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Pyrazole derivatives 2 and 3, pyrimidine derivative 4, and their nanogels as drug delivery systems were
synthesized, and their cytotoxicity against MCF-7, HCT-116, HepG2 and A549 cells was evaluated. Herein, we
focused on the characterization and synthesis of chitosan/polyvinyl alcohol (Cs/PVA) nanogels loaded with
derivatives 2, 3 and 4. The stability of the prepared nanogels 2, 3 and 4 was elucidated by zeta potential
measurements, which possessed negative values of —9.7, —1.3 and —1.6 mV, respectively. Our compounds
and their nanogels were evaluated as topo-Il inhibitors and DNA intercalators. The nanogel delivery system
enhanced the cytotoxicity of compound 2 against the A549, HCT116, HepG2 and MCF-7 cancer cell lines by
32.06%, 28.96%, 44.32% and 50.00%, respectively. Moreover, the nanogel of compound 3 exhibited
enhanced cytotoxicity against the A549, HCT116, HepG2 and MCF-7 cancer cell lines by 33.61%, 30.64%,
44.69% and 47.86%, respectively. Furthermore, the nanogel of compound 4 showed enhanced cytotoxicity
against the A549, HCT116, HepG2 and MCF-7 cancer cell lines by 31.82%, 40.12%, 50.00% and 52.61%,
respectively. Moreover, derivatives 2, 2 (nanogel), 3, 3 (nanogel), 4 and 4 (nanogel) exhibited good selectivity
against cancer cells and reduced toxicity to VERO cells with ICsq values in the range of 48.29-59.70 uM.
Furthermore, our derivatives displayed remarkable in silico predicted ADMET profiles.
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themselves between its base pairs, and interact through elec-
trostatic forces, binding to the minor or major grooves.> DNA

1. Introduction

Small organic compounds can bind non-covalently to nucleic
acids with prospective anticancer activities.* Their binding can
interrupt transcription and/or replication, leading to cellular
death. These molecules can intercalate into DNA, inserting
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intercalator agents should possess the following crucial struc-
tural features: (i) groove binding side chain,** (ii) basic amino
groups® and (iii) planar polyaromatic chromophores.®™®

The two types of intercalator agents are classic and threading
intercalators.’ Threading intercalators have two groove binding
side chains oriented to the major and minor grooves.*®

Currently, several DNA intercalators are used as anticancer
agents or are under clinical trials (e.g., amsacrine I,** doxoru-
bicin II,"* ellipticine III,** and EBE-A22 IV*) (Fig. 1).

Pyrazole derivatives have shown diverse pharmacological
and biological effects. As potential anticancer agents, they have
shown strong anti-proliferative activity on tumor cells, multiple
targets and good selectivity in vitro. To date, many pyrazole
derivatives have been reported as DNA intercalators and topo-
isomerase II enzyme inhibitors."

Moreover, many pyrimidine derivatives have been reported
as topo-II inhibitors and DNA intercalators. Merbarone (V)
prevents DNA cleavage by inhibiting topo-II and blocking the
catalytic cycle after DNA cleavage but before DNA degradation.*®
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Fig. 1 Basic pharmacophoric features and rationale of our new DNA-intercalators.

Presently, nanocarriers are being developed with the aim of
enhancing the efficacy of medications and reducing the
dangerous side effects. These carriers are intended to release
drugs in a well-ordered mode continuously and directly to cancer
cells, leading to an enhanced uptake by cancer cells and improved
drug targeting. Nanoparticles can be mechanically programmed
to recognize cancer cells and selectively deliver drugs, evading
healthy cells. Furthermore, nanocarriers as drug delivery systems
have effectively overcome numerous restrictions, for example
chemotherapy resistance, decreased solubility, toxicity, narrow
therapeutic windows and poor oral absorption. These develop-
ments have paved the way for further effective cancer remedies."”

In addition, nanotechnology has been extended to the field
of biomedicine, proposing widespread applications. Targeting
nanoparticles are usually employed in numerous cancer studies
owing to their capability to improve the bioavailability and
reduce the side effects of drugs and display favorable anticancer
properties compared to drugs administered in their free form."®
In the field of nanomedicine, numerous nanocarriers have been
employed due to their unique properties, such as the ability to
transfer medicinally active ingredients to targeted locations
because of their nanoscale proportions and high surface-to-
volume proportion.” Furthermore, advanced pharmaceutical
nanocarriers establish diverse valuable properties, such as
improved intracellular permeation with the help of surface-
attached cell-penetrating molecules; targeting at certain
disease sites due to attached ligands on the surface of nano-
carriers; accumulation in pathological areas with compromised
vasculature; stability in the blood; loading of carriers with
various contrast materials, leading to contrast properties, and
consequently permitting the direct in vivo visualization of the
carrier; and drug release from the carriers achieved by stimuli-
sensitivity under specific physiological conditions. Some of
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these pharmaceutical carriers are still under preclinical devel-
opment, while others have now made their way into clinic.>***

Based on previous results, and in continuance of our
preceding investigations on anticancer agents,** particularly
DNA intercalators,*® herein, we reported the DNA binding of
novel anticancer pyrazoles and pyrimidines.

1.1. Rationale and structure-based design

Our rationale is based on planer pyrazole and/or pyrimidine rings
(chromophore) with two side chains as groove binders. The
synthesis was started by cyclization reactions to obtain pyrazole
and/or pyrimidine nucleuses possessing a 2-diazenylbenzoic acid
side chain and another different side chain (Fig. 1) as potential
topo-II inhibitors and threading DNA intercalators.

