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The chemistry of 1,2,4-triazole-incorporating compounds and their metal complexes has attracted
widespread attention due to their potential therapeutic activities. Therefore, this paper presents the
synthesis, characterization, biological studies, and theoretical molecular docking evaluation of 4-amino-
3-hydrazino-5-mercapto-1,2,4-triazole (AHMT) and its Co(i), Ni(1), and Cu(i) complexes. The proposed
structures were confirmed by elemental and spectroscopic analyses, yielding trans-N,S, in an equatorial
arrangement within an octahedral geometry. Numerous biological studies have been conducted on
AHMT, Co(i)-AHMT, Ni()-AHMT, and Cu(n)-AHMT. The synthesized scaffolds have been screened for
their antibacterial activity against various bacterial and fungal species. Notably, Ni()-AHMT is more
potent than the other hybrids. Indeed, the cytotoxic activity of the synthesized hybrids was assessed
against four human cancer cell lines: HePG2, MCF-7, HeP-2, and Hela. The findings revealed that Ni(n)-
AHMT has the most toxicity with ICsq values of 870 + 0.5 uM and 9.72 + 0.7 uM against MCF-7 and
HelLa cell lines, respectively. The enhanced antimicrobial and anticancer activities of the metal
complexes relative to the free AHMT ligand are attributed to Tweedy's chelation theory, which explains
that reduced metal polarity increases lipophilicity and membrane penetration. Mechanistic studies
revealed that Ni(1)-AHMT induces cell death primarily via apoptosis and causes prominent GO/G1 cell-
cycle arrest in MCF-7 cells. DNA-binding assays of the synthesized compounds were performed.
Additionally, the activity of superoxide dismutase (SOD) in the compounds has also been evaluated using
the NBT assay. The free ligand AHMT and its nickel complex Ni(1)-AHMT demonstrate notable radical-
scavenging capacity, achieving 75.8% and 70.2% inhibition, respectively, compared to the reference
antioxidant L-ascorbic acid (78.2%). Molecular docking experiments were conducted to understand the
binding interactions of AHMT and its metal complexes with DNA, B-lactamase, and human serum
albumin. The docking simulations were consistent with the in vitro findings and suggested that Ni(n)-
AHMT is a potential DNA groove binder and a potent antimicrobial candidate that merits further in vivo
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cytotoxicity of organic-based medications, prolonged infection
durations, and elevated mortality rates. To address these issues,

1. Introduction

Recently, there has been a rise in microbial and multidrug
resistance in the clinical area, adversely impacting health by
causing various diseases due to the ineffectiveness and
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it is essential to develop novel pharmaceuticals with broad-
spectrum biological activity to effectively eliminate microor-
ganisms. Coordination chemistry addresses this issue by facil-
itating the creation of metal-coordinated molecules. In the
same context, metal complexes containing triazole ligands
exhibit a broad spectrum of biological activity, capable of
combating resistant bacteria."” Metal-triazole complexes are
more likely to traverse lipid bilayer cell membranes. On the
other hand, humans require trace amounts of metals for
optimal physiological function, and new studies indicate that
incorporating metals into pharmaceuticals can enhance their
biological efficacy through chelation.
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Fig. 1 Marketed drugs based on triazole hybrid.>=>

Recently, triazole scaffolds have attracted considerable
interest as a prominent field of medicinal and coordination
chemistry research due to their high reactivity, biological
potential, flexibility, good photostability, and large Stokes shift.
In addition, triazole entities are present in various marketed
pharmaceutical drugs, including fluconazole, rizatriptan, riba-
virin, and anastrozole (Fig. 1) for antifungal activity, treating
migraines, an anticoronaviral agent, and a non-steroidal aro-
matase inhibitor, respectively.®” Also, triazoles can be
employed as radiopharmaceutical agents in bioimaging tech-
niques owing to their consequent luminescent properties.®

While the structural and electronic features of triazole
constitutions enable them to be rigid linking units and be
a critical factor in the electronic characters of a peptide bond,
without a hydrolytic cleavage effect. In the same context, tri-
azoles exhibit a much stronger dipole moment and dual func-
tionality as hydrogen donors and acceptors, enhancing their
extraordinary efficiency in the synthesis of coordination
network structures.®’

In particular, 4-amino-3-hydrazino-5-mercapto-1,2,4-triazole
(AHMT) (Fig. 2), which is commercially available as Purpald,
and its derivatives show various pharmacological activities
involving promising antifungal,® antimicrobial,® antitumor
agents against hepatocellular carcinoma,' pediatric brain
tumor,™ antiviral* and tyrosinase inhibitors."* On the other
hand, AHMT has high sensitivity and selectivity properties so
that it is utilized as a ratiometric electrochemical sensor for the
detection of formalin in residual food samples,'*'* pesticides,®
and toxic cations (Cd(u) and Cr(m)'”*®) in environmental and
industrial wastewater. Additionally, many biochemical mate-
rials containing picric, uric, and ascorbic acids, as well as lipoic
acid, can be easily detected by the AHMT sensor.*”

In contrast to Bagihalli et al.,® who described Co(u), Ni(1),
and Cu(u) complexes with Schiff bases from 3-substituted-4-
amino-5-mercapto-1,2,4-triazoles and 8-formyl-7-hydroxy-4-
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Fig. 2 The chemical structure of AHMT.
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methylcoumarin focusing on antimicrobial effects via O,N-
donor ligation, and Calu et al,” investigated thermal,
magnetic, and biological features of Co(u), Ni(u), Cu(u), and
Zn(um) complexes with a Schiff base from 3-amino-4H-1,2,4-tri-
azole and salicylaldehyde featuring O,N-chelation. The present
study pioneers the understudied 4-amino-3-hydrazino-5-
mercapto-1,2,4-triazole (AHMT) ligand as unique poly-
functional architecture offering versatile N,N,S coordination
modes via tautomeric thiol-thione (-SH/S), hydrazino (-
NHNH,), and amino groups that surpass simple 1,2,4-triazole
derivatives, enabling novel distorted octahedral geometries in
Co(u), Ni(u), and Cu(u) complexes. Its dual proton donor/
acceptor capabilities further foster strong H-bonds (e.g., -
NH---S, -SH---O=C stronger than conventional amide bonds)
with DNA base pairs, protein side chains, and biological thiols,
mimicking sulfur-modified nucleosides/phosphorothioates for
enhanced redox biology, enzyme inhibition, and biomolecular
interactions beyond the rigid imines of prior works.”>>* In
earlier research, metal complexes of AHMT with Pt and Pd;**
Sn;* Ru(n);*® [M(CO)s (M = Cr, Mo, W), Mn(CO);Cp]*® and oxi-
dovanadium(v)® were produced.

