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Abstract

Metal complexes have been utilized in medicine for thousands of years in various ways,
with positive benefits. They are well recognized as delivery and diagnostic agents with
anti-infective, antimicrobial, antidiabetic, and neurological properties. Based on this,
Co, Zn, and Cu complexes were synthesized using a Schiff base reaction and were fully
characterized. The complexes were then assessed using breast cancer cell line (MDA-MB-
453), and the data show that the Cu-ligand complex was the most potent anticancer agent,
followed by the Zn complex, and then the Co complex. This result is supported by DFT
theoretical calculations. In addition, the complexes were tested for their biological activities
against both Gram-positive and Gram-negative bacteria, and the data reveal that Cu had a
strong inhibitory effect on the growth of both types of bacteria. In summary, the copper
complex proved to be a potent anticancer and antibacterial agent, and it can be considered
for utilization in future therapies.

Keywords: transition metal complexes; synthesis; anticancer effect; DFT calculations;
antibacterial activity

1. Introduction

The field of medicinal chemistry holds metals in high regard. Groups three through
twelve on the periodic table are known as the “d block” elements, or transition metals [1].
Filling up their d shells led to the development of coordination complexes. A metal complex,
also known as a coordination compound, is a structure made up of a central metal atom
bound to a variety of nearby ligands or anions [1,2]. These complexes have the capacity
to interact and react with biomolecules in novel ways and through different modes of
action. Metal ions have significant effects on biological processes, and the study of how
transition metal chemistry might be used to treat or diagnose illnesses is an attractive field
in medicinal chemistry [3], which began in the past few decades with platinum complexes,
such as the cancer drug cisplatin [1]. There is a global epidemic of diseases brought
on by bacterial, fungal, and viral infections [4]. Other significant health issues include
diabetes [5], cancer [6], and malaria [6,7]. Various metals and nonmetals in the periodic table
have demonstrated their significance in the healthy functioning of the human body [8,9].
Specifically, d-block transition metal elements, such as manganese (Mn), iron (Fe), cobalt
(Co), copper (Cu), zinc (Zn), and molybdenum (Mo), are essential for regular biological
functioning and homeostasis [8,10]. Either a deficiency or an excess of transition metals
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can lead to various diseases in the human body [9], including Alzheimer’s disease [11],
Parkinson’s disease [12], cardiovascular diseases [13], cancer [14], and diabetes [8,15].
Therefore, it becomes necessary to discover new agents that may be employed as therapeutic
medications for bacterial and cancer treatments.

Schiff base reaction is a kind of condensation reaction where a primary amine and a
carbonyl molecule (an aldehyde or ketone) combine. The amine is added nucleophilically
to the carbonyl group in the reaction, and then a water molecule is removed in a dehy-
dration step. The water generated by these reversible processes is frequently eliminated
by employing techniques like molecular sieves or azeotropic distillation. Schiff bases are
selective toward metal ions and form complexes by transferring electrons from the active
ends they contain to the metal [16-19].

Based on this information, researchers have synthesized numerous transition metal
complexes for disease treatment and diagnosis, including those consisting of cobalt, copper,
and zinc [20-22]. First, cobalt is a naturally occurring element that forms the coenzyme
vitamin B-12 and exhibits distorted octahedral geometries, forming stable complexes with
many ligands, including water, chloride ions, and ammonia [23,24]. Studies have shown
that cobalt complexes can be utilized as antiviral and antibacterial agents [25], anticancer
agents [26], and antimalarial agents [8,27]. Second, copper is essential for several vital
biological activities [8], such as photosynthesis, iron metabolism, mitochondrial respiration,
catalytic cofactor, scavenging of free radicals, the transmission of electrons inside biological
molecules, certain neurological processes [28,29], and the redox chemistry of enzymes,
all of which are essential to cell physiology and can happen because of the two different
redox states of reduced copper (I) and oxidized Cu (II) [30]. Studies have also shown that
copper complexes exhibit anticancer activities [31,32] and function as antibacterial [32]
and antimalarial agents [33]. Third, zinc is a catalytic metal that plays a crucial role in
biological signaling systems [34], protein metabolism, and the immune system [35]. Zinc is
a structural metal that occurs in a variety of RNA- and DNA-binding proteins known as
zinc fingers [36]. Additionally, research studies have demonstrated that zinc complexes
exhibit anticancer and antibacterial properties [37,38].

Several ligands have played a significant role in the development of coordination
chemistry and form stable complexes with many transition metals [16-18]. In this study,
a thiosemicarbazone was used to form Co, Cu, and Zn complexes. Thiosemicarbazones’
inherent biological activity, structural flexibility, and multifunctional metal-chelating capa-
bilities have attracted a lot of attention [39]. Before their anti-tumor effect was discovered,
thiosemicarbazones were known to be metal chelators. They have a versatile thiourea
structure that allows them to incorporate other substituents or functional groups in ad-
dition to the C=N and C=S bonds in their own structure, which is advantageous for
metal coordination [39,40], and they exhibit a wide variety of biological activity, such as
antiviral [4], antifungal [17,25], and anticancer properties [40] (Figure 1).

A study on thiosemicarbazone metal complexes is novel when we use a different
metal, a new synthetic process, or a new ligand structure; when we focus on a biological
activity that has not been thoroughly investigated; or when a combination of powerful
computational and experimental techniques is employed. Studies that focus on creating
a next-generation molecule to boost a lead drug’s efficacy against germs or cancer, for
instance, are considered unique [41,42]. Therefore, cobalt(Il), copper(ll), and zinc(II) metal
complexes have been synthesized and characterized by CHNS analysis, mass spectroscopy,
proton and carbon NMR, FTIR, thermal gravimetric analysis, molar conductivity, differ-
ential scanning calorimetry, scanning electron microscopy, and dynamic light scattering.
The metal complexes were biologically evaluated for their anticancer activity using a breast
cancer cell line, and this was supported by a molecular geometry and computational
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methodology study. Additionally, the antibacterial activity of the metal complexes was
evaluated using both Gram-positive and Gram-negative bacteria, as shown in Figure 2.