All the structures were created to possess the main phar-
macophoric properties of DNA intercalators, where the chro-
mophore was exemplified by pyrazole and/or pyrimidine
nucleuses intercalating DNA base pairs. In addition, all the
derivatives have basic amino groups that may form cationic
centers after protonation at physiological pH. Additionally, all
the derivatives have two side chains oriented to the minor and
the major grooves, increasing their DNA binding affinities.

Generally, the obtained derivatives were evaluated for their
anti-proliferative cytotoxicity on HepG2, A549, MCF-7, and HCT-
116 cells. The outcomes encouraged us to perform additional
investigations regarding their mode of action.

Additionally, our derivatives were investigated for binding
with DNA and inhibition of topo-II assays.

2. Results and discussion
2.1. Chemistry

The reaction of anthranilic acid with NaNO, in the presence of
HCI at 0-5 °C produced the corresponding diazonium chloride

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Synthesis of the derivatives 1-4.

salt, which was coupled with ethyl cyanoacetate to yield the
starting compound 2-((1-cyano-2-ethoxy-2-oxoethyl)diazenyl)
benzoic acid 1 following the reported procedure.***°
Compound 1 was cyclized with the appropriate cinnamohy-
drazide and/or 2,4-dinitrophenyl hydrazine (DNP) to give the
targeted pyrazolones 2 and 3, respectively. Derivative 1 was used
to synthesize the novel pyrimidine derivative 4 through cycli-
zation reactions with sulphaguanidine (Scheme 1).

2.2. Nanogel preparation

2.2.1. UV-vis spectroscopic analysis of drug-loaded Cs/PVA
nanogels. The UV-vis spectroscopic analysis presented in Fig. 2
provides compelling evidence for the successful incorporation
of compounds 2, 3, and 4 into the Cs/PVA nanogel matrix. The
spectral data revealed distinct absorption patterns, confirming
the presence and integration of each drug within the nanogel
structure. The pure Cs/PVA nanogel exhibited minimal
absorption in the UV-visible region, serving as a clear baseline
for comparison with the drug-loaded systems. The compound 2-
loaded nanogel demonstrated characteristic absorption peaks
at specific wavelengths, with a notable increase in absorption
intensity compared to the pure nanogel. This enhancement in
absorption corresponds to the aromatic chromophores present
in the structure of compound 2, confirming its successful

incorporation in the nanogel matrix. The observed

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

bathochromic shift in the absorption maximum of the drug
compared to its free form suggests strong interactions between
compound 3 and the polymer matrix, likely through hydrogen
bonding between the functional groups in the drug and the
hydroxyl groups of PVA and amino groups of chitosan.

The spectral profile of the compound 2-loaded nanogel
shows distinct absorption bands that differ from that of both
the pure nanogel and compound 2-loaded system. The presence
of well-defined peaks indicates the stable incorporation of the
drug within the nanogel network. The observed hyperchromic
effect suggests that compound 4 maintains its molecular
integrity, while being effectively dispersed throughout the
polymer matrix. The slight peak broadening observed in the
drug-loaded nanogel, compared to the free drug, indicates the
formation of a complex between compound 3 and the polymer
chains through physical or chemical interactions.

The compound 4-loaded nanogel exhibits unique spectral
features that confirm its successful entrapment within the Cs/
PVA matrix. The appearance of the characteristic absorption
maximum, coupled with peaks compared to the free drug,
provides evidence of the drug-polymer interactions. Further-
more, the maintenance of the spectral signature of the drug
within the nanogel suggests that the incorporation process
preserved the chemical structure of the drug, while achieving
uniform distribution throughout the polymer network. These
spectroscopic observations collectively demonstrate the

RSC Adv, 2025, 15, 10037-10048 | 10039
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Fig. 2 The UV-Vis spectra of pure compounds 2 (a), 3 (c), 4 (e) and their Cs/PVA nanogels loaded with compounds 2 (b), 3 (d), and 4 (f). The
distinct absorption peaks confirm the successful incorporation of each compound into the polymer matrix with characteristic spectral features

for each derivative-loaded system.

successful loading of all three drugs into the Cs/PVA nanogel
system, with each drug maintaining its chemical integrity, while
forming stable interactions with the polymer matrix. The
distinct spectral patterns serve as fingerprints for each drug-
loaded system, confirming the effectiveness of the incorpora-
tion methodology.

2.2.2. Dynamic light scattering (DLS) analysis of drug-
loaded Cs/PVA nanogels. The dynamic light scattering (DLS)
analysis presented in Fig. 3 reveals significant insights into the
physical characteristics and colloidal stability of the drug-
loaded Cs/PVA nanogel systems. The results demonstrate
distinct variations in particle size and surface charge properties
among the three drug-loaded formulations.

10040 | RSC Adv, 2025, 15, 10037-10048

In the case of the compound 2-loaded Cs/PVA nanogel
(Fig. 3a and b), the DLS measurements indicate a mean particle
size of 612 nm with a relatively narrow size distribution, sug-
gesting uniform particle formation. Its corresponding zeta
potential value of —9.7 mV is particularly noteworthy, given that
it exceeds the critical threshold of £20 mV typically associated
with colloidal stability. This strong negative surface charge
indicates excellent electrostatic stabilization of the compound
preventing their aggregation
through electrostatic repulsion. The substantial negative charge

2-loaded nanogel particles,
likely resulted from the interaction between compound 2 and

the polymer matrix, possibly due to the exposure of charged
functional groups at the particle surface.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 DLS results showing particle size distribution for Cs/PVA nanogels loaded with compounds 2 (a), 3 (c), 4 (e) and their zeta potential

measurements for compounds 2 (b), 3 (d) and 4 (f).