While AHMT coordination is not entirely unprecedented,
preliminary spectral studies date back over 35 years (e.g., Garg
et al. 1987;*° Varma et al. 1992 %), limited to basic IR/UV-vis
techniques on select metals (Cu(u),>?*° Co(u),?® Ni(u)*°) without
biology. Unlike Garg et al. (1987)* sulfate-based DMSO-water
reflux and Varma et al. (1992)* alkaline aqueous hot-plate Cu(u)
acetate/nitrate synthesis, this introduces chloride salts
(including novel CuCl,), neutral methanol reflux (3 : 1 ratio, 8 h
at 80 °C), yielding unique octahedral N,S,X, geometries
involving thiol-protonated structures with chloride coordina-
tion (see Fig. 3) with comprehensive characterization (FTIR,
elemental analysis, TGA, conductance, UV-vis, ESR, EI-MS,
magnetic moments) absent previously with detailed d-
d bands, g-values, s, and molecular ions. Most importantly,
this is the inaugural report of AHMT-M(u) with targeted bio-
logical profiles: cytotoxicity, antibacterial effects, DNA binding,
superoxide dismutase activity, antioxidants, apoptosis, cell
cycle analysis, and docking, transforming foundational chem-
istry into therapeutic potential.

2. Experimental
2.1. Materials and instruments

The SI contains detailed information on materials, instruments,
and biological studies.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 The chemical structures of the prepared complexes.

2.2. Synthesis of AHMT

The ligand (AHMT) (Fig. 2) has been prepared according to the
reported methodology** as shown in Scheme 1. The structure
and purity of the ligand have been confirmed by '"H-NMR in d-
DMSO and D,O (Fig. S1 and S2), C-NMR (Fig. S3), FT-IR
spectrometry (Fig. S4), and CHNS analysis.

AHMT: 'H NMR (DMSO-dg, 500 MHz): 6 (ppm) = 4.09 (br,
2H, NH,), 5.26 (s, 2H, NH,), 7.14 (s, 1H, NH), 12.68 (s, 1H, SH);
all protons are exchangeable with D,0; **C NMR (DMSO-dg, 125
MHz): 6 (ppm) = 164.4 (1C), 154.7 (1C); FT-IR (cm™): 3263,
3211, 3186, 3075, 3018 (NH,, NH), 1646 (NH,), 1591 (C=N),
2920 (S-H), 1456-1281 (C-N + C-C), 1156 (C-S). Color white
powder; m.p. 231-233 °C.>' CHN analysis calcd (%) for C,HeNgS
(146.17): C, 16.43; H, 4.14; N, 57.50; S, 21.93; found: C, 16.41; H,
4.19; N, 57.43; S, 22.02. UV/ViS Apay (DMSO)/nm: 266.

2.3. Synthesis of metal complexes

Three targeted complexes (Fig. 3) were synthesized by adding
a methanolic solution of 4-amino-3-hydrazino-5-mercapto-
1,2,4-triazole (AHMT) (3 mmol, 0.45 g) to metal chloride
(CoCl,-6H,0, NiCl,-6H,0, CuCl,-2H,0, 1 mmol, 0.24 g, 0.24 g,

Reflux for 4 hrs: 1he reaction was
————> cooled then add
about 200 g of ice

Thiourea
Hydrazine hydrate

Cu
N———N/\
N
2 \
-
HS
l\‘l H SH
NH,

and 0.17 g, respectively) dissolved in a hot methanolic solution.
The reactions were refluxed for 8 h at 80 °C.

[Co(AHMT),CL,]: FT-IR (cm ™ '): 3292, 3264, 3212, 3181, 3061,
3020 (NH,, NH), 1648 (NH,), 1596, 1543 (C=N), 2941 (S-H),
1443-1236 (C-N + C-C), 1158 (C-S). Color brown powder; m.p. >
300 °C. CHN analysis caled (%) for C;H;,N;,S,CoCl, (422.18): C,
11.38; H, 2.87; N, 39.81; S, 15.19; found: C, 11.31; H, 3.09; N,
39.62; S, 15.36. e (5.35u5) and conductivity: 2.1 Q' cm?
mol ™. UV/Vis Apax (DMSO)/nm: 268, 288, 416, 672.

[Ni(AHMT),Cl,]-H,O: FT-IR (cm™%): 3388, 3263, 3210 (NH,,
NH), 1646 (NH,), 1593 (C=N), 2931 (S-H), 1446-1235 (C-N + C-
C), 1196, 1157, 1157 (C-S). Color light green powder; m.p. >
300 °C. CHN analysis caled (%) for C4H,4N;,08,NiCl, (439.95):
C, 10.92; H, 3.21; N, 38.20; S, 14.58; found: C, 11.14; H, 3.66; N,
37.32; S, 13.83. piegr (2.14up) and conductivity: 3.5 Q' cm?
mol . UV/ViS Apax (DMSO)/nm: 272, 384.

[Cu(AHMT);]Cl,: FT-IR (cm™%): 3264, 3212, 3185, 3076,
3019 cm ' »(NH,, NH), 1647 (NH,), 1594 cm ' (C=N),
2918 em ™" (S-H), 1461-1212 (C-N + C-C), 1157 (C-S). Color grey
powder; m.p. 192 °C. CHN analysis caled (%) for CgH;gN;4S5-
CuCl, (572.96): C, 12.58; H, 3.17; N, 44.0; S, 16.79; found: C,
13.59; H, 3.12; N, 44.13; S, 17.67. fegr (0.99u3) and conductivity:
80.3 Q7! ecm?® mol . UV/Vis Apax (DMSO)/nm: 268, 296, 556.

