compounds examined, 4a, 4c, and 4f demonstrated
signicant affinity interactions of −7.0, −7.4, and
−7.7 kcal mol−1, respectively, in contrast to the ciprooxacin
(−7.3 kcal mol−1). Notably, compound 4f emerged as the most
promising candidate from our series, exhibiting a superior
predicted binding affinity of −7.7 kcal mol−1. Instead of form-
ing traditional hydrogen bonds, 4f stabilized its position
exclusively through hydrophobic and Pi-based interactions,
including a Pi-cation interaction with Gln226, a Pi–Pi T-shaped
interaction with Thr105, and a C–H bond with Thr232. This
suggests that 4f ts snugly into the hydrophobic sub-pockets of
the binding site, with the energy from this extensive van der
Waals and electrostatic contacts compensating for the lack of
hydrogen bonds. Similarly, compound 4c also showed a favor-
able binding affinity of −7.4 kcal mol−1. Its binding was char-
acterized by four hydrophobic interactions, dominated by
a cluster of Pi–Pi T-shaped interactions with Thr102, Thr103,
47264 | RSC Adv., 2025, 15, 47255–47270
and Thr105, alongside a C–H bond with Thr232. In contrast,
compound 4a was the weakest binder in the series (affinity =

−7.0 kcal mol−1), forming only a single Pi-cation interaction,
which was insufficient for strong stabilization. In conclusion,
the docking simulations successfully identied 4f and 4c as
high-affinity ligands for KPC-2 carbapenemase. Their potent,
hydrophobically-driven binding modes present a novel
approach to enzyme inhibition, differing signicantly from the
mixed polar/non-polar strategy of ciprooxacin. The superior
theoretical affinity of 4f makes it a compelling lead compound
for further investigation and development as a potential KPC-2
inhibitor. These interactions were observed to enhance the
binding affinity of these compounds, particularly with amino
acids Thr216, Thr237, and Trp105 situated at the catalytic site.
The collective ndings from the docking investigations, along
with the validated in vitro antibacterial activity results, indicate
the potential of compounds 4a, 4c, and 4f as promising inhib-
itors of K. pneumoniae. Similar conclusions were drawn by
Jawhari et al.,42 who demonstrated antimicrobial activity and
provided in silico explanations using KPC-2 carbapenemase
within K. pneumonia as a critical enzyme and protein target for
molecular docking.

In silico ADMET prediction of synthesized compounds. The
physiochemical and ADMET evaluations presented in Table 8
and Fig. 8 highlight the promising characteristics of the
compounds in our study. These compounds, with molecular
weights around 500, align with Lipinski's rules, indicating their
small size, ease of transfer, and efficient absorption. They
possess a favorable number of rotatable bonds (4–5), which is
essential for structural exibility, and maintain a balanced ratio
of hydrogen bond acceptors (HBA) and donors (HBD) (<5 HBA,
<3 HBD), enhancing their potential for oral bioavailability.
Regarding lipophilicity and water solubility, most compounds
show limited water solubility, which is highly soluble. The lip-
ophilicity parameter XLOGP3 ranges from 4.13 to 7.89, which is
acceptable. Although all compounds exhibit high theoretical
bioavailability, they face challenges in crossing the blood–brain
barrier and show low intestinal absorption. Comprehensive
drug-likeness assessments using various criteria, including
Lipinski, Ghose, Veber, Muegge, and Egan rules reveal that
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 3D representations of compounds at the binding pocket of KPC-2 carbapenemase of K. pneumoniae (PDB: ID 2OV5): (a and b) 4a, (c and
d) 4c, (e and f) 4f, (g and h) ciprofloxacin.
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some compound meets the stringent requirements, high-
lighting its favorable physicochemical prole for potential drug
development. Despite indications of tumorigenicity, mutage-
nicity, irritancy, or reproductive toxicity in most compounds,
their topological polar surface area (TPSA) values (70.29–79.52)
suggest favorable absorption in the gastrointestinal tract and
oral bioavailability. Notably, compound 4c stands out with
higher drug scores compared to others, indicating its promising
potential as a drug-like agent with antibacterial properties
(Table 9). In summary, these ndings collectively suggest that
© 2025 The Author(s). Published by the Royal Society of Chemistry
the compounds hold signicant promise as potential drug
candidates with high theoretical bioavailability, particularly in
the eld of antibacterial therapeutics Fig. 9.
Experimental
Chemistry