The compound 3-loaded Cs/PVA nanogel system (Fig. 3c and
d) exhibited a larger mean particle size of 731 nm, suggesting
that the incorporation of compound 3 led to greater particle
expansion or different polymer chain arrangements. However,
its measured zeta potential value of —1.3 mV indicates near-
neutral surface charge, which could potentially lead to
reduced colloidal stability compared to the compound 2-loaded
system. This near-neutral charge suggests that compound 3
might be primarily entrapped within the polymer matrix rather
than contributing to surface charge properties.

Interestingly, the compound 4-loaded Cs/PVA nanogel
(Fig. 3e and f) showed the smallest particle size among all
formulations of 234 nm. This significant reduction in particle
size implies that compound 4 might influence the polymer

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

chain organization during nanogel formation, possibly
promoting more compact structures. The zeta potential value of
—1.6 mV is similar to that of the compound 3-loaded system,
indicating minimal surface charge, which may necessitate
additional stabilization strategies for long-term storage.

The variation in particle size (234-731 nm) across three
compound-loaded systems suggests that drug physicochemical
properties significantly influence the nanogel formation
process and final structure. The substantially different zeta
potential values, particularly the highly negative charge of the
compound 2-loaded system, indicate that drug incorporation
not only affects the particle size but also the surface charge
characteristics. These differences in physical properties may
have important implications in the drug release kinetics,

RSC Adv, 2025, 15, 10037-10048 | 10041
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cellular uptake, and overall therapeutic efficacy of the nanogel
delivery systems.

Overall, the DLS results demonstrate successful drug incor-
poration with distinct effects on the nanogel properties, high-
lighting the need for formulation-specific optimization
strategies to ensure the optimal stability and performance of
each drug-loaded system.

2.2.3. Transmission electron microscopy (TEM) images of
drug-loaded Cs/PVA nanogels. The transmission electron
microscopy (TEM) images presented in Fig. 4 provide crucial
insights into the morphological characteristics and internal
structure of the drug-loaded Cs/PVA nanogel systems. The
micrographs reveal distinct structural features specific to each
drug-loaded formulation, confirming the successful drug
incorporation and highlighting the influence of the different
drugs on the nanogel morphology.

The TEM image of the compound 2-loaded Cs/PVA nanogel
(Fig. 4a) demonstrates spherical particles with well-defined
boundaries and relatively uniform size distribution. The parti-
cles exhibited a characteristic core-shell structure, where the
darker regions likely represent areas of higher electron density,
suggesting concentrated drug localization within the polymer
matrix. The observed particle size correlates well with the DLS
measurements, showing particles in the range of approximately
600 nm. The surface texture appears slightly rough, indicating
potential surface drug adsorption in addition to internal drug
loading. The clear particle boundaries and absence of aggre-
gation support the stability indicated by the strong negative zeta
potential (—9.7 mV) observed in the DLS analysis.

In the case of the compound 3-loaded Cs/PVA nanogel
(Fig. 4b), its TEM micrograph reveals slightly larger particles
with a more complex internal structure. Generally, the particles
maintained a spherical morphology but showed increased size
variability compared to the compound 2 system, consistent with
the larger mean particle size (731 nm) measured by DLS. The
internal contrast patterns suggest a more heterogeneous drug
distribution within the polymer network, possibly due to the
different drug-polymer interactions. Some particles exhibit

Size | Exp Mag Spot | HT Pixel size | Fov 500 nm
2048 500 ms | 22500 x |4 | 200 kV | 1.303 nm | 2.669 ym | Ceta

Size |Exp Mag Spot | HT
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200 kV | 1.033 nm
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slight deformation, which can be attributed to the lower surface
charge stability indicated by the near-neutral zeta potential
(-1.3 mv).

The TEM image of the compound 4-loaded Cs/PVA nanogel
(Fig. 4c) displays notably smaller particles with a more compact
structure, supporting the DLS-measured size of 234 nm. These
particles show a remarkably uniform size distribution and
appear to have a more homogeneous internal structure
compared to the other formulations. The smooth particle
surface and clear boundaries indicate efficient drug encapsu-
lation within the polymer matrix. Despite the near-neutral zeta
potential (—1.6 mV), the particles maintained their individual
integrity without significant aggregation, suggesting effective
steric stabilization by the polymer network.

Across all three formulations, the TEM images confirmed the
successful formation of nano-sized drug delivery systems with
distinct morphological characteristics. The observed structural
differences among the drug-loaded systems reflect the influence
of the drug physicochemical properties on the nanogel forma-
tion and organization, providing valuable insights into the
drug-polymer interactions and their potential implications for
drug release behavior and therapeutic efficacy.

2.3. Invitro anti-proliferative activity

The anticancer activities of compounds 2, 3, and 4 and their
nanogel preparations were evaluated on four cell lines, HepG2,
A549, MCF-7 and HCT-116 (Table 1), using the MTT assay.***
The cell line affected the most by our derivatives was A549.
Compound 4 was the most active against the A549, HCT116,
HepG2 and MCF-7 cancer cell lines with IC5, = 5.50, 9.77, 7.12
and 7.85 uM, respectively. The assessment of the cytotoxicity on
the A549 cell line showed that compounds 2 and 3 with IC5q =
6.30 and 6.10, respectively, have high anticancer effects. Also,
they showed good cytotoxicity against HCT-116 with IC5o =
10.60 and 11.00 uM, respectively. Furthermore, derivatives 2
and 3 showed high cytotoxic activities against HepG2 and MCF-