Neutralization the Refri ted th Filter the formed ppt
reaction mixture efrigerated the 54 washing it by ice water
l:f> mixture at0 oc C
By addition of
Conc. HCI for 1 hour

; Digested the ppt in »
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N-N
HS/(NXNHNHZ
\
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Scheme 1 The outline synthesis of the AHMT ligand.

© 2026 The Author(s). Published by the Royal Society of Chemistry

' the filterate was neutralized by NaOH

The formed ppt was neglected and
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3. Results and discussion

3.1. General aspects

AHMT was reacted with CoCl,, NiCl,, or CuCl, at a 3:1 ligand/
metal ratio, leading to the formation of neutral and cationic
complexes with chemical formulae: [Co(AHMT),CL,],
[Ni(AHMT),Cl,]-H,O and [Cu(AHMT);]Cl, (Fig. 3). The
complexes were powdery in appearance and practically insol-
uble in water as well as in most of the common organic solvents.
Conductivity measurements in DMSO indicate the 1:2 elec-
trolyte behavior for [Cu(AHMT);]Cl, (80.3 Q' cm?® mol "),
whereas [Co(AHMT),Cl,] and [Ni(AHMT),CL,]-H,0 (2.1,3.5 Q"
cm?” mol?, respectively) are non-electrolytes.*?

3.2. Computational studies

Based on the earlier studies,**** AHMT ligand can exist in both
thiol and thione forms due to tautomerism (Fig. 4). As shown in
Fig. 5, DFT calculations were performed through the Gaussian
package confirms that the thiol tautomeric form is a more
bioactive coordinator than the other tautomeric form according
to the simulated electronic features involving energy gap (AE),
hardness (7), and softness (S).

AE = (Enomo — ELumo) 1)
N/NHZ
N N S N H HN—/—N
' \
/4 >\ o 'L’ SA )\ N/NHZ
HS N II\{ intermediate 1\‘1 H
|
X, NH,
Thiol form Thione form

Fig. 4 Thiol and thione forms of AHMT ligand.
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As the thiol conformer of AHMT (Eg,, = —5.686 €V) displays
greater biological and chelation potentiality through thiol and
amino functions, compared to the thione conformer (Eg,, =
—5.465 eV). On the other hand, the softness as a bioactivity
concept assures the relative convergence in the energies, value
of both geometrical tautomers of the thiol form with a value (S
= —0.351) in front of S = —0.366 for thione.

3.3. Characterization of the isolated complexes

3.3.1. Vibrational spectra. The important infrared
frequencies exhibited by AHMT and the isolated complexes are
listed in the Experimental section. The ligand molecule
contains a tautomeric thioamide moiety: HN—-C=S or N=C-SH
and hence gives rise to four characteristic bands in the IR
spectrum (Fig. S4). These bands are observed around 1456,
1329, 1156, and 650 cm ™~ *. Because of the redistribution of the
electron cloud, as a result of complex formation, there is
a systematic shift in these bands in the IR spectra of the
complexes as compared to those of the ligand (Fig. S1). These
shifts are consistent with the coordinating ability of the sulfur
atom to metal.*

AHMT's IR spectra (Fig. S4) showed characteristic absorption
bands at 3263, 3211, 3186, 3075, and 3018 cm " assigned for
NH,, NH-NH, groups,***” 1591, 1281 em ! corresponded to C=
N, C-N groups®*3* and 2920 cm ' specified for S-H group.’
Whereby, in the IR spectra of the metal complexes, it was
observed that the NH, group bands were shifted, indicating
binding of the NH, group with the metal ion. The characteristic
bands for »(S-H) and »(C-S) were clearly shifted in the spectra of
the Co(u)-AHMT and Ni(u)-AHMT complexes (Fig. S4), indi-
cating that the thiolic -SH group was still protonated and was

2Ps: "\ /7 ade.

LUMO )

E o= -5 465 eV

--0282eV

/ .N“ )

m,-z194s 460

Mo ol

E o=~ 6 223 eV

E yomo=- s 747 eV

Fig. 5 FMO levels for two tautomeric forms of AHMT and their chemical parameters.
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involved in coordination with metal ions.***° Consequently, the
coordination environment around the Co and Ni atoms involves
NH, and SH groups. While »(C=N) and »(C-N) bands shifted
downward in the CuCl,-AHMT complex, indicating that the
nitrogenous atom is involved in the coordination to the copper
atom. Therefore, the coordination sphere consists of NH, and
C=N groups around the copper atom. Whereas, a broad
medium band is allocated in the range 3200-3500 cm *,
attributable to the »(O-H) vibration of solvent molecules.* The
spectra (Fig. S4) showed bands in the 416-544 and 542-
668 cm ! regions, which are assigned to »(M-N) and »(M-S),
respectively.*>**

3.3.2. Electronic spectra. The UV spectrum of AHMT ligand
(Fig. S5) exhibits an absorption peak at 266 nm. This peak arises
from the conjugated aromatic triazole ring system. The elec-
tronic spectrum of [Co(AHMT),Cl,] (Fig. 6) shows two broad
bands in the visible region at 672 nm (14 837 cm™ ') and 416 nm
(24038 cm ™) assigned to Ty — *Ayg (v5) and *Tyy — “Tyy(P)
(v3) characteristic for an octahedral geometry. Moreover, the
value of the room temperature magnetic moment (ueg = 5.35up)
is taken as evidence for the existence of one high-spin cobalt
atom supporting an octahedral geometry.

The electronic absorption spectrum of [Ni(AHMT),Cl,]-H,0
complex (Fig. S5) shows a sole weak shoulder absorption band
at 384 nm, which is attributed to the *Ayy(F) — *Ty4(P) (v3)
transition, in favor of octahedral geometry. Also, the magnetic
moment value of Ni(u) complex assured the presence of two
unpaired electrons (d®) in the octahedral geometry (2.14ug).
However, the observed magnetic moment of 2.14up is lower
than the spin-only value (~2.83ug) expected for a high-spin
Ni(n) (d®) complex. It can be concluded that the low peg
(2.14up) indicates that [Ni(AHMT),Cl,]-H,O adopts a low-spin
configuration in a distorted octahedral geometry, with strong
ligand field effects and spin-orbit coupling reducing the
number of unpaired electrons. These findings align with
studies showing similar magnetic behavior in Ni(u) complexes
with strong-field ligands.****