Figure 1. Thiosemicarbazone is a metal chelator because of its carbon—nitrogen and carbon-
sulfur bonds.
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=

Figure 2. Schematic representation, starting from synthesis to biological evaluation.

2. Results

A Schiff base reaction was used to synthesize the ligand thiosemicarbazone, which
was then used to form metal complexes at the nanoscale. The obtained ligand and its metal
complexes are air stable. The complexes exhibit various colors. A solubility test indicates
that these complexes are insoluble in water but soluble in polar aprotic solvents, such as
DMSO and DMEF. The molar conductivities (A?) of the Co, Cu, and Zn complex results were
measured in a 1073 M DMSO solution. The low conductivity values (less than 50 uS/cm)
are 5.83, 4.34, and 21.52 (Q’1 cm? mol 1), respectively, indicating their non-electrolytic
nature. This confirms that chloride ions are not present outside the coordination sphere.
The Co, Cu, and Zn complexes were created and synthesized, and their structures were
fully characterized. The complex formulas, physical characteristics, elemental analyses,
thermal properties, molar conductivity, magnetic moment, and formula weights (LCMS)
derived from mass spectra are listed together in Table 1. The data illustrate that Co?* and
Cu?t complexes were formed in a 1:1 molar ratio (1 L:1 M) with the formula [M(L)].2H,O,
where M = Co?* or Cu?*, while Zn?* acts as (2 L:1 M) with formula [Zn(H,L),].
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Table 1. The analytical and physical characteristics of the ligand H,L and its metal complexes.

Dipole M.P. Calculated/(Found) (%)
Compounds Color M.Wt. Moment pre) A2
u C H N S M
Free ligand
31.02 5.21 36.17 27.60
H,L Pale yellow 232.32 - 225 - -
31.04 5.16 35.07 27.83
(CeENeSs) (31.04) G16) @507 (@789
Cu complex
Dark 329.89 21.84 25.48 19.44 20.31
[Cu(L)].2H,O 1.249 263-270 4.34 4.28 (3.80)
(CoHrsCuNeO»S2) brown (293.97) * (21.98) (24.33) (18.95) (19.89)
Cobalt complex
325.28 22.15 25.84 19.72 31.60
[Co(L)].2H,0 Brown 1.429 245-248 583 4.34 (4.65)
(CeHaCoNsO252) (288.97) * (22.22) (24.70) (19.68) (31.28)
Zinc complex
. 532.06 27.09 31.59 24.11 19.26
[Zn(H,L),] Beige (535.6) 1.837 268-272 21.52 (2783) 4.93 (4.95) (3177) (25.38) (18.95)

(C12H26N1254Zn)

A? is molar conductivity in Q1 em? mol~t. * Complex bound to water (humidity). CHNS is average of
three runs.

2.1. Elemental Analysis, Electronic Spectra, and Magnetic and Physical Measurements

The elemental analysis is in good agreement with the calculated results for the pro-
posed formula of the metal complexes, as described in Table 1.

2.2. Mass Spectra of Metal-Ligand Complexes (MS)

The MS of H,L (Figure 3) showed a molecular peak at m/z = 232.1 (7%), with weak
peaks surrounding it due to the presence of '3C and !N isotopes. The other positive
ions achieve peaks at 215.1 (15%), 174.2 (3%), 116.0 (100%), 86.1 (6%), and 56.07 (32%)
mass numbers (Scheme 1). The intensities of these peaks indicate the stability of these
fragments. The MS of [Co(L)].2H,O displayed a molecular ion peak of 100% intensity at
m/z = 288.97, corresponding to [Co(L)], as shown in Figure 4. The species that might have
formed after the removal of 2H,O could be observed, with the small peaks at 250, 163, and
158 representing sequential degradation of the molecule. The MS of [Cu(L)].2H,O showed a
peak of 100% intensity at m/z = 293.97, corresponding exactly to [Cu(L)]. This species might
have formed after the removal of 2H,O. The positive ion peak at 235 (2%) might be due to
the removal of methyl and amino groups. The other positive ions showed peaks at mass
numbers 192 (4%), 178.0 (1%), 164 (65%), 141 (13%), and 124 (16%), representing sequential
degradation of the molecule (Figure 5). With regard to the spectrum of [Zn(H;L);], a peak
appeared at m/z = 532.06 (calculated: 535.6), representing the molecular ion peak with 75%
intensity, and a peak of intensity of 100% appeared at 296.3, corresponding to [Zn(H;,L)], as
shown in Figure 6.

HsC CH, HsC CHs HsC CHs HsC CHs
\ / \ /> <\
HN—N N—NH = HN—N N*N\\ //N*N N*N\\ //N—N N—NH
H2N—< }'—NHZ H2N—< C C C C
% 4 \ 7
S S S S S S S
Chemical Formula: CgH5NgS; Chemical Formula: CgHgNsS, Chemical Formula: CgHgN,S, Chemical Formula: CgH;oN,S

Molecular Weight: 232.33 Molecular Weight: 215.30 Molecular Weight: 198.27

ﬂ |

Hi3C

)
HN—N
HZN«
s

Chemical Formula: C3H7N;S
Molecular Weight: 117.17

Molecular Weight: 170.24

CHy \ " HsGC  CHs
4
G C\\ N />—<\
N—NH = N—N = Q HN—N  N—NH
— c s / \
NH, \\S
S Chemical Formula: CHNS Chemical FOrm%l]a: 'C(’HNN-‘
X . Chemical Formula: C3H,N,S Molecular Weight: 142.20
Chemical Formula: C3HN;S Molecular Weight: 98.13 Molecular Weight: 59.09

Molecular Weight: 116.16

Scheme 1. Schematic representation of how the molecular peaks will break.
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Figure 3. Mass spectrum of ligand thiosemicarbazone (H,L).
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Figure 4. Mass spectrum of [Co(L)].2H,O.
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Figure 5. Mass spectrum of [Cu(L)].2H,O.
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Figure 6. Mass spectrum of [Zn(H;L),].