500 nm
200 kV | 1.303 nm  2.669 pm | Ceta

Pixel size Size | Exp Mag Spot | HT Pixel size | Fov

2048 500 ms 22500x 5

Fig. 4 TEM images of Cs/PVA nanogels loaded with compound 2 (a), compound 3 (b), and compound 4 (c). The micrographs reveal distinct
particle morphologies and the internal structures, reflecting the effects of drug incorporation on nanogel formation and stability.
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Table 1 [n vitro cytotoxic activities of our compounds against A549, MCF-7, HepG2, HCT-116 and the VERO cell lines

IC50” (UM)
Compound A549 HCT116 HepG2 MCF-7 VERO
2 6.30 + 0.5 10.60 + 1.5 8.80 = 0.5 8.30 £ 0.5 59.70 £ 2.9
2 (Nanogel) 4.28 £ 0.5 7.53 £ 1.5 4.90 £ 0.5 415+ 0.5 50.25 + 2.9
3 6.10 + 0.5 11.00 + 1.1 8.95 £ 0.5 8.65 £ 0.8 54.40 £ 2.9
3 (Nanogel) 4.05 £ 0.5 7.63 + 1.1 4.95 + 0.5 4.51 £ 0.8 48.29 + 2.9
4 5.50 £ 0.5 9.77 £ 1.1 7.12 £ 0.5 7.85 £ 0.5 57.44 £2.9
4 (Nanogel) 3.75 £ 0.5 5.85 + 1.1 3.56 & 0.5 3.72 £ 0.5 49.68 + 2.9
Doxorubicin 8.54 £ 0.8 8.07 0.8 7.94 + 0.6 6.75 + 0.4 bNT

“ IC5, values are the mean + S.D. of three separate experiments. > NT = not tested.

7 with IC5, = 8.80 and 8.95 uM and 8.30 and 8.65 uM,
respectively.

The nanogel as a drug delivery system enhanced the cyto-
toxic activities of our compounds. The nanogel for compound 2
showed enhanced cytotoxic activity against the A549, HCT116,
HepG2 and MCF-7 cancer cell lines by 32.06%, 28.96%, 44.32%
and 50.00% respectively. Moreover, the nanogel for compound
3 showed enhanced cytotoxic activity against the A549, HCT116,
HepG2 and MCF-7 cancer cell lines by 33.61%, 30.64%, 44.69%
and 47.86%, respectively. Furthermore, the nanogel for
compound 4 showed enhanced cytotoxic activity against the
A549, HCT116, HepG2 and MCF-7 cancer cell lines by 31.82%,
40.12%, 50.00% and 52.61%, respectively.

Moreover, the cytotoxicity of our derivatives 2, 2 (nanogel), 3,
3 (nanogel), 4 and 4 (nanogel) was observed on VERO normal
cell lines. The tested derivatives revealed good selectivity
against cancer cells and low toxicity to VERO cells with ICs,
values in the range of 48.29 to 59.70 pM. Derivatives 2, 2
(nanogel), 3, 3 (nanogel), 4 and 4 (nanogel) were 9.48, 11.74,
8.92, 11.92, 10.44 and 13.25-fold more toxic to A549 cells than
VERO normal cells, respectively. Uniformly, derivatives 2, 2
(nanogel), 3, 3 (nanogel), 4 and 4 (nanogel) were consequently
5.63, 6.67, 4.95, 6.33, 5.88 and 8.49-fold more toxic to HCT-116
cells than in normal VERO cells, respectively. Furthermore,
structures 2, 2 (nanogel), 3, 3 (nanogel), 4 and 4 (nanogel) were
6.78, 10.26, 6.08, 9.76, 8.07 and 13.96-fold toxic to HepG-2 cells
than ordinary VERO cells, respectively. Furthermore, products
2, 2 (nanogel), 3, 3 (nanogel), 4 and 4 (nanogel) were 7.19, 12.11,
6.29, 10.71, 7.32 and 13.35-fold more toxic to MCF-7 cells than
ordinary VERO cells, respectively.

2.4. Invitro DNA/methyl green assay

Synthesized derivatives 2, 3, 4 and their nanogel preparations
were further evaluated for their DNA-binding affinities (Table 2)
using methyl green dye.***® Doxorubicin, as a powerful DNA
intercalator, was incorporated as a positive control.

The tested derivatives showed very good DNA-binding affin-
ities. The nanogels of compounds 4, 2 and 3 presented the
highest binding affinities respectively. These nanogels power-
fully intercalated DNA at ICs, = 30.78, 32.40 and 34.55 uM,
respectively. Moreover, compounds 4, 2 and 3 demonstrated

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

Table 2 DNA binding affinity and topo-Il inhibition of our derivatives

Compound DNA binding ICs, (uM) Topo-II assay ICs, (LM)
2 36.98 £ 3.9 1.310 £ 0.40
2 (Nanogel) 32.40 + 3.8 0.980 + 0.40
3 38.65 £ 3.8 1.485 £ 0.40
3 (Nanogel) 34.55 + 3.5 1.060 + 0.40
4 35.95 £ 3.5 1.200 £ 0.40
4 (Nanogel) 30.78 + 3.7 0.900 + 0.40
Doxorubicin 31.27 £ 1.8 0.940 £ 0.40

good DNA-binding affinities with ICs, = 35.95, 36.98 and 38.65
uM, respectively.

2.5. In vitro topoisomerase II inhibitory activity

Our derivatives 2, 3 and 4 were evaluated for their inhibition
activities against the topo-II enzyme (Table 2).***” The tested
derivatives exhibited very good topo-II inhibition with IC5, =
0.900-1.485 uM, which is comparable with that by doxorubicin
(ICs0 = 0.94 uM). The obtained results were combined with the
in vitro cytotoxic activities and DNA binding studies. Amongst
them, the nanogels of compounds 4, 3 and 2 were found to be
the most powerful derivatives with very low IC5, = 0.900, 0.980
and 1.060 puM, respectively.