25
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Fig. 6 Electronic spectra of complexes Co(i)-AHMT and Cu(i)-AHMT.
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The electronic absorption spectrum for [Cu(AHMT);]Cl,
complex (Fig. 6) shows a broad band at 556 nm, which corre-
sponds to a d-d transition typical for Cu(u) complexes in a di-
storted octahedral environment. The magnetic moment () of
0.999u3 is significantly lower than the spin-only value (~1.73ug)
expected for an isolated Cu(u) ion with one unpaired electron.
This reduced magnetic moment indicates strong antiferro-
magnetic coupling between Cu(u) centers in the complex, likely
mediated by bridging ligands or close metal-metal
interactions.***

3.3.3. Thermal gravimetric analysis. The thermogravi-
metric analysis (TGA) data reveal a three-stage decomposition
process for the Co(u)-AHMT complex (Fig. S6). In the initial
stage (28-60 °C), a 57.30% mass loss aligns closely with the
theoretical value of 57.59%, attributed to the release of volatile
fragments including Cl,, 4CN and 2H,S. This suggests efficient
dehydration and elimination of small molecules at low
temperatures. The second stage (60-502 °C) shows a 27.71%
loss (theoretical: 28.45%), likely from the release of volatile
fragments including 4N, + 4H,. Finally, the residue (502-800 °
C) constitutes 13.96% (theoretical: 14.99%) as metallic cobalt
(Co), confirming its thermal stability and role as an end
product. The thermogravimetric analysis (TGA) of Ni(u)-AHMT
complex (Fig. 7) demonstrates a multi-stage decomposition
process. In the first stage (28-201 °C), a 12.88% mass loss
(theoretical: 12.38%) corresponds to the release of H,O and
HCI, likely from dehydration and elimination of coordinated
ligands. The second stage (201-285 °C) shows a 21.89% loss
(theoretical: 22.40%), attributed to HCl, N,, and H,S, indicating
decomposition of nitrogen- and sulfur-containing ligand frag-
ments. At higher temperatures (285-434 °C), 24.54% mass loss
(theoretical: 24.57%) arises from 4CN and 2H,, reflecting
cleavage of cyanide groups and hydrogen evolution. The fourth
stage (434-541 °C) involves 17.59% loss (theoretical: 17.98%)
due to HsN;S, suggesting further breakdown of nitrogen-sulfur
hybrid moieties. The final residue (23.10%, theoretical: 22.89%)
comprises NiNj3, confirming the formation of a thermally stable
nickel-azide compound.

3.0
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Fig. 7 The TGA curve of Ni()-AHMT and Cu(i)-AHMT complexes.

Finally, the thermogravimetric analysis (TGA) of Cu(u)-
AHMT complex (Fig. 7) reveals a two-stage decomposition
process followed by residue formation. The initial stage (30-217
°C) exhibits a 24.88% mass loss (theoretical: 24.95%), attributed
to the release of Cl,, 2N,, and NH,, suggesting the elimination
of chlorine-containing ligands and nitrogen-rich fragments.
The second stage (217-572 °C) shows a substantial 58.01% loss
(theoretical: 58.36%), corresponding to the evolution of 2H,S,
6HCN, 3N,, NH,", and H,, indicating the breakdown of sulfur-
and nitrogen-based ligands, including hydrogen cyanide and
ammonium-related species. The final residue (572-800 °C)
constitutes 17.11% (theoretical: 16.68%) as CuS, confirming the
formation of a thermally stable copper sulfide compound.

3.3.4. Electron spin resonance. The Cu(u)-AHMT complex
exhibits an anisotropic ESR spectrum (Fig. 8) with distinct g
(2.10694) and g, (2.16285) values, indicative of an axially di-
storted environment around the Cu(u) ion. This pattern is
characteristic of a d,>_,» ground state, typically observed for
copper(u) ions in distorted octahedral or elongated square
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3000 3500 4000 4500 5000

Magnetic field (Gauss)
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2000 2500

Fig. 8 X-band ESR spectrum of Cu(i)-AHMT.
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planar geometries, and confirms the presence of a tetragonal
distortion due to the Jahn-Teller effect. Complementary
evidence from ESR parameters, optical absorption features, and
magnetic moment measurements persuasively supports the
conclusion that the [Cu(AHMT);]Cl, complex adopts a distorted
octahedral geometry around the copper(u) ion. This structure is
stabilized by the Jahn-Teller effect, which elongates along the z-
axis and gives rise to the observed spectral and magnetic
behaviors.

3.3.5. EI-mass spectrometry. The mass spectra for Co(u)-
AHMT and Ni(n)-AHMT complexes, shown in Fig. S7 and S8,
display molecular ion peaks [M]" at m/z values of 422.59 and
439.06 with relative abundances of 23.53% and 23.83%,
respectively. While the EI-mass spectrum of Cu(u)-AHMT
exhibits a molecular ion peak [m/z] at 524.68 with relative
abundance 42.57%, which corresponds to the fragment pattern
[M-NH,-SH]|" shown in Fig. $9. These observed peaks closely
match the calculated molecular weights, thereby confirming the
proposed chemical structures of the complexes.

3.4. Evaluation of biological activity

3.4.1. Antibacterial activity. The AHMT ligand and its metal
complexes exhibit varying antibacterial and antifungal activity,
depending on the coordinated metal ion (Fig. 9, S10 and Table
S1). The AHMT exhibits moderate antifungal efficacy against C.
albicans (16 mm inhibition zone, 59.2% activity index compared
to clotrimazole), surpassing its antibacterial effects against E.
coli (9 mm, 34.6%) and S. aureus (11 mm, 45.8%). The Ni(u)-
AHMT combination exhibits the most potent antibacterial
activity among the metal complexes, especially against S. aureus
(14 mm, 58.3% activity index), outperforming the Cu(u)-AHMT
complex (9 mm, 37.5%) and the Co(u)-AHMT complex (5 mm,
20.8%). This indicates that Ni(u)-AHMT coordination enhances
antibacterial efficacy compared with the unbound ligand.
Nonetheless, the ligand alone shows enhanced antifungal effi-
cacy relative to its metal complexes, as evidenced by a larger
inhibition zone against C. albicans (16 mm vs. 8-13 mm for the
metal complexes). The diminished activity of the Co(u)-AHMT
complex against all examined pathogens (3-8 mm inhibitory