Materials and instrumentation. All chemicals purchased
from Sigma-Aldrich were used as obtained without further
purication. TLC (thin-layer chromatography) was used to
RSC Adv., 2025, 15, 47255–47270 | 47265
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Table 8 Prediction of pharmacokinetics and physicochemical properties of compounds

Characteristics ID 4a 4c 4f

Physicochemical properties MW 501.58 517.58 552.02
Atoms 39 40 41
Heavy atoms 36 36 36
Csp3 0.03 0.03 0.03
Rotatable bonds 4 5 5
H-BA 3 4 4
H-BD 1 1 1
Molar refractivity 156.71 158.24 163.25
TPSA 70.29 79.52 79.52

Lipophilicity and water solubility iLOGP 4.13 4.07 4.31
XLOGP3 7.65 7.26 7.89
WLOGP 8.08 7.78 8.44
MLOGP 5.03 4.21 4.66
Silicos-IT log P 7.55 7.09 7.72
C log P 6.49 6.08 6.6
ESOL log S −8.19 −7.96 −8.55
Ali log S −8.97 −8.75 −9.41
Silicos-IT class Poorly Poorly Poorly

Pharmacokinetics GI absorption Low Low Low
BBB permeant No No No
Pgp substrate No No No
CYP1A2 inhibitor No No No
CYP2C19 inhibitor No No No
CYP2C9 inhibitor No No No
CYP2D6 inhibitor No No No
CYP3A4 inhibitor No No No
Skin permeation −3.93 −4.3 −4.07

Drug likeness Lipinski 2 2 2
Ghose 3 3 3
Veber 0 0 0
Egan 1 1 1
Muegge 1 1 1
Bioavailability 0.17 0.17 0.17
Lead likeness 2 2 2

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

1 
D

ec
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 3

/9
/2

02
6 

8:
23

:3
7 

PM
. 

 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 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
monitor chemical reactions using eluent (petroleum ether :
ethyl acetate, 8 : 2). For TLC, Silica gel 60 F 254 was applied to
aluminum sheets (20 × 20 cm). Purication of the products was
performed under ash conditions using a column chromatog-
raphy (silica gel 60, 0.040–0.063 mm). Bruker VERTEX 80v FTIR
Spectrometer was used to measure FTIR spectra (nmax in cm−1,
KBr). 1H and 13C NMR spectra were recorded on a Bruker High-
Performance Digital FT NMR spectrometer, Avance III (400MHz
for 1H and 100 MHz for 13C NMR). 1H and 13C NMR signals were
referenced to tetramethylsilane (TMS) and the solvent shis of
DMSO-d6. The abbreviations for reporting 1H NMR data were
denoted as follows: s, singlet; br s, broad singlet; d, doublet; t,
triplet; m, multiplet. Values of the coupling constant (J) were
recorded in hertz (Hz). Electron impact mass spectra were
measured using a DI Analysis Shimadzu QP-2010 plus (70 eV).
An Elemental Analyzer CHNS-932 (LECO) was used for
elemental analyses.