2.3. Nuclear Magnetic Resonance ('H and 13C)

The 'H NMR and *C NMR spectra of the free ligand and Zn-ligand complex were
recorded and are summarized in Table 2 and Figures 7-10. The ligand 'H-NMR spectrum
in DMSO-dg agrees with the proposed chemical structure. The two chemical shifts were
noted as singlet at 11.061 and 10.197 ppm (s, 1H, NH?®) and (t, 1H, NH”), while the doublet
chemical shifts were noted at 8.390 (dd, 2H, '°H,N) and 8.101(d, 2H, >H,N). The spectrum
also showed chemical shifts at 5 = 1.947 ppm for the CHj3 group at positions (3 and 14),
which were attributed to the methyl group protons. The 'H-NMR spectrum confirms that
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the thiosemicarbazone exists only in the thioketo form; there is no evidence for the existence
of the thioenol form. This conclusion was supported by the existence of chemical shifts
related to (NH) and the complete lack of a chemical shift related to (SH) of the thioenol
form [43]. The 3C-NMR spectrum of the ligand thiosemicarbazone (H,L) displayed a
chemical shift at 183.12 ppm, assigned to the thioketone carbon atom (8,9C=S) [44,45]. The
imine carbon (1,2C=N) chemical shift appeared at 148.37 ppm [44,45]. The peaks appearing
at 11.55 and 13.81 ppm can be attributed to the methyl group carbon atoms (3,14CHj3). It is
worth noting that we did not run NMR for the [Cu(L)].2H,O and [Co(L)].2H,O complexes
because they are paramagnetic complexes that significantly impact the interpretation of
NMR spectra by causing broadening and large chemical shifts. The 'H-NMR spectra of
the Zn?* complex showed that the thioamide protons appeared at 10.208 ppm, clarifying
that the Zn?* is bonded to the thioketo tautomer via the deprotonated thioamide sulfur
atom. The '3C-NMR spectrum of the Zn?>* complex showed that the thioamide (C=S) signal
shifted upfield by about 5 ppm compared to the parent ligand, thiosemicarbazone. This
upfield shift may be due to the movement of electron density from the thioamide moiety to
the Zn2* ions upon chelation, which could have caused the thioamide carbon nuclei to be
de-shielded, hence the upfield shift [46].

Table 2. 'H and '3C assignments of the ligand [H,L] and Zn*? complex.

H,L [Zn(H,L),] Diamagnetic
Position 1 5 1 5
H & (ppm) C 5 (ppm) H & (ppm) C 5 (ppm)
1 - —
5 148.37 148.27
3 1.947 13.81 2.168 11.54
4 - - - -
5 - - - -
6 - -
7 10.197, 11.061 10.208
8 - -
9 183.12 178.84
10 -~ -
8.390, 8.101 7.850, 8.404
12 - -
13 - - - -
14 1.947 11.55 2.508 11.54
14 3 3 H;C
H;C CH; 2 ~N3 S13
>— ,
12 e, ..N_g{u
6 \ H,N s / T—NHO6 NH;
HN—N4  SN—NH’ ,,N\\/Z"\s .
10H,N—(8 9—NH, 12 %m. cn
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Figure 7. The 'H NMR spectrum of the thiosemicarbazone ligand (H,L).
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Figure 8. The 13C NMR spectrum of the thiosemicarbazone ligand (HyL).

2.4. Infrared (FTIR) Spectra of Co, Cu, and Zn Complexes

The FTIR bands of the thiosemicarbazone ligand spectrum (Figure 11) showed peaks
at 3408, 3248, 3194, and 3149 cm ™!, which could be attributed to the imine v(N-H) and
v(NH,) [47-49]. The weak bands appearing at 3000, 2950, and 2990 cm~! could be at-
tributed to the azomethine and aliphatic protons [50,51]. The spectrum also displayed bands
at 1594 and 833 cm !, which are related to imine v(C=N) and thioamide v(C=S) [52,53]
groups, respectively (Table 3). These observations indicate that the thiosemicarbazone
existed only in thioketo form in the solid state. This conclusion is endorsed by the
absence of a band related to the v(5-H) linkage (generally appearing in the range of
2500-2600 cm 1) [43-45,54,55]. The manner of coordination can be observed by matching
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the FTIR spectra of the complexes shown in Figures 12-14 with the FTIR spectrum of the
thiosemicarbazone (H;L). Matching clarifies that the ligand (H,L) functions as a dibasic
tetradentate, bonding with the Cu?* and Co?* ions via the imine nitrogen atom. The
thioamide group, in its thioenol form, in the Cu?* and Co?* complexes forms a tetradentate
structure, and this confirmed, from the FTIR spectroscopy, binding of nitrogen atoms by
observing shifts in the C=N stretching frequency to lower wavenumbers. This method of
chelation was supported by the following four proofs:

1 ) Y
I T T T T T T T T T T T T T T 1
13 12 11 10 9 8 7 6 5 4 3 2 1 0 ppm
)L )\ ,L
3] g 2 5

I

T T T T T

T T T T T
200 180 160 140 120 100 80 60 40 20 0 ppm

Figure 10. The 13C NMR spectrum of the [Zn(H,L);] complex.

i.  The negative shift in position (4-30 cm ') and intensity of the band of the imine group
C=N) [56].

ii.  The displacement of the imine group v(N-H6,7) band upon chelation, signifying that
the thiosemicarbazone in these complexes interacted in the thioenol form, that was
endorsed by the appearance of a new band in the 1640-1690 cm ! region, assignable
to v(C=N-N=C) [56].

iii. The negative shift in position (113-184 cm~ 1) and intensity of the v(C=S) group, which
appears in the 649-720 cm~! range due to the v(C-S) group [57,58].