2.6. In silico ADMET profile

The highly active compounds 2, 3 and 4 were in silico investi-
gated by ADMET predictions. This was according to Lipinski's
rule of five*® and estimated using the pkCSM descriptor algo-
rithm.* For good absorption, derivatives should follow at least
three rules, including (i) H-bond acceptors must not exceed ten,
(if) molecular mass should be less than 500 u, (iii) log P should
be less than five, and (iv) H-bond donors must not exceed five.
In this study, although doxorubicin violates three of Lipinski's
rules, our novel molecules 2, 3 and 4 did not.

Our derivatives exhibited moderate human intestine
absorption (43.746% to 58.002%), which indicates that they are
capable of crossing diverse biological membranes® (Table 3).
Our structures can enter the CNS (CNS permeability range:
—2.612 to —3.228 (log PS)).
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Table 3 ADMET profiles of our compounds 2, 3, and 4 and doxorubicin

Doxorubicin
Parameter 2 3 4 sorafenib
Physicochemical properties
Molecular weight (dalton (u)) 377.36 413.306 429.418 543.525
log P 2.1915 1.9725 0.6512 0.0013
Rotatable bonds 5 6 5 5
Acceptors 7 10 8 12
Donors 2 2 4 6
Surface area (A?) 159.038 165.778 169.652 222.081
Absorption
Water solubility (log mol L") —2.811 —-3.03 —3.058 —2.915
Human intest. absorption (%) 58.002 54.673 43.746 62.372
Inhibitor of P-glycoprotein II Not Not Not Not
Substrate for P-glycoprotein Not Yes Yes Yes
Inhibitor of P-glycoprotein I Not Not Not Not
Distribution
BBB permeability (conc. in Brain/Blood (log BB)) —1.014 —1.845 —1.607 —1.379
CNS permeability (Permeability-Surface area (log PS)) —2.612 —2.952 —3.228 —4.307
Metabolism
Inhibition of CYP3A4 Not Not Not Not
Inhibition of CYP2D6 Not Not Not Not
Inhibition of CYP2C9 Not Not Not Not
Inhibition of CYP2C19 Not Not Not Not
Inhibition of CYP1A2 Not Not Not Not
CYP3A4 substrate Not Not Not Not
CYP2D6 substrate Not Not Not Not
Excretion
Clearance (log mL min™" kg™*) 0.11 —0.072 —0.459 0.987
Toxicity
Acute toxic activity (LDs,) (mol kg ™) 2.547 2.171 2.305 2.408
Chronic toxicity activity (LOAEL) (log mg per kg_bw per day) 2.234 1.867 1.871 3.339
Human max. tolerated dose (log mg per kg per day) 0.582 0.288 0.308 0.081
Hepatotoxic effect No No Yes Yes

Generally, doxorubicin and our derivatives 2, 3 and 4 did not
inhibit drug metabolism through CYP3A4 inhibition. The total
clearance gives an idea about predicted elimination, which
detects the dosing interval. Doxorubicin exhibited greater clear-
ance rates than our derivatives. Doxorubicin might be eliminated
more speedily, and thus shorter dosing intervals are needed. In
contrast to doxorubicin, our derivatives exhibited slow clearance
rates, which represent prolonged half-life and broader dosing
windows. Hepatotoxicity was displayed by compound 4 and
doxorubicin, but not by 2 and 3. Doxorubicin showed the lowest
maximum tolerated dose. However, the maximum tolerated
doses for our structures were higher. Finally, the acute toxic doses
of doxorubicin and our compounds were approximately equal.
Moreover, the oral chronic toxic dose of doxorubicin was higher
than our compounds. These data demonstrate that our
compounds have a respectable therapeutic index.

3. Conclusion

In summary, our pyrazole derivatives 2 and 3 and pyrimidine
derivative 4 and their nanogels as drug delivery systems were

10044 | RSC Adv, 2025, 15, 10037-10048

designed, synthesized and investigated for their anticancer
activities against the HepG2, HCT-116, MCF-7 and A549 cell
lines using doxorubicin as a reference cytotoxic drug. The most
affected cell line by our derivatives was A549. Compound 4 was
the most active against the A549, HCT116, HepG2 and MCF-7
cancer cell lines with IC5q = 5.50, 9.77, 7.12 and 7.85 uM,
respectively. Assessment of their cytotoxicity on the A549 cell
line showed that compounds 2 and 3 with IC5, = 6.30 and 6.10,
respectively, showed high anticancer effects. Also, against the
HCT-116 cancer cell line, they showed good cytotoxicity with
ICs5o = 10.60 and 11.00 pM, respectively. Furthermore, deriva-
tives 2 and 3 exhibited high cytotoxic activities against HepG2
and MCF-7 with IC5, = 8.80 and 8.95 uM and 8.30 and 8.65 uM,
respectively. The nanogels as drug delivery systems enhanced
the cytotoxic activities of our compounds. The nanogel of
compound 2 showed enhanced cytotoxic activity against the
A549, HCT116, HepG2 and MCF-7 cancer cell lines by 32.06%,
28.96%, 44.32% and 50.00%, respectively. Moreover, the
nanogel of compound 3 showed enhanced cytotoxic activity
against the A549, HCT116, HepG2 and MCF-7 cancer cell lines
by 33.61%, 30.64%, 44.69% and 47.86%, respectively.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Furthermore, the nanogel for compound 4 showed enhanced
cytotoxic activity against the A549, HCT116, HepG2 and MCF-7
cancer cell lines by 31.82%, 40.12%, 50.00% and 52.61%,
respectively.