General procedure for preparation of 6-(1H-indol-3-yl)-1,4,3-
substituted-1H-pyrazolo[3,4-b]pyridine-5-carbonitrile 4a–f.13 A
mixture of an equimolar amount of 3-indolyl-3-
oxopropanenitrile (1), aromatic aldehyde 2 and 1H-pyrazol-5-
amine 3 in absolute ethanol (20 mL) in the presence of tri-
ethylamine (TEA) as a catalyst was heated at 80 °C for 5–12 h
47266 | RSC Adv., 2025, 15, 47255–47270
(the reaction progress was monitored by TLC). Upon comple-
tion, the reaction mixture was cooled to room temperature. The
formed product was ltered, dried and puried using a column
chromatography (silica gel 60, 0.040–0.063 mm) to afford
compound 4a–f.

6-(1H-Indol-3-yl)-1,4-diphenyl-3-(p-tolyl)-1H-pyrazolo[3,4-b]
pyridine-5-carbonitrile (4a). Yellow powder; (yield 75%); m.p.
290–291 °C; IR (KBr, nmax/cm

−1):3377 (NH), 3047 (aromatic H),
2226 (C^N); 1H NMR (DMSO-d6) d ppm: 2.23 (s, 3H, CH3), 7.27–
7.76 (m, 17H, Ar–H), 8.32 (d, 1H, Ar–H), 8.47 (s, 1H, pyrrole-H),
11.64 (s, 1H, NH, D2O exchangeable); 13C NMR (DMSO-d6)
d ppm: 21.2 (CH3), 111.2–131.8 (CAr), 147.4 (C–N), 151.2 (C–N),
152.5 (C–N), 157.3 (C–N); MS, m/z (%): 501 (M+, 81); anal. calcd.
For C34H23N5 (501.59) (%): C, 81.42; H, 4.62; N, 13.96. Found
(%): C, 81.50; H, 4.59; N, 13.91.

3-(4-Chlorophenyl)-6-(1H-indol-3-yl)-1,4-diphenyl-1H-pyrazolo
[3,4-b]pyridine-5-carbonitrile (4b). Yellow powder; (yield 77%);
m.p. 280–281 °C; IR (KBr, nmax/cm

−1): 3380 (NH), 3045 (aromatic
H), 2222 (C^N); 1H NMR (DMSO-d6) d ppm: 7.26–7.78 (m, 17H,
Ar–H), 8.33 (d, 1H, Ar–H), 8.46 (s, 1H, pyrrole-H), 11.75 (s, 1H,
NH, D2O exchangeable); 13C NMR (DMSO-d6) d ppm: 110.8–
134.2 (CAr), 146.1 (C–N), 149.9 (C–N), 151.4 (C–N), 155.1 (C–N);
MS, m/z (%): 521 (M+, 20); anal. calcd. For C33H20ClN5 (522.01)
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Oral bio-availability graph for compounds 4a, 4c, and 4f produced with the help of the Swiss ADME tool.

Table 9 Prediction of toxicity risks and physicochemical properties of compounds 4a, 4c, and 4f

Ligand

Toxicity risks Physicochemical properties

Mutagenic Tumorigenic Irritant Reproductive C log P Solubility Molecular weight TPSA Drug likeness Drug score

4a (−) (−) (−) (−) 6.81 −10.19 501.0 70.29 −1.40 0.13
4c (−) (−) (−) (−) 6.39 −9.86 517.0 79.52 0.07 0.17
4f (−) (−) (−) (−) 7.0 −10.60 551.0 79.52 0.78 0.16
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(%): C, 75.93; H, 3.86; Cl, 6.79; N, 13.42. Found (%): C, 76.00; H,
3.84; Cl, 6.76; N, 13.40.