Int. J. Mol. Sci. 2025, 26, 10516 10 of 32

iv.  The appearance of new bands at 451-476 and 497-519 cm~1, which could be attributed
to v(M-S) and v(M <— N), respectively [58].

120 —
100 f
g“"'\rw""\"'\/" M| | /,\//\ U~ "ﬁ’d"-‘,(‘\v\
30 E A n RV &
\ |
S o
403 Al
20 3
0 3 "
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)
Figure 11. Infrared spectrum of the ligand thiosemicarbazone (H,L).
Table 3. FTIR spectral data for HyL and its metal complexes and their assignments.
v(H,0) v(C=N) v(C=S)
Compounds v(NH/NH,) v(C=N) * v(C-S) V(N:T) V(Mlll\” v(M:lS)
cm~1 cm~1 cm~1 cn cm cm
3408 sbr,
%LH NeSy) 3248 sbr, 15945 833 m 1300 m - -
67 H127N6=2 3194 sbr, 3149 sbr
[Cu(L)].2H,O 3407 sbr, 3250 sbr, 1595 s, -
(CaHpsCuNgO,Sy) 3187 sbr, 3144 sbr 1648 w 649 w 1298m 603 m 485w
[CoL)12H,0 g;}gg EE? 1503, N 1294 m 599 m 484 w
(C6H14C0N60282) 3148 sbr 1693 w 948m
[Zn(H,L),] 3408 sbr, 3248 sbr, 1594 s 831 m 1993 m 600 w 483 w

(C12H26N1254ZI’1) 3189 SbI', 3151 sbr - -

* New peaks in the structure. The intensity of the peaks: s = strong, w = weak, m = medium, br = broad,
sh = sharp.

On the other hand, the ligand (H,;L) worked as a neutral tetradentate, bonding with
the Zn?* ion via the imine nitrogen atom and the thioamide group in its thioketo form. It is
important to note that in the spectrum, the region around 3400-3100 cm~! shows a broad,
deep absorption, which indicates overlapping N-H stretching vibrations (possibly two N—
H groups from the thiosemicarbazone moiety). Even though it is labeled individually, it is
part of the broad, strong N-H/O-H stretch that absorbs strongly because these vibrations
cause large changes in dipole moments. N-H and O-H bonds are quite polar. Their
stretching motions produce a large change in dipole moments, which leads to high IR
absorption intensity. That is why even when the peaks are broad and overlapping, they are
still classified as strong.



Int. J. Mol. Sci. 2025, 26, 10516

11 0f 32

100:
g5 1658.5 1004.94cm- ss o7
o6 fl 1188 41cm-1
94- 1493
2990
2 1370.08cm-1 { 716 S2cnf
90 1
649.99¢cm-1
L 3248 27| 1233.07em-1 599 64cm1
36 3407.30cm-1 848 28cm-1
- 3189 40¢m-1 1159 S
15 a 3148.89cm-1 10447
1454 93cm-1 832.64cm-1
82-
I
80 1294.31cm-1
484 14cm-1
78 1593.55em{1
1495.25cm-1 1085.33cm-1
76-
74-
498 36cm-1
72-
0
4000 3500 3000 2500 2000 1500 1000 500450
cm-1
Figure 12. Infrared spectrum of the Co*? complex.
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Figure 13. Infrared spectrum of the Cu*? complex.
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Figure 14. Infrared spectrum of the Zn*? complex.
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2.5. Thermal Gravimetric Analysis (TGA)

To gain further insight into the nature of the complexes and their stabilization proper-
ties, thermo-gravimetric analysis was performed in the 25 to 800 °C range. The data are
summarized in Table 4, and as shown in Figures 15-18, it is evident that there is a clear
correlation between the weight loss achieved using the suggested and calculated formulae.
The TG thermogram showed that the ligand is stable up to 191 °C and loses the amino
group in the temperature range of 191-221 °C, subsequently decomposing completely in
the temperature range of 230-650 °C with a weight loss of 91.67% (calculated: 93.10%)
(Figure 15). The Co?**and Cu?* complexes displayed weight losses between 70 and 73 °C
and referred to two water molecules beyond the coordination sphere. The Co?* and Cu?*
complexes decomposed in one step within the temperature range of 250 to 800 °C, with
weight losses of 63.58% and 64.19% (calculated at 62.53% and 63.41%), leaving Cu*?C and
Co*2C, as shown in Figures 16 and 17. The TG thermogram for the Zn?* complex showed
that it is stable up to 157 °C and then starts to decompose to eliminate C1,HysN12S; at 265
to 800 °C, with a weight loss of 73.83% (calculated: 75.56%), leaving Zn;,S as a residue, as
shown in Figure 18 [59,60].