© 2026 The Author(s). Published by the Royal Society of Chemistry
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zones) underscores the pivotal importance of metal ion selec-
tion in influencing efficacy. These results align with research
indicating that 1,2,4-triazole-metal complexes often exhibit
superior antibacterial activity compared to their ligands, but the
degree of enhancement depends on the metal's electronic and
steric properties.”*’

The antimicrobial screening revealed a clear correlation
between inhibition zone diameters (Fig. 9 and Table S1) and
Minimum Inhibitory Concentration (MIC) (Fig. 9 and Table
S2).*** The free ligand AHMT exhibited moderate antibacterial
activity against E. coli (MIC = 8 pg mL™ ') and S. aureus (MIC =
16 pg mL '), while demonstrating notable antifungal potency
against C. albicans (MIC = 4 pg mL™"). Upon coordination with
metal centers, the biological activity shifted significantly, illus-
trating the critical role of the metal ion in modulating the
antimicrobial profile. The Ni(u)-AHMT complex emerged as the
most effective agent in this series, demonstrating superior
activity against both Gram-negative and Gram-positive bacteria
and fungi. Notably, it achieved an MIC of 2 ug mL ™" against S.
aureus, representing an eight-fold increase in potency compared
to the free AHMT ligand (16 ug mL ™). It also showed strong
inhibition against E. coli (4 pg mL™") and C. albicans (8 pg
mL ™). This broad-spectrum efficacy suggests that the nickel(u)
center facilitates optimal membrane permeability and interac-
tion with multiple microbial molecular targets. The Cu(u)-

© 2026 The Author(s). Published by the Royal Society of Chemistry

AHMT complex showed selective potency against S. aureus (4 ng
mL "), though it was less effective against E. coli and C. albicans
compared to the free ligand. Conversely, coordination with
Co(u) resulted in a significant reduction in bioactivity (MICs 16~
64 g mL "), suggesting that the cobalt(m) center may hinder the
ligand's biological availability or pharmacophore orientation.
The enhanced antimicrobial activity of the metal complexes
compared to the free AHMT ligand is primarily governed by
Tweedy's chelation theory.>® The partial sharing of the metal
ion's positive charge with the ligand's donor groups (N and S
atoms) results in a decrease in the polarity of the metal ion and
a significant increase in the lipophilicity of the complex. This
promotes easier penetration through the lipoid layers of the
microbial cell membranes. Furthermore, coordination might
enhance the compounds’ ability to block the metal-binding
sites of microbial enzymes or to interfere with the respiratory
chain, ultimately leading to superior inhibitory effects, as evi-
denced by the lower MIC values.

3.4.2. Invitro anticancer activity. The AHMT ligand and its
metal complexes demonstrate varying cytotoxicity profiles
across the tested cancer cell lines (Fig. 10, 11 and Table S3), with
metal coordination playing a significant role in determining
potency. The AHMT exhibits moderate cytotoxicity, especially
towards HePG-2 (ICso = 18.01 £+ 1.4 uM) and HeLa (21.46 £ 1.5
uM), surpassing the efficacy of its Cu(u)-AHMT complex (40.62-
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Fig.10 The plot of series dilutions versus cell viability% in cell lines. Each data point represents the mean + SD (n = 3), with statistical significance

indicated by (*p < 0.05).

55.58 uM) and Co(u)-AHMT complex (42.84-64.48 uM). The
Ni(u)-AHMT complex exhibits significantly increased activity,
particularly against MCF-7 (8.70 & 0.5 uM) and HeLa (9.72 £ 0.7
uM), exceeding the efficacy of both the unbound ligand and the
reference drug sorafenib (SOR) in these cell lines. This high-
lights the role of nickel in enhancing efficacy, potentially
attributed to improved DNA interaction or redox activity.>~>
Notably, the compounds' potential toxicity was assessed using
the MTT assay on MCF-10A normal cells. The findings
demonstrated low cytotoxicity towards normal cells at concen-
trations effective against cancer cells, as presented in Fig. 11
and Table S3. Based on Tweedy's chelation theory,* coordina-
tion reduces the polarity of the metal ion and increases the
lipophilicity of the This preferential

complex. allows

14516 | RSC Adv, 2026, 16, 14509-14524

penetration through the more fluid, negatively charged
membranes of cancer cells. Consequently, the complexes reach
lethal intracellular concentrations in malignant cells more
effectively than in normal cells, explaining the observed
selectivity.

Co(u)-AHMT and Cu(u)-AHMT complexes exhibit reduced
cytotoxicity, underscoring the metal-dependent nature of their
antitumor effects. The Ni(u)-AHMT complex exhibits potency
comparable to that of doxorubicin (DOX) in MCF-7 cells (8.70 vs.
4.17 pM), indicating its potential as a targeted chemothera-
peutic agent. The selectivity index of Ni(u)-AHMT toward MCF-7
cells, is approximately 14.3, indicating that the compound is
about fourteen times more toxic to cancer cells than to normal
cells and therefore exhibits high selectivity and a potentially

© 2026 The Author(s). Published by the Royal Society of Chemistry
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favorable safety margin, suggesting that Ni(u)-AHMT exerts its
anticancer effects through ligand-specific mechanisms rather
than nonspecific nickel toxicity, as free Ni** ions typically
exhibit much lower selectivity and higher toxicity toward
normal cells. These trends align with research indicating that
triazole-metal complexes often enhance cytotoxicity by stabi-
lizing ligand-metal interactions and selectively targeting cells.>>

3.4.3. Apoptosis assay and cell cycle analysis. Cycle and
apoptosis analyses (Fig. 12 and 13) have been conducted on the
Ni(u)-AHMT complex to investigate the mechanism of cytotox-
icity. Whereas, flow cytometry results show that the Ni(u)-AHMT
complex induces cytotoxicity in MCF-7 breast cancer cells by
arresting the cell cycle specifically at the G1 phase. Whereas,
Ni(u) complex triggered a substantial accumulation of cells in
the G0-G1 phase (81.96%) compared to the untreated control
(59.38%). Consequently, there was a significant lessening in the
percentage of cells progressing to the S phase (13.39% vs.
28.75% in the control) and to the G2/M phase (4.65% vs. 11.87%
in the control). On the other hand, the cell death mechanism
induced by Ni(u)-AHMT is primarily apoptosis rather than

View Article Online
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pharmacophores. The obtained data show that Ni(u)-AHMT
induced a total apoptosis rate of 31.61%, representing
a substantial increase over the 2.77% observed in spontaneous
apoptosis in control cells.