Moreover, the cytotoxicity activities of our derivatives 2, 2
(nanogel), 3, 3 (nanogel), 4 and 4 (nanogel) were observed on
the VERO normal cell line. The tested derivatives exhibited good
selectivity against cancer cells and low toxicity to VERO cells
with IC5, values in the range of 48.29 to 59.70 uM. Derivatives 2,
2 (nanogel), 3, 3 (nanogel), 4 and 4 (nanogel) were 9.48, 11.74,
8.92, 11.92, 10.44 and 13.25-fold more toxic to A549 cells than
VERO normal cells, respectively. Similarly, derivatives 2, 2
(nanogel), 3, 3 (nanogel), 4 and 4 (nanogel) were 5.63, 6.67, 4.95,
6.33, 5.88 and 8.49-fold more toxic to HCT-116 cells than
normal VERO cells. Furthermore, structures 2, 2 (nanogel), 3, 3
(nanogel), 4 and 4 (nanogel) were 6.78, 10.26, 6.08, 9.76, 8.07
and 13.96-fold more toxic to HepG-2 cells than ordinary VERO
cells. Furthermore, products 2, 2 (nanogel), 3, 3 (nanogel), 4 and
4 (nanogel) were 7.19, 12.11, 6.29, 10.71, 7.32 and 13.35-fold
more toxic to MCF-7 cells than ordinary VERO cells. The
nanogel of compounds 4, 2 and 3 displayed the highest DNA
binding affinities at decreased ICs, values of 30.78, 32.40 and
34.55 pM, respectively. Moreover, compounds 4, 2 and 3
exhibited good DNA-binding affinities with ICs, values of 35.95,
36.98 and 38.65 pM, respectively. Also, the tested compounds
exhibited very good topo-II inhibitory activities with ICs, values
in the range of 0.900 to 1.485 uM in comparison to doxorubicin
(ICs0 = 0.94 pM). Furthermore, the ADMET profiles of our
compounds were calculated and compared to doxorubicin as
a reference drug. Our derivatives showed good ADMET profiles.
Although doxorubicin violates three of Lipinski's rules, our
derivatives did not violate any. Also, doxorubicin exhibited
greater clearance rates than our derivatives. Doxorubicin may
be eliminated more speedily, and thus needs shorter dosing
intervals. In contrast to doxorubicin, our derivatives exhibited
slow clearance rates, which represent prolonged half-life and
broader dosing windows.

4. Experimental section

4.1. Chemistry

4.1.1. General. '"H NMR and "C NMR spectra were
measured on Varian Mercury 300 MHz and 100 MHZ-NMR
spectrometers, respectively. The starting material 2-((1-cyano-
2-ethoxy-2-oxoethyl)diazenyl)benzoic acid 1 was prepared
using a procedure reported in the literature.>**

4.1.2. General procedure for synthesis of target
compounds (2-4). A solution of compound 2 (2.61 g, 0.01 mol)
in DMF (20 mL) was refluxed for 8-20 h with cinnamohydrazide
(1.62 g, 0.01 mol), 2,4-dinitrophenyl hydrazine (1.98 g, 0.01 mol)
and/or sulphaguanidine (2.14 g, 0.1 mol). After cooling, the
mixture was poured into ice water (100 mL), and the formed
solid was filtered, washed three times with ethanol (10 mL) and
recrystallized from the appropriate solvent to give the corre-
sponding compounds 2-4, respectively.

4.1.2.1. 2-((3-Amino-1-cinnamoyl-5-oxo-4,5-dihydro-1H-
pyrazol-4-yl)diazenyl)benzoic acid (2). Brown crystals from
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ethanol; m.p. >300 °C; IR (cm ™ ') v: 3397 (OH), 3312, 3275 (NH,),
1735, 1682, 1649 (C=0), 1599 (C=N), 1547 (N=N). '"H-NMR
(300 MHz, DMSO-d¢) 6 (ppm): 1.93 (s, 1H, -N=N-CH), 6.96-
8.65 (m, 13H, Ar-H and NH,, D,O exchangeable), 15.45 (s, 1H,
OH, D,0 exchangeable). ">*C-NMR (300 MHz, DMSO-d) 6 (ppm):
60.5,117.5,118.3, 120.8, 120.9, 121.0, 123.3, 124.5, 131.7, 131.7,
131.8,131.9, 132.2, 133.1, 144.3, 144.6, 150.3, and 160.1. MS (m/
z): 377 (M", 10.16%); Anal. Calcd for C,,H;5N50, (377): C, 60.48;
H, 3.98; N, 18.57, found: C, 60.30; H, 4.04; N, 18.66.

4.1.2.2. 2-((3-Amino-1-(2,4-dinitrophenyl)-5-oxo-4,5-dihydro-
1H-pyrazol-4-yl)diazenyl)benzoic acid (3). Brown crystals from
methanol; m.p. > 300 °C; IR (cm ™) v: 3361-3200 (broad, OH,
NH,), 1696, 1674 (C=0), 1602 (C=N), 1548 (N=N). 'H-NMR
(300 MHz, DMSO-d¢) ¢ (ppm): 2.74 (s, 1H, -N=N-CH), 7.39-
8.01 (m, 9H, Ar-H and NH,, D,O exchangeable), 14.52 (s, 1H,
OH, D,0 exchangeable). ">C-NMR (300 MHz, DMSO-d) 6 (ppm):
67.9, 127.3, 131.5, 131.6, 132.0, 132.1, 148.4, 166.9, and 168.4.
MS (m/z): 413 (M", 19.75%); Anal. Calcd for C;6H,;N,0, (413): C,
46.49; H, 2.66; N, 23.73, found: C, 46.55; H, 2.59; N, 23.88.