TGA .
Gl LE
%o RN
W Poind PATHE R ‘daigha Loss -6 043mg
Orrat L .-}“,\- } " 50 244
ot I AN [ e
et L i, 1II et ELE.
9 Enscinat ;mec
". Waight Loer FIMimg
\f RS-
I,
N
50.00} S 1-0.50
'\\.\HH\-
M\\
\\.
\H‘-\\\\
— +
0.00 — 4100
0.00 200.00 400.00 600.00 800.00
Temp [C]
Figure 15. TGA spectrum of the ligand thiosemicarbazone.
Table 4. Thermo-gravimetric data of thiosemicarbazone and its complexes (the minimum
temperature = 25 °C and maximum temperature = 800 °C).
o Weight Loss (%) .
Compounds Temp. (°C) Found (Caled.) Assignment
Free ligand 30-191 - Stable
H,L 191-221 7.38(6.90) Elimination of NH,
(C¢H12NgSy) 230-650 91.67 (93.10) Complete decomposition of the ligand
Copper complex 73.99 11.28 (10.91) -2H,0
[Cu(L)].2H,0 254-776 63.58 (62.53) - C4H;oNS,
(CH14CuNg02S,) 800 25.13 (26.54) Cu* 2C (Residue)
Cobalt complex 70 08.51 (11.07) -2H,0
[Co(L)].2H,0 269-761 64.19 (63.41) - C4H;oNSs
(CeH1,CoNGO,S,) 800 27.22 (25.50) Co*2C (Residue)
Zinc complex 30-157 -- Stable
265-750 73.83 (75.56) - C1pHN12Ss
[Zn(HaL)2] (C12H26N1254Zn) 800 2617 (24.34) Zn*2S (Residue)
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Figure 18. TGA spectrum of the Zn-ligand complex.
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2.6. Differential Scanning Calorimetry (DSC) Characterization

The results of the measured DSC curves for the Co, Cu, and Zn complexes show a
melting point range between 50 °C and 450 °C, as plotted in Figures 19-21. The metal com-
plexes showed different behaviors, with sharp endothermic peaks at the 200-350 °C range
first, which corresponds to the metal complexes’ melting points, and then broad exothermic
peaks in the Co*? and Cu*? complexes at 350-450 °C, which represent their decomposition
to form the respective metal sulfides. In the Co-ligand complex, the decomposition peak
was observed at 264 °C (Figure 19). In the Cu-ligand complex, three peaks were observed
at 247.0 °C, 259.0 °C, and 350.4 °C (Figure 20). Meanwhile, in the Zn-ligand complex, two
peaks were observed at 257.5 °C and 259 °C (Figure 21). In depth, the first complex to melt
was the Cu-ligand complex, followed by the Zn-ligand complex, and lastly, the Co-ligand
complex as the more difficult complex to melt.

DSC /(mWimg)

0.5 1

-0.5 1

1 exo Peak: 2643°C

50.0 100.0 1500 2000 2500 3000 3500 4000 4500
Temperature /°C

Figure 19. TG thermogram of the Co*? complex.

DSC /(mW/mg)

2.5

1254

0.5 1

-0.5 1

1 exo Peak 2590 °C
_/

Peak: 247.0 1€

Peak: 350.4°C

50.0 100.0 1500  200.0 2500 3000 3500 4000  450.0
Temperature /°C

Figure 20. TG thermogram of the Cu*? complex.
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Figure 21. TG thermogram of the Zn*? complex.

2.7. Investigation of the Complexes” Morphology by SEM

The surface morphology of the metal complexes was assessed, and several micrograph
images were taken at different magnifications, as shown in Table 5. The morphological
characterization of the Co, Cu, and Zn complexes revealed smooth nanoparticle shapes
without pores or cracks but with sharp edges. Generally, the nanoparticles’ size is better
than the micro size [52].

Table 5. The SEM morphologies of metal complexes at different micrograph magnifications (x100,
%500, and x1000) at low concentrations (5 and 10 uM) and high concentrations (50 and 100 uM).

Mag. Co-Ligand Complex Cu-Ligand Complex Zn-Ligand Complex

x 100

x 500

%1000

X1,000  1opm X1,000  10pm- 4 !
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Table 5. Cont.

Mag. Co-Ligand Complex Cu-Ligand Complex Zn-Ligand Complex

x2000
x5000
xs000  sym M
x: different SEM magnifications. Low magnification (x100), medium magnification (x500), and high magnifica-
tion (x1000).
2.8. Particle Size Measurements of Metal-Ligand Complexes by DSC
The particle sizes of the metal complexes are summarized in Table 6. The data show
that all metal complexes were in the nano-sized range, with diameters ranging from 226 to
266 nm. The Cu complex exhibited the smallest particle size, followed by the Zn complex,
and then the Co complex.
Table 6. Particle size measurements of the synthesized metal-ligand complexes.
Particle Size + Standard
Metal Complex Deviation Graph 3
(d.nm) =
. oy 2B
§e [ I I — =
- 3 [ I ° B =
Co-ligand complex 266.7 + 83.31 i [ I = —|
a | A 2 = =
/ \ / o = =
. ———— & B =
i o 88 =
Cu-ligand complex 226.9 + 75.18 id o A : N B : =
- - g g 3
i° o 3 3 3
e I R 3 = = =
Zn-ligand complex 254.9 + 68.87 f g B g
5 A [ A |

2.9. Cell Proliferation Assessments

The MTT assay of the metal complexes was tested against a breast cancer cell line
(MDA-MB-453). The data were obtained at different concentrations (0, 2.5, 5, 10, and 20 uM)
of the metal complexes, and the results are summarized in Table 7. According to a biological
evaluation, no detectable toxicity was observed prior to the 48 h treatment period [37,59,60],
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and cancer cell proliferation was inhibited for at least 72 h. The findings reveal that metal—-
ligand complexes possess strong anticancer properties. In depth, the Cu-L complex was
the most potent agent, killing MDA-MB-453 cells, with an ICsy value of 3.31 & 0.34 uM.
The second potent agent was the Zn-L complex, followed by the Co-L complex, with ICsg
values of 32.1 4 4.80 and 48.1 £ 3.06, respectively. The synthesized complexes proved their
strength as anticancer agents in comparison with the healthy HEK293 cells that exhibited
high ICs( values and did not cause strong cell death. Studies show that for the clinically
proven drug cisplatin, its ICsy values, measured by the MTT assay to determine cell death,
vary significantly depending on the cancer cell line, treatment duration, and the presence
of other compounds. For instance, a study on Hela cells reported an ICsq of 8.93 uM, while
a study on MCF-7 cells showed an ICs of 7.5 pug/mL for cisplatin, and another found an
ICs0 of 7.49 uM for A549 cells. Also, in ovarian and prostate cancer models, the IC5; was
around 10-50 uM. These results support our data demonstrating that the Cu—complex is a
potent anticancer agent [61-63] compared to the drug cisplatin.