3.4.4. Superoxide (SOD)-like activity. The AHMT ligand and
its metal complexes exhibit substantial superoxide dismutase
(SOD) activity (Fig. 14 and Table S4), with efficacy varying
depending on metal coordination. The unbound ligand exhibits
significant radical-scavenging ability, attaining 75.8% inhibi-
tion, which is equivalent to the reference antioxidant r-ascorbic
acid at 78.2%. Nickel coordination (Ni(u)}-AHMT) maintains
high activity (70.2%), but Cu(u)-AHMT (42.9%) and Co(u)-AHMT
(30.9%) complexes exhibit diminished efficacy.

This metal-dependent trend corresponds to SOD processes,
in which nickel's redox versatility facilitates effective superoxide
disproportionation via cyclic Ni(u)/Ni(m) transitions, whereas
cobalt's diminished activity may arise from reduced metal-
ligand cooperativity in electron transfer. The ligand's indepen-
dent efficacy indicates that its mercapto and hydrazino groups
facilitate radical stabilization, possibly via hydrogen bonding or
direct electron donation. These findings underscore AHMT's
dual function as an active antioxidant and a framework for
modulating metal-specific SOD activity, with nickel complexes
demonstrating notable potential for alleviating oxidative
stress.>»>

3.4.5. Antioxidant activity. The DPPH assay results
demonstrate the antioxidant activity of the AHMT ligand and its
metal complexes, assessed by their efficacy in scavenging free
radicals at different doses (Fig. 15 and Table S5). The unbound
ligand (AHMT) exhibits significant radical scavenging efficacy,
achieving an inhibition rate of 98.1% at 100 pM and an ICs,
value of 20.90 £ 0.14 pM, signifying a robust antioxidant
capability comparable to that of the reference vitamin C (IC5o =
16.81 + 0.10 uM). The Ni(u)-AHMT complex exhibits notable
activity, achieving 92.8% inhibition at 100 uM and an ICs, of
27.81 £ 0.19 pM, surpassing both Cu(u)-AHMT (IC5, = 33.51 £
0.22 uM) and Co(n)-AHMT (IC5, = 62.05 + 0.48 uM), which
demonstrate increasingly diminished antioxidant properties.
The data indicate that nickel coordination marginally reduces
but predominantly maintains the ligand's antioxidant activity,
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whereas cobalt complexation substantially diminishes it. The
DPPH assay substantiates the robust free radical scavenging
capacity of the AHMT ligand and underscores the role of metal
ions in altering its antioxidant characteristics.

3.4.6. Colorimetric assay for DNA binding affinity. The
DNA affinity of the AHMT ligand and its metal complexes was
assessed using a DNA/methyl green displacement assay, with
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Fig. 15 Antioxidant activity of AHMT and its isolated complexes.
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ICs, values denoting the concentration necessary to displace
50% of the dye (Fig. 16 and Table S6). The findings indicate that
the Ni(u)-AHMT complex demonstrates the most potent DNA
binding among the evaluated drugs, with an ICs, of 38.32 £+ 1.7
uM, closely rivaling the reference medication doxorubicin
(DOX), which has an ICs, of 31.54 + 1.5 uM. The unbound
ligand AHMT exhibits a moderate binding affinity of 41.85 + 1.9

X

33.51 -
27.81 -
g I
2 62.05 T
g
20.90 1
16.814 —=

VitC  AHMT Co(Il) Ni(l)  Cu(l)
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Fig. 16 DNA/methyl green colorimetric assay of AHMT and isolated
complexes.

uM, but the Cu(u)-AHMT and Co(u)-AHMT complexes display
increasingly diminished interactions with DNA, with ICs, values
of 57.60 + 2.2 pM and 71.13 £ 2.8 uM, respectively. This pattern
indicates that nickel coordination amplifies the ligand's
capacity to bind with DNA, possibly via enhanced intercalation
or groove binding, whereas copper and cobalt complexes
diminish this affinity. These findings underscore the impor-
tance of metal ion selection in shaping the DNA-binding prop-
erties of triazole-based drugs, with nickel complexes
demonstrating significant potential for DNA-targeted thera-
peutic applications.

3.5. Molecular docking studies

3.5.1. DNA binding. Cytotoxic agents are thought to exert
their effects by binding to DNA base pairs. Intercalation and
groove binding are two main binding modes of metal
complexes, including Co(u), Ni(u), and Cu(u), with DNA. Metal
complexes can interact with DNA via covalent hydrogen bonds
(HB) or non-covalent electrostatic forces.*® Intercalator metal
complexes can effectively insert into the base pairs of the DNA
double helix, disrupting its function.>® Groove binders disrupt
DNA replication and transcription and, accordingly, can induce
apoptosis and cell cycle arrest, making them effective cytotoxic
and antimicrobial agents.?”*® Metal complexes could also bind
within the grooves of the DNA double helix. The positively
charged metal and the negatively charged phosphate backbone
may also interact via electrostatic forces. The presence of an
aromatic ligand, such as 1,2,4-triazole, bound to a metal is ex-
pected to enhance DNA binding affinity through intercala-
tion.*>*® Considering these proven scientific facts, we decided to
evaluate the potential DNA-binding activity of 4-amino-3-
hydrazino-5-mercapto-1,2,4-triazole (AHMT) and its complexes
with Co(u), Ni(u), and Cu(u). This has been conducted in vitro,
and the obtained results were validated and rationalized using
in silico methods, including molecular docking. The free ligand
(AHMT) acted as a DNA groove binder through the formation of
three hydrogen bonding interactions within a distance range of