6-(1H-Indol-3-yl)-3-(4-methoxyphenyl)-1,4-diphenyl-1H-pyrazolo
[3,4-b]pyridine-5-carbonitrile (4c). Brown powder; (yield 76%);
m.p. 285–286 °C; IR (KBr, nmax/cm

−1): 3371 (NH), 3050 (aromatic
H), 2217 (C^N); 1H NMR (DMSO-d6) d ppm: 3.68 (s, 3H, OCH3),
6.58–7.61 (m, 17H, Ar–H), 8.31 (m, 1H, Ar–H), 8.46 (s, 1H,
pyrrole-H), 11.89 (s, 1H, NH, D2O exchangeable); 13C NMR
(DMSO-d6) d ppm: 65.9 (OCH3), 110.6–134.9 (CAr), 148.0 (C–N),
151.6 (C–N), 153.4 (C–N), 166.4 (C–O); MS,m/z (%): 517 (M+, 68);
anal. calcd. For C34H23ClN5O (517.59) (%): C, 78.90; H, 4.48; N,
13.53. Found (%): C, 78.83; H, 4.52; N, 13.59.

4-(4-Chlorophenyl)-6-(1H-indol-3-yl)-1-phenyl-3-(p-tolyl)-1H-
pyrazolo[3,4-b]pyridine-5-carbonitrile (4d). Yellow powder; (yield
77%); m.p. 286–287 °C; IR (KBr, nmax/cm

−1): 3370 (NH), 3055
(aromatic H), 2224 (C^N); 1H NMR (DMSO-d6) d ppm: 2.25 (s,
3H, CH3), 6.92–7.63 (m, 16H, Ar–H), 8.32 (d, 1H, Ar–H), 8.46 (s,
© 2025 The Author(s). Published by the Royal Society of Chemistry
1H, pyrrole-H), 11.91 (s, 1H, NH, D2O exchangeable); 13C NMR
(DMSO-d6) d ppm: 21.3 (CH3), 110.9–131.7 (CAr), 147.3 (C–N),
150.8 (C–N), 152.1 (C–N), 156.1 (C–N); MS,m/z (%): 535 (M+, 88);
anal. calcd. For C34H22ClN5 (536.16) (%): C, 76.18; H, 4.14; Cl,
6.61; N, 13.07. Found (%): C, 76.23; H, 4.09; Cl, 6.66; N, 13.02.

3,4-Bis(4-chlorophenyl)-6-(1H-indol-3-yl)-1-phenyl-1H-pyrazolo
[3,4-b]pyridine-5-carbonitrile (4e). Yellow powder; (yield 75%);
m.p. 292–293 °C; IR (KBr, nmax/cm

−1): 3380 (NH), 3066 (aromatic
H), 2219 (C^N); 1H NMR (DMSO-d6) d ppm: 7.10–7.32 (m, 16H,
Ar–H), 8.29 (d, 1H, Ar–H), 8.46 (s, 1H, pyrrole-H), 11.94 (s, 1H,
NH, D2O exchangeable); 13C NMR (DMSO-d6) d ppm: 111.0–
137.0 (CAr), 150.8 (C–N), 151.6 (C–N), 156.3 (C–N); MS, m/z (%):
555 (M+, 73); anal. calcd. For C33H19Cl2N5 (556.45) (%): C, 71.23;
H, 3.44; Cl, 12.74; N, 12.59. Found (%):C, 71.31; H, 3.46; Cl,
12.69; N, 12.54.

4-(4-Chlorophenyl)-6-(1H-indol-3-yl)-3-(4-methoxyphenyl)-1-
phenyl-1H-pyrazolo[3,4-b]pyridine-5-carbonitrile (4f). Brown
RSC Adv., 2025, 15, 47255–47270 | 47267
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Fig. 9 The boiled egg model for 4a, 4c, and 4f.