Table 7. ICs5( data of breast cancer cell line treated with metal-ligand complexes.

Parameter

Dilution Used to Treat the Cells with the Metal Complexes/ug

Breast cancer - MDAAMB453 o
80
70
60
S0
40
30
20
10
0

20 10 5 2.5 Oug

M Drug conc. pug H Co complex M Cu complex Zn complex

100

% viability

Co-ligand complex
1:1

H,;C CH;

o \

S VA

\ S/ ibs /
00'0 l‘S 50 IC; o 200
H2 H2 Concentrate uM, MDAMB453

Co-Complex

% Viability
8
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Table 7. Cont.

Parameter Dilution Used to Treat the Cells with the Metal Complexes/ug
Drug conc pg 0 2.5 5 10 20
Mean—blank 100 69.2 68.4 63.6 48.1
Standard deviation 8.00 7.15 7.08 8.29 3.07
HEK?293 - - - - 80.50 + 3.139
H,C CH,
Cu-Complex

Cu-ligand
complex
1:1

8

o \

NN

H2 HZ * " Concentrate uM, MDAMB4S3

% Viability

Drug conc ug 0 2.5 5 10 20
Mean—blank 100 9.80 6.06 3.91 3.31
Standard deviation 7.97 1.58 0.34 0.44 0.34

- - - - 66.66 + 4.586

HEK293

Zn-ligand
complex
2:1

Zn-Complex

% <

% Viahility

Concentrate pM, MDAMB453

Drug conc pg 0 2.5 5 10 20
Mean—blank 100 67.1 55.7 45.2 32.1
Standard deviation 245 0.92 6.14 3.17 4.80
HEK?293 - - - - 67.77 + 5.875

MDA-MB-453: breast cancer cell line with high androgen expression. HEK293 is a human embryonic kidney cell
used as a healthy control + standard deviations.

2.10. Computational Analysis of Optimized Geometry and Energy Gap

Several physical properties, including frontier molecular orbital energies (eV), ion-
ization potential (IE), electron affinity (EA), electronegativity (x), global electrophilicity
(w), chemical potential (i), global softness (S), and dipole moment, can be determined by
optimizing the structure and frequency of compounds using quantum chemical calcula-
tions. For the metal-ligand complexes, the geometric characteristics are summarized in
Figures 22-24, and the physical parameters are given in Table 8. In this study, the low-
est unoccupied molecular orbital (LUMO), which acts as an electron donor; the highest
occupied molecular orbital (HOMO), which acts as an electron acceptor; and the struc-



Int. J. Mol. Sci. 2025, 26, 10516 19 of 32

tural parameters, dipole moments, and nonlinear optical properties of the Co, Cu, and Zn
complexes were calculated by both B3SLYP/LANL2DZ and B3LYP/GENECP/LANL2DZ-
6-311G (B3LYP/MIX) methods. In the optimized structures of the complexes, the metal
salt was found to be complexed with two water molecules, as confirmed by various spec-
troscopic tools. The frontier molecular orbital HOMO of the complexes exhibits similar
behavior, and the charge density localizes in the metallic region of all complexes. The
energy gap (AEHOMO-LUMO) is the difference in energy between the HOMO and LUMO
(Figure 23) [64,65]. A molecule is more stable, harder, and less reactive when its energy
gap (AE) is larger, and vice versa [65]. Therefore, the order of the energy gap values is
arranged in the following order: Co > Zn > Cu complex. The calculation of the Cu-ligand
complex proved that it is the least hard complex (1) with the highest softness (o) parameter,
which proved that this complex is the most reactive complex biologically, followed by the
Zn and then Co complexes. The DFT calculation agreed with the biological anticancer
results. Figure 24 illustrates the electrostatic potential maps in the three-dimensional
distribution of charge in each metal-ligand complex, represented by several colors: the
most electronegative is represented by red, the most positive is represented by blue, and
zero potential is represented by green [66]. Red < orange < yellow < green < blue is the
order in which the potential progressively rises from negative to positive. The lone pair
of electronegative atoms is typically found in regions with the highest electronegative
potential. From the MEP map of the metal-ligand complexes, it can be observed that the
negative regions in the molecule are considered as nucleophiles, such as the oxygen, sulfur,
and nitrogen atoms of the complex. However, the maximum positive regions are localized

around the electrophile’s hydrogen atoms, and these findings are supported by previous
studies [67,68].

Figure 22. The optimized molecular structures of the Co—, Cu-, and Zn-ligand complexes are shown
as ball-and-stick models.

Table 8. Theoretical energy calculations and dipole moment of the studied metal-ligand complexes
and their interaction products.

ID Eqotal E* E AE I=-E A=-E H = (Enomo — = p=—0+ X=
(Hartree) HOMO LumMo HOMO LUMO Erumo)\2 1\n A)\2 T+ A2
CoL —1175560  —5.667 —1.498 4169 5.667 1.498 —2.084 —0.480 —1.249 3582
complex
Cu-L —1918132  —4335 —1.858 2478 4335 1.858 —1.239 ~0.807 —1.429 3.097

complex
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Table 8. Cont.