© 2026 The Author(s). Published by the Royal Society of Chemistry
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2.89-3.28 A. The terminal primary amine functionality of the
hydrazine group (NH-NH,) formed one HB with the nucleotide
base DA10, whereas the adjacent secondary NH group of the
hydrazine side chain built another HB with the amidic C=0
group of thymine (DT31). In the last HB interaction, the NH,
group attached to N-4 of AHMT served as a hydrogen bond
donor, while the carbonyl group of cytosine (DC32) served as an
acceptor. The docking score for this ligand was
—4.21 kecal mol . The cobalt complex Co(u)-AHMT displayed
—3.90 keal mol " as a free energy of binding and interacted with
DNA through a set of four HB interactions. This metal complex
interacted with the DNA nucleotide bases DG37, DA5, and DG6.
In this set of HBs, the terminal hydrazine moieties of Co(u)-
AHMT acted as HB donors in two interactions, whereas in the
other two, one of its chlorine atoms served as an acceptor.
Fig. 17 displays the extraordinary mixed approach of intercala-
tion and groove-binding pattern of the 1,2,4-triazole-nickel
complex Ni(u)-AHMT. This ligand displayed the highest dock-
ing score (—4.42 kcal mol™') and interacted with DNA by five
HBs and one 7t-H stacking contact. A bidirectional HB has been
observed between the nucleotide base DG4 and both chlorine
atoms of the metal complex. One of the terminal hydrazine
moieties formed a HB with the nucleotide base guanine DG6,
while the mercapto group acted as a HB acceptor to build one
more HB with DG38 within 4.22 A. A 7-H stacking contact has
been formed between this nickel complex and adenine nucle-
otide base (DG3). The relatively high docking score and the
extraordinary interaction pattern of this Ni(u)-AHMT complex
may help rationalize the better in vitro results of this ligand in
DND binding and cytotoxicity assessments.

The copper complex Cu(u)-AHMT displayed a relatively lower
binding energy (—2.24 kcal mol™") and revealed five HBs and
one m-H stacking interaction. The HB donor groups of this
ligand interacted with the nucleotide bases DA10, DT12, DC13,
DC32, and DT31, whereas the -H stacking has been developed
between the 1,2,4-triazole core and the pyrimidine ring of DT31.
Table S7 summarizes the docking scores, interaction distances,
interacting nucleotides, and interaction types for the free ligand
AHMT and its metal complexes.

3.5.2. PB-Lactamases inhibition. One major mechanism of
microbial resistance to commonly prescribed antibiotics is the
production of B-lactamases, a group of enzymes that hydrolyze
B-lactam antibiotics, rendering them ineffective.®* A wide range
of bacteria, such as E. coli and S. aureus, can develop this type of
antibiotic resistance. Thus, we decided to investigate the virtual
binding of AHMT and its metal complexes, Co(u)-AHMT, Ni(u)-
AHMT, and Cu(u)-AHMT, with B-lactamases. AHMT exhibited
a docking score of —4.00 kcal mol " and displayed two HBs and
two T-H stacking interactions with the biological target studied.
N-1 and the terminal amino group of the hydrazine function-
ality in AHMT worked as HB acceptors to form two interactions
with the amino acid residues Gly236 and Arg244. Within 3.47 A,
one hydrophobic interaction developed between the aromatic
ring of Tyr105 and the N-4 attached amine in AHMT. One
additional hydrophobic interaction formed between the 1,2,4-
triazole ring and the aliphatic side chain of Ala237. This virtual
binding pattern may support the relatively wider-diameter in

RSC Adv, 2026, 16, 14509-14524 | 14519
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Fig. 17 3D interaction patterns of AHMT (A), Co(i)-AHMT (B), Ni(n)-AHMT (C), and Cu(i)-AHMT (D) with DNA double helix.

vitro inhibition zones of AHMT against E. coli (9.00 mm) and S.
aureus (11 mm). Co(u)-AHMT produced the lowest docking
score (—3.11 keal mol ') and displayed five hydrogen bonds and
one ionic (electrostatic) interaction with five amino acid resi-
dues of E. coli B-lactamase (Met272, Glu104, Glu240, Asn132,
and Tyr105). This result is almost consistent with the in vitro
antimicrobial testing. Conversely, the nickel complex Ni(u)-
AHMT has shown the best combined results (scoring energy =
—5.77 keal mol™'; RMSD = 1.88; Table S8). Six HBs and one
hydrophobic interaction have been built between this antimi-
crobial candidate and the amino acid backbones of E. coli B-
lactamase. One of the terminal hydrazine functionalities of
Ni(u)-AHMT acted as HB donor/acceptor to form three covalent
interactions with Asn170 and Glu166 residues within 2.81-3.10
A. Ser130 and Ser235 residues developed two favorable HB
interactions with Ni(u)-AHMT within 3.59 and 2.77 A, respec-
tively. The aliphatic chain of Ala239 formed one 7-H stacking
contact with the 1,2,4-triazole ring of Ni(u)-AHMT. This unique
interaction profile contributes to rationalizing the superior in
vitro activity of Ni(u)-AHMT in antimicrobial testing (% activity

14520 | RSC Adv, 2026, 16, 14509-14524

indices for E. coli and S. aureus = 46.1% and 58.30%, respec-
tively). With —5.53 kcal mol " as a free energy of binding, Cu(u)-
AHMT interacted with B-lactamase through a set of covalent and
non-covalent interactions. Glu104 served as an HB donor and
an anionic partner, forming three hydrogen bonds and five
ionic interactions. Likewise, Glu240 formed an additional
hydrogen bond and one more ionic interaction, whereas Asn170
and Asn132 acted as HB donors and acceptors, forming two
covalent bonds. Table S8 and Fig. 18 show the detailed docking
results of AHMT, Co(u)-AHMT, Ni(u)-AHMT, and Cu(u)-AHMT
into E. coli B-lactamase.

3.5.3. Binding with human serum albumin (HSA). Because
of its ability to bind and transport anticancer, antimicrobial,
and other medications, human serum albumin (HSA) is
considered a key determinant and a major contributor to drug
delivery and pharmacokinetics.®® Considering this importance,
we examined the in silico binding potential of AHMT and its
metal complexes, Co(u)-AHMT, Ni(u)-AHMT, and Cu(u)-AHMT,
to HSA and compared them with the native HSA binder,
warfarin. Results of docking experiments showed that the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 18 3D interaction patterns of AHMT (A), Co(i)-AHMT (B), Ni(1)-AHMT (C), and Cu(i)-AHMT (D) with E. coli B-lactamase.

original warfarin-HSA complex (Fig. 19) shows three classical
HBs with Tyr150, Arg222, and Lys199 and one hydrophobic
interaction with Ala291.%
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Fig.19 Binding pattern of warfarin with the HSA. HBs are shown as red
dotted lines, while hydrophobic interactions are shown as faint green
dotted lines.