Table 10 Molecular docking targets of bacterial strains, PDB ID's, active site coordinates, native co-crystalized ligands, and reference ligands

Organism Protein targets PDB ID

Active site coordinates
Reference
ligandsX Y Z

K. pneumoniae G +ve KPC-2 carbapenemase 2OV5 40.3 1.52 8.17 Ciprooxacin
E.coli G−ve DNA gyrase 7P2M 4.36 33.47 −14.16 Ciprooxacin
S. aureus G+ve Dihydropteroate synthase of S.aureus 1AD4 33.4 5.95 37.9 Ciprooxacin
P. aeruginosa G−ve LasR an activator of exotoxin A

expression in P. aeruginosa
2UV0 24.37 13.79 81.52 Ciprooxacin
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powder; (yield 75%); m.p. 295–296 °C; IR (KBr, nmax/cm
−1): 3379

(NH), 3082 (aromatic H), 2219 (C^N); 1H NMR (DMSO-d6)
d ppm: 3.70 (s, 3H, OCH3), 6.90–7.65 (m, 16H, Ar–H), 8.31 (d,
1H, Ar–H), 8.45 (s, 1H, pyrrole-H), 11.85 (s, 1H, NH, D2O
exchangeable); 13C NMR (DMSO-d6) d ppm: 69.3 (OCH3), 110.3–
134.7 (CAr), 147.3 (C–N), 150.8 (C–N), 152.1 (C–N), 166.1 (C–O);
MS,m/z (%): 551 (M+, 85); anal. calcd. For C34H22ClN5O (552.03)
(%): C, 73.98; H, 4.02; Cl, 6.42; N, 12.69. Found (%): C, 74.06; H,
3.95; Cl, 6.46; N, 12.64.
Evaluation of antioxidant activity of
compounds

According to Mansoor et al.,52 DPPH was used to study the free
radical-scavenging activities of compounds one mL of the
compounds was added to 1.0 mL methanolic solution of
0.3 mM DPPH. The mixture was shaken and le in a dark box
for 30 minutes at room temperature (30 °C). The absorbance of
the resulting solution was measured at 517 nm. The inhibitory
percentage of DPPH was calculated according to the following
equation:
47268 | RSC Adv., 2025, 15, 47255–47270
Scavenging activityð%Þ ¼
�
Control absorbance� sample absorbance

absorbance of control
� 100%

�

The half-maximal inhibitory concentration (IC50) for anti-
oxidant activity was calculated from the dose–response data of
the DPPH assay and performed using GraphPad Prism soware,
version 9.0.
Evaluation of antibacterial activity of
compounds

All compounds were screened against pathogenic bacterial
strains (Escherichia coli, Staphylococcus aureus, K. pneumoniae,
and Pseudomonas aeruginosa) using the well diffusion method
described by Abdelrazik et al.,53 The bacterial strains were ob-
tained from the Microbial Genetics Lab at the National
Research Centre in Egypt. The microbes were sub-cultured in
nutrient broth and incubated for 24 hours at 37 °C and 120 rpm.
Each strain was then swabbed onto Mueller–Hinton agar using
© 2025 The Author(s). Published by the Royal Society of Chemistry
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sterile cotton swabs. Subsequently, 50 ml of each compound (at
a concentration of 2 mM in DMSO) of each compound was
inoculated into the wells. Aer 24 hours of incubation at 37 °C,
the zones of inhibition (ZOI) were measured in millimeters
(mm) using a zone scale. Ciprooxacin was used as a standard
positive control antibiotic for all bacterial strains.
Computational methods
Molecular docking

All protein receptors were sourced from the RCSB database as
detailed in Table 10. The target protein structures were then
preprocessed using PyMOL, which involved removing water
molecules, ions, and existing ligands. The structures of the
compounds were drawn using BIOVIA Draw. Open Babel
O'Boyle et al.,54 was used to convert each compound into the
mol2 format. Following this, AutoDock tools were employed to
convert the molecules into the pdbqt format. Before docking,
ligand-centered maps were generated using AutoDock Vina
Eberhardt et al.,55 The Discovery Studio program was used to
analyze the 2-D interactions between the target proteins and the
ligands. The Swiss ADME server was used to calculate the
compound's physicochemical characteristics and absorption,
distribution, metabolism, excretion, and toxicity.
Conclusions