D Ewnl E* : A I=—E A=-E  H=(Euomo — S= h=—(1+ X=
(Hartree) HOMO LUMO HOMO LUMO Erumo)\2 1\n A)\2 I+A)2
Zn-L 1762038 —5.668  —2.674 2.995 5.668 2674 —1.497 —0.668 ~1.837 4171
complex

* E = energy (eV); the lowest unoccupied molecular orbital energy (ELymo); the difference between HOMO
and LUMO energy levels (AE); Mulliken electronegativity (X); global hardness (n); global softness (S); dipole
moment ().
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Figure 23. Frontier molecular orbitals for Co—, Cu—, and Zn-ligand complexes calculated in the gas
phase using the BSLYP/GENECP method; energy level of HOMOs and LUMOs; and Egap (AE).

s.158e-2 I ) |} N s.158e2 -6.6082 [ E W cose2
Co

-5.244¢-2 0 j o U 5.244e-2
Zn

Figure 24. ESP maps of Co—, Cu—, and Zn-ligand complexes by mapping the total density over the
molecular electrostatic potential calculated in the gas phase.
2.11. Antibacterial Evaluation

The antibacterial activity of the newly synthesized free ligand and the Co-, Cu—, Zn-
ligand complexes was evaluated using the disk diffusion method against Gram-positive
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(Bacillus subtilis) and Gram-negative bacteria (E. coli). Trials were conducted three times,
and the recorded values represent the mean average, as shown in Table 9. The results show
that the free ligand was ineffective against both Gram-positive and Gram-negative bacteria,
as proven in a study on the chelating activity of (2E,2'E)-2,2’-(pyridine-2,6-diylbis(ethan-1-
ylidene)) bis(N-ethylhydrazinecarbothioamide [69]. In Gram-positive bacteria, the most
potent nano metal-ligand complex was copper, followed by the cobalt complex, with no
effect on bacterial growth inhibition observed for the zinc complex. This is consistent with
chelation theory, which postulates that chelation enhances metal complexes’ capacity to
cross the cell membrane and explains the antibacterial action of metal complexes [70-72].
In our study, the Cu-L complex had more potent inhibition zones compared to the bacterial
drugs penicillin and ampicillin [73], with 6 and 7mm, respectively, against Gram-positive
and negative bacteria [69]. On the other hand, the data show a weak effect against Gram-
negative bacteria at different tested concentrations (5 and 10 mg), with no effect observed
for the other complexes [69]. A study revealed that nano Co— and Zn-ligand complexes
showed antibacterial activity that is higher than the free ligand. In sum, according to the
findings, when compared to the free ligand, the copper complex shows promise as an
antibacterial agent in Gram-positive and negative bacteria.

Table 9. Antibacterial activity of synthesized nano metal-ligand complexes (5 and 10 mg/mL) with
the test organisms E. coli and Bacillus subtills. The drugs penicillin and ampicillin were used as our
control for Gram-positive and negative bacteria, respectively.

Strain/Concentration 5mg 10 mg
Bacillus subtills Inhibition zone
(Gram positive) mm
Co-L complex 9 9.3
Cu-L complex 123 14
Zn-L Complex Nill Nill
Free ligand Nill Nill
Strain/concentration 5mg 10 mg

E. coli inhibition zone
(Gram negative) mm
Co-L complex Nill Nill
Cu-L complex 5.6 6
Zn-L Complex Nill Nill
Free ligand Nill Nill
Gram positive Gram Ne{gative
Bacteria ij:r Lon
L "‘:E
7 Cytoplasm o
Plasma

,
membrane

Periplasmic
space — —

_Peptidug]yc?n

Outer
membrane
v
2”'#'\'\;{ Thiosemicarbazone targeting cell wall, enzyme, genetic replication.

The zone inhibition diameter in millimeters (mm) and the standard deviation of three separate tests for each strain.
Red arrows showed the inhibition zones.
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3. Discussion

In this research, we designed and synthesized metal-ligand complexes and biologically
evaluated them. The physical parameters and chemical characterization confirmed the
complexes’ molecular weight, purity, and structures. The TGA and DSC results are parallel
and prove the complexes’ stability under the effect of different temperatures. According to
the TGA data, the complexes were stable until 70 °C, while according to the DSC data, the
complexes’ stability reached 247 °C. It is essential to note that the normal body temperature
is 37 °C, and a fever ranges from 38 °C to 41 °C, which indicates that our complexes are
stable if they are considered as chemotherapy drugs in the future.

The results of the SEM and DLS techniques are parallel and prove the nanoparticles’
morphologies and the sizes of the complexes. According to previous research, nanoparticles
readily accumulate in cancer cells [73-75]. Furthermore, these complexes are excellent
choices for delivering anticancer medications to cancer tumors and tissues due to their small-
sized nanoparticles and biocompatibility [76]. Studies have proven that many nanoparticles
are selective, promising agents for anticancer, antimicrobial, and anti-Alzheimer treatments,
such as ZnO, AgNPs, SnO, CuO, and FeO [77-81]. Generally, due to their better efficacy and
capacity for selective targeting, nanoparticles are beginning to replace more conventional
cancer treatments, including radiation, chemotherapy, and surgery [81]. Additionally,
studies have proven that the size of nanoparticles determines how they interact biologically
with cells and the body, affecting uptake, targeting, and the enhanced permeability and
retention effect [52,82,83]. Current chemotherapy for cancer causes cytotoxicity, a lack of
selectivity, multidrug resistance, and the growth of stem-like cells [53]. For a range of
cancer treatments, these nanomaterials, which target the immune system, DNA, tumor
microenvironment, and cancer cells, have been modified to increase drug capacity and
bioavailability, reduce toxicity, and enhance selectivity [2] compared to conventional cancer
therapy drugs [75,76]. Scientists are constantly developing novel and effective nanoparticles
for drug delivery in medicine [44,45] for imaging and diagnostics [66]. In addition, studies
have proven that nano complexes possess antibacterial and antifungal properties [84-87].
In sum, considering all these findings, further research is necessary to mitigate toxicity and
improve clinical outcomes in medication delivery using nanoparticles.