© 2026 The Author(s). Published by the Royal Society of Chemistry

The binding interaction of AHMT with HSA (Fig. 20) includes
a conventional HB with the amino acid Ser192 within 3.27 A,
and one hydrophobic interaction with Lys195 within 4.29 A. The
critical amino acid residues included in the binding interaction
of warfarin (Ala291, Lys199, and Arg222) were also found in the
binding interactions of Co(u)-AHMT and Cu(u)-AHMT with HSA.
The triazole ring in each ligand interacted through hydrophobic
stacking with the aliphatic chain of Ala291. Ni(u)-AHMT di-
splayed one of the highest docking scores (—4.06 kcal mol *;
Table S9), indicating its potential to effectively bind with HSA,
and consequently better distribution and delivery. Fig. 20 shows
the detailed docking results of AHMT, Co(u)-AHMT, Ni(u)-
AHMT, and Cu(u)-AHMT into the active pocket of HSA.

3.6. Structure-activity relationships (SAR)

The biological activities of AHMT and its Co(11), Ni(u), and Cu(1)
complexes are intricately associated with their structural char-
acteristics, which affect stability, solubility, and interactions
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Fig. 20 3D interaction patterns of AHMT (A), Co(i)-AHMT (B), Ni(1)-AHMT (C), and Cu(i)-AHMT (D) into the active pocket of HSA.

with targets. The planar triazole core of AHMT facilitates -
stacking and hydrogen bonding with biomolecular targets such
as DNA. Additionally, its amino (-NH,), hydrazino (-NH-NH,),
and mercapto (-SH) groups offer various coordination sites for
metal binding and radical scavenging. [Ni(AHMT),Cl,]-H,0O
(Ni(un)-AHMT) and [Co(AHMT),Cl,] (Co(um)-AHMT) exhibit
a monomeric octahedral structure, incorporating two bidentate
AHMT ligands alongside two chloride ions. This configuration
enhances DNA groove binding and B-lactamase inhibition by
optimizing the balance of hydrophobicity and charge distribu-
tion. On the other hand, [Cu(AHMT);]Cl, (Cu(u)-AHMT)
displays a cationic octahedral geometry coordinated by three
AHMT ligands. The charged nature of DNA enhances electro-
static interactions; however, steric hindrance from the three
ligands may diminish binding efficiency to enzymatic targets
such as SOD. Moreover, the d® configuration of Ni(u) enhances
ligand field stabilization and promotes redox inactivity, thereby
supporting the formation of stable DNA adducts and prolonged
antimicrobial effects. In contrast, the d° configuration of Cu()

14522 | RSC Adv, 2026, 16, 14509-14524

facilitates redox cycling, contributing to oxidative stress-
mediated cytotoxicity but with lower selectivity. The hydrazino
group in AHMT enhances the stability of metal chelation,
whereas the mercapto group contributes to antioxidant activity
through radical-scavenging mechanisms. The combination of
these groups in Ni(u)-AHMT yields 70-75% SOD-like inhibition,
surpassing that of Co(u) and Cu(u) analogs. Consequently, the
structural insights elucidate Ni(u)-AHMT's enhanced DNA-
binding efficacy through groove interactions, its antimicrobial
activity via B-lactamase inhibition, and its cytotoxicity, with an
ICs50 of approximately 8-9 uM against MCF-7/HeLa cells. The
findings highlight the importance of metal-ligand coordination
geometry and electronic properties in optimizing triazole-based
therapeutics. The selectivity of the synthesized AHMT
complexes toward malignant cell lines over normal cells can be
rationalized through the synergy between Tweedy's chelation
theory® and cancer cell physiology. The increased lipophilicity
of the chelates facilitates uptake across the hyperpolarized,
fluid membranes of cancer cells. Furthermore, the acidic

© 2026 The Author(s). Published by the Royal Society of Chemistry
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microenvironment characteristic of tumor tissues likely
promotes the selective intracellular release of the metal ions.
Once internalized, these complexes induce targeted apoptosis
by exploiting the high basal oxidative stress levels of cancer
cells, a mechanism that normal cells are better equipped to
resist due to their robust homeostatic and antioxidant
capacities.

4. Conclusion

In conclusion, the synthesis and evaluation of 4-amino-3-
hydrazino-5-mercapto-1,2,4-triazole (AHMT) and its Co(u),
Ni(u), and Cu(u) complexes demonstrate their significant
potential in biomedical applications. Structural characteriza-
tion confirmed the proposed configurations of the compounds,
while biological assays highlighted Ni(u)-AHMT as the most
promising candidate. It exhibited superior antibacterial and
fungal activity, and strong DNA-binding affinity, suggesting that
DNA is a key biotarget. Notably, both AHMT and Ni(u)-AHMT
displayed remarkable antioxidant activity via superoxide di-
smutase (SOD) mimicry, achieving ~75% inhibition in radical-
scavenging assays. Interestingly, Ni(u)-AHMT exhibited potent
cytotoxicity against MCF-7 and HeLa cancer cell lines (ICs,
values of 8.70 £ 0.5 uM and 9.72 + 0.7 uM, respectively), as
evidenced by a pronounced G0/G1 cell-cycle arrest (81.96% vs.
59.38% in control) accompanied by a strong induction of
apoptosis (total apoptotic cells 49.90% vs. 3.51% in control),
highlighting its potential as a promising apoptotic and cell-
cycle-modulating agent. Molecular docking studies further
validated these findings, revealing Ni(u)-AHMT's potential as
a DNA groove binder and antimicrobial agent through stable
interactions with biological targets like f-lactamase and human
serum albumin. These results position Ni(u)-AHMT as a multi-
faceted therapeutic candidate, combining antimicrobial, anti-
cancer, and antioxidant properties. Future in vivo studies are
warranted to explore its pharmacokinetics, safety profile, and
efficacy in complex biological systems, paving the way for novel
drug development inspired by 1,2,4-triazole-based metal
complexes.
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