4.1.2.3. 2-((4-Amino-2-(((4-aminophenyl)sulfonyl)imino)-6-
oxo0-1,2,5,6-tetrahydropyrimidin-5-yl)diazenyl)-benzoic acid (4).
Orange crystal from ethanol; m.p. > 300 °C; IR (cm™ ") v: 3297
(NH,), 3099, 3072 (NH), 1688, 1666 (C=0), 1601 (C=N), 1553
(N=N). "H-NMR (300 MHz, DMSO-d¢) 6 (ppm): 1.74 (s, 1H, -N=
N-CH), 6.93-8.00 (m, 12H, Ar-H and 2NH,, D,0 exchangeable),
9.64 (s, 1H, NH, D,O exchangeable), 15.46 (s, 1H, OH, D,0O
exchangeable). *C-NMR (300 MHz, DMSO-d¢) 6 (ppm): 60.6,
102.0, 115.0, 115.3, 118.6, 122.7, 129.4, 131.3, 133.1, 143.4,
150.8, 154.0, 160.0, 163.9, and 169.3. MS (m/z): 429 (M',
12.28%); Anal. Calcd for C;,H;5N,05S (429): C, 47.55; H, 3.49; N,
22.84; S, 7.46, found: C, 47.67; H, 3.33; N, 22.71; S, 7.37.

4.2. Nanogel preparation

4.2.1. Materials and sources. Low molecular weight chito-
san (Cs) was purchased from Sigma-Aldrich (St. Louis, MO,
USA). Polyvinyl alcohol (PVA, 87-89% hydrolyzed) was obtained
from Merck KGaA (Darmstadt, Germany). Glutaraldehyde
solution (GA, 25% in H,0), glacial acetic acid (=99.7%),
ammonium persulfate (APS, =98%), and N,N-methyl-
enebisacrylamide (MBA) were all acquired from Sigma-Aldrich.
Sodium hydroxide (NaOH) pellets and hydrochloric acid (HCI,
37%) were purchased from Fisher Scientific (Hampton, NH,
USA). All chemicals were of analytical grade and used without
further purification. Deionized water was used throughout the
experiments.

4.2.2. Preparation of chitosan/polyvinyl alcohol (Cs/PVA)
nanogel. The preparation of the Cs/PVA nanogel began with
the separate preparation of the polymer solutions. For the chi-
tosan solution, 2.0 g of chitosan was carefully weighed and
dissolved in 100 mL of 1.5% (v/v) acetic acid solution.”* The
mixture was subjected to continuous magnetic stirring at
500 rpm for 0.5 h at room temperature (25 °C) until a clear,
homogeneous solution was obtained. The pH of the resulting
chitosan solution was measured and adjusted to 5.8 via the
dropwise addition of 0.1 M NaOH solution under constant
monitoring using a calibrated pH meter. The PVA solution was
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prepared by dissolving 7.5 g of PVA in 100 mL of distilled water.
The mixture was heated to 80 °C in a water bath equipped with
a temperature controller, maintaining continuous stirring at
600 rpm for 1.5 h to ensure the complete dissolution of the PVA.
Then, the solution was allowed to cool to room temperature
while maintaining gentle stirring at 200 rpm to prevent
premature gelation. The blending process was initiated by
slowly adding the prepared chitosan solution to the PVA solu-
tion at a rate of approximately 2 mL min " under vigorous
stirring at 700 rpm. The combined solution was maintained
under continuous stirring for 30 min at room temperature to
ensure thorough mixing of the two polymers. For the cross-
linking reaction, 0.3 mL of glutaraldehyde solution was added
dropwise to the polymer mixture, followed by the addition of
0.15 g of APS (dissolved in 5 mL of distilled water) as an initi-
ator. For additional stabilization, 0.03 g of MBA was incorpo-
rated into the mixture. The pH of the final mixture was carefully
maintained at 6.0 + 0.2 throughout the process using 0.1 M HCI
or 0.1 M NaOH as needed. The cross-linking reaction was
carried out by heating the mixture to 65 °C in a temperature-
controlled water bath for 1.5 h under gentle stirring at
300 rpm. Then, the resulting nanogel was allowed to cool
naturally to room temperature. The purification process
involved the dialysis of the nanogel against distilled water using
a dialysis membrane (molecular weight cut-off 12-14 kDa) for
36 h, with the dialysis medium being changed every 12 h to
ensure complete removal of the unreacted components and
byproducts. Alternatively, the nanogel was purified through
repeated centrifugation at 4000 rpm for 10-min cycles, washing
with distilled water between each cycle until the supernatant
became clear.

The final purified nanogel was stored in a sterile glass
container at 4 °C for subsequent characterization and applica-
tion. The entire preparation process was conducted under
controlled laboratory conditions with careful attention to
maintaining sterility and precise reaction parameters
throughout each step.