A series of 1-phenyl-1H-pyrazolo[3,4-b]pyridine-5-carbonitriles
4a–f were prepared through one-pot three-component reac-
tion. The new derivatives were analyzed using spectroscopic
techniques and elemental analysis. The newly synthesized
compounds were subsequently evaluated for their antimicrobial
and antioxidant activities, with molecular docking used to
investigate their interactions with key proteins. Compounds 4a,
4c, and 4f exhibited strong antimicrobial effects against various
bacterial strains, including E. coli, S. aureus, P. aeruginosa, and
K. pneumoniae. Their antioxidant properties were also assessed
using DPPH radical scavenging methods. Molecular docking
screenings revealed favorable binding energies, indicating the
compounds' potential to effectively inhibit a vital enzyme.
Additionally, in silico ADMET and drug-likeness screenings
showed compounds comply with Lipinski's rules, underscoring
their potential as oral bioavailable drug candidates with favor-
able properties.
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exotoxin A expression in P. aeruginosa with (PDB.ID: 2UV0) were
used for the docking study.
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V. Kryštof and H. A. Abdel-Aziz, Eur. J. Med. Chem., 2022,
227, 113952.

14 A. Papastathopoulos, N. Lougiakis, I. K. Kostakis,
P. Marakos, N. Pouli, H. Pratsinis and D. Kletsas, Eur. J.
Med. Chem., 2021, 218, 113387.

15 S.-Y. Hao, Z.-Y. Qi, S. Wang, X.-R. Wang and S.-W. Chen,
Bioorg. Med. Chem., 2021, 31, 115985.

16 E. Mohi El-Deen, E. Abd El-Meguid, U. Fathy, E. Karam and
A. El Kerdawy, Egypt. J. Chem., 2022, 65, 1281–1298.
RSC Adv., 2025, 15, 47255–47270 | 47269

https://doi.org/10.1039/d5ra07372c
https://doi.org/10.1039/d5ra07372c
https://doi.org/10.5772/intechopen.85270
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ra07372c


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

1 
D

ec
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 3

/9
/2

02
6 

8:
23

:3
7 

PM
. 

 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 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
17 S. C. Eagon, R. K. Guy, and J. T. Hammill, US Pat.,
11578071B2, 2023.

18 E. Xing, J. Zuo, P. Krogstad and M. E. Jung, J. Med. Chem.,
2018, 61, 1688–1703.

19 L. W. Mohamed, M. A. Shaabana, A. F. Zahera,
S. M. Alhamaky and A. M. Elsahar, Bioorg. Chem., 2019, 83,
47–54.

20 J. L. S. Ribeiro, J. C. A. V. Soares, G. B. Portapilla,
M. V. Providello, C. H. S. Lima, E. M. F. Muri,
S. Albuquerque and L. R. S. Dias, Bioorg. Med. Chem., 2021,
29, 115855.

21 L. Hu, L. Li, Q. Chang, S. Fu, J. Qin, Z. Chen, X. Li, Q. Liu,
G. Hu and Q. Li, J. Med. Chem., 2020, 63, 11215–11234.

22 A. Cappelli, C. Nannicini, A. Gallelli, G. Giuliani, S. Valenti,
G. la Pericot Mohr, M. Anzini, L. Mennuni, F. Ferrari and
G. Caselli, J. Med. Chem., 2008, 51, 2137–2146.

23 B. Vellas, O. Sol, P. J. Snyder, P.-J. Ousset, R. Haddad,
M. Maurin, J.-C. Lemarie, L. Desire and M. P. Pando, Curr.
Alzheimer Res., 2011, 8, 203–212.

24 D. R. Elmaleh, M. R. Farlow, P. S. Conti, R. G. Tompkins,
L. Kundakovic and R. E. Tanzi, J. Alzheimers Dis., 2019, 71,
715–732.

25 A. Donaire-Arias, A. M. Montagut, R. Puig de la Bellacasa,
R. Estrada-Tejedor, J. Teixidó and J. I. Borrell, Molecules,
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