4.2.3. Drug loading protocol for Cs/PVA nanogel systems.
The incorporation of compound 2 into the Cs/PVA nanogel
system was performed using a precise solvent-based loading
method.*® Initially, 100 mg of compound 2 was accurately
weighed using an analytical balance and completely dissolved
in 10 mL of dimethyl sulfoxide (DMSO) under gentle magnetic
stirring at 300 rpm for 15 minutes at room temperature (25 °C)
to ensure complete dissolution. The resulting drug solution
(10 mg mL™") was then gradually incorporated into 10 mL of the
prepared Cs/PVA nanogel suspension using a dropwise addition
method at approximately 1 mL min ' rate under continuous
stirring at 500 rpm. The incorporation process was conducted at
room temperature, and the mixture was further stirred for 2
hours to ensure uniform drug distribution throughout the
nanogel matrix. The final drug-loaded nanogel suspension
contained compound 2 at a concentration of 5 mg mL~". The
mixture was then subjected to gentle vacuum treatment for 30
minutes to remove trapped air bubbles and ensure homoge-
neous drug distribution. The other two compounds (3 and 4)
have cooperated, as mentioned in compound 2. For all three
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drug-loaded nanogel systems, the final preparations were stored
in amber glass vials at 4 °C under dark conditions to protect
from light degradation. Each drug-loaded nanogel system was
characterized within 24 hours of preparation to verify drug-
loading efficiency and uniform distribution. The drug-loaded
nanogels were monitored for any signs of phase separation or
drug precipitation during storage. All incorporation procedures
were performed under aseptic conditions using sterile equip-
ment and materials to maintain the integrity of the final drug-
delivery systems. The incorporation process for each drug was
performed separately to avoid any potential drug-drug inter-
actions and to ensure accurate loading concentrations for each
system.

4.2.4. In vitro cytotoxic activity. Cancer cells including
HepG2, HCT-116, A549, and MCF-7 and VERO normal cells were
obtained from ATCC (the American Type Culture Collection) in
Manassas, USA. These cells were cultured in the appropriate
growth medium, namely Roswell Park Memorial Institute
medium (RPMI 1640), complemented with 10% heat-
inactivated fetal bovine serum, 100 units per mL of penicillin,
and 100 mg mL " of streptomycin. The cell cultures were kept
in a humidified atmosphere with 5% (v/v) CO, at 37 °C.
Following  the  MTT  (3-4,5-dimethylthiazole-2-yl]-2,5-
diphenyltetrazolium bromide) process,"** cytotoxicity valua-
tions were performed.

Cell lines from diverse cancers, in the active proliferation
phase, were exposed to trypsinization, quantification, and then
seeded at appropriate densities (ranging from 2000 to 1000 cells
per 0.33 cm” well) in 96-well microtiter plates. Consequently,
these cells were incubated for 24 h at 37 °C in a humid location.
Then, the cells were exposed for a 72 h to variable compound
concentrations (0.1, 10, 100, and 1000 uM).

The MTT procedure was performed to assess the treated cells
viability as follows: the culture media were aspirated, and then
the cells were incubated with 5% MTT solution (200 pL) in each
well (Sigma Aldrich, MO). The cells were left for 2 h to convert
the MTT dye into colored-insoluble formazan crystals. Then, the
residual MTT solution was discarded, and the formazan crystals
were dissolved for 30 min in 200 pL of acidified isopropanol in
each well. This technique was performed at room temperature
under continuous shaking using a MaxQ 2000 plate shaker
(Thermo Fisher Scientific Inc., MI) and with the plates covered
in aluminum foil. Using a Stat FaxR 4200 plate reader (Aware-
ness Technology, Inc., FL), the absorbance was measured at
570 nm. Using the GraphPad Prism Version 5 software (Graph
Pad Software Inc., CA), the cell viability in comparison to the
control was expressed as a percentage, and the ICs, (half-
maximum inhibitory concentration of cell proliferation) was
obtained.

4.2.5. DNA/methyl green assay. Our derivatives were addi-
tionally assessed for their affinity towards DNA binding. Doxo-
rubicin was used as the positive control DNA intercalator. In
this assessment, methyl green dye can form a reversible colored
DNA/methyl green complex. At neutral pH, this complex
remained stable. Upon the addition of intercalating agents, the
methyl green is replaced in DNA with the addition of H,O
molecules to form the colorless carbinol, resulting in

© 2025 The Author(s). Published by the Royal Society of Chemistry
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a remarkable decrease in spectrophotometric absorbance.**®
The variance between free carbinol and DNA/methyl green
complex (A4 value) affords the simplest means for identifying
the relative DNA-binding strength and affinities. Using the
GraphPad Prism 5.0 software, IC5, was obtained. The technique
was performed as follows. A mixture of methyl green (20 mg)
and calf thymus DNA (10 mg) (Sigma-Aldrich) in 100 mL of
0.05 M Tris-HCl buffer (pH 7.5) containing 7.5 mM MgSO, was
prepared. Then, the mixture was stirred at 37 °C for 24 h. The
test samples were dissolved in ethanol and dispensed into wells
of a 96-well microtiter tray at a concentration of 10, 100 and
1000 pM. The extra solvent was discarded per well, under
vacuum followed by the addition of 200 pL of solution of the
DNA/methyl green. The test samples were incubated at room
temperature in the dark. The absorbance of each sample was
measured at 642.5-645 nm after 24 h. The results were
normalized and corrected for early absorbance as the
percentage of the untreated DNA/methyl green absorbance
reading.

4.2.6. In silico ADMET analysis. The ADMET (absorption,
distribution, metabolism, excretion, and toxicity) predictions of
the derivatives were calculated using the pkCSM descriptor
algorithm at https://biosig.lab.uq.edu.au/pkesm/prediction.
Firstly, the established derivatives were hand drawn, and their
energy minimizations were performed in accordance with the
preparation of small molecule protocol. To calculate different
descriptors for a compound, the ADMET descriptor protocol
was applied. This prediction helped in understanding the
safety and pharmacokinetic profiles of the compounds, which
are vital for drug evaluation and development. These
descriptors afford visions into how these compounds are
probably metabolized, distributed, absorbed, and excreted,
and any possible toxicity related to them.
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