When nano metal complexes interfere with critical metabolic processes, break down
vital proteins like enzymes, or cause oxidative stress, they can be harmful to cells. Also,
a metal’s toxicity is determined by its type, its concentration, and the cell’s capacity to
detoxify or control it. The production of reactive oxygen species (ROS), DNA damage, and
disruption of cellular functions, such as differentiation and proliferation, are some of the
mechanisms of action. These complexes can stop tumors from growing and spreading by
disrupting their growth. However, toxicity, resistance, and selectivity issues frequently
plague the research and therapeutic application of metal compounds, despite their potential
as anticancer medicines [88-91]. Additionally, while considering metal complexes with
antibacterial properties, several elements should be considered, including the chelate effect,
the ligands’ nature, the complex’s overall charge, and the type of ion that neutralizes the
specific ionic complex [92]. The findings of a recent 2023 study support our finding that the
copper complex exhibited superior anticancer activity and selectivity against a cisplatin-
resistant lung cancer cell line [91]. Previously, studies showed that thiosemicarbazone
complexes have antimicrobial [17,19], antiviral [4], antibacterial [25,37,38], antifungal [4],
and anticancer activities [25,37,38]. Additionally, research has shown that metal complexes
have stronger anticancer effects than free ligands [54], which is parallel to our anticancer
data. All these data are supported by a study conducted by Hoda El-Shafiy in 2017, where
the nano complexes of Zn (II), Cu (II), Ni (II), and Co (II) ions were much more potent than
the ligand itself [92].
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The coordination, orientation, aromatic moiety, ligand binding [3], and solubility
of metal ions all contribute to the overall stability of such complexes [54]. In addition,
practical biomedical research focuses on synthesizing new transition metal complexes
at the nanoscale to create new materials with unique physical, chemical, and biological
properties [64] that have effective potent biological activities, which can benefit the medical
field. Despite being a very successful platinum-based medication, cisplatin has serious
adverse effects, including ototoxicity, neurotoxicity, and nephrotoxicity. Alternatives with
potentially distinct toxicity profiles or modes of action are being investigated, including
complexes with metals including gold, ruthenium, and copper, as well as the platinum
analogs carboplatin and oxaliplatin. Furthermore, cisplatin also causes gastrointestinal
toxicity, ototoxicity, and myelosuppression. Research is actively focused on developing
new metal complexes with better safety profiles and improved efficacy with promising
potentials [93-95]. Based on all these results, the synthesis and development of new agents
is required.

The results of the DFT calculation of the metal-ligand complexes agree with the
biological anticancer results. The Cu complex is soft and more biologically active than
other complexes. A study conducted in 2021 by Howsaui et al. found that the Cu(Il)
complex exhibits good reactivity, revealing good toxicity and inhibition activity against the
examined cell lines [96]. In relation to electron density, the molecular electrostatic potential
(MEP) is a crucial metric for identifying potential sites of electrophilic/nucleophilic attack
and hydrogen-bonding interactions in newly synthesized complexes. These results support
our finding that the Cu complex is potent.

Moreover, according to the findings of an antibacterial study, when compared to
a free ligand, copper complexes also show promise as antibacterial agents against both
Gram-positive and Gram-negative bacteria. The complexes can act by damaging cell walls,
killing bacteria, or preventing biofilm formation [97]. The recent findings between in vitro
and computational studies will provide a solid background for researchers for future
developments.

4. Materials and Methods
4.1. Materials and Reagents

We synthesized the metal-ligand complexes in our laboratory at Kuwait University.
All chemicals and biological supplies were graded as analytical reagents. They were pure
and ready for direct use, including hydrazine carbothioamide, ethanol, diethyl ether, DMSO,
CuCl,, CoCly, ZnCl,, the DMEM medium, FBS, penicillin/streptomycin, 1% L-glutathione,
PBS, WST-1 test Kit (ab65473, Abcam, Cambridge, MA, USA), and nutrient agar. All
were purchased from Sigma-Aldrich, Germany, and E. Merk. The Escherichia coli (E. coli)
and Bacillus subtilis strains were provided by the biology department. All complexes
were dissolved in dimethyl sulfoxide to prepare chemical stock solutions (ug/mL) for
antibacterial treatment and assessment. In addition, all bacterial studies were performed
near a flame to prevent any contaminations.

4.2. Instruments Used

All chemical spectral analyses were conducted at the Research Sector Project Unit
(RSPU) at Kuwait University. Thin-layer chromatography (TLC) was used on pre-coated
aluminum plates with silica gel (Merk 9385) to detect the reaction endpoints. The molecular
weights of the samples were determined using the EI (70 eV) mode of the VG AutoSpec
QMS 30 and MSg (AEI) spectrometer and were then confirmed by mass spectroscopy using
LCMS. On an elemental uni-cube superuser, elemental analysis (CHNS) was carried out.
A Bruker DPX 600 NMR spectrophotometer (Bruker, Billerica, MA, USA) was used to
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collect 'H and '*C nuclear magnetic resonance (NMR) spectra at 600 MHz and 150 MHz,
respectively, in DMSO and CDCl;. Fourier-transform infrared spectroscopy (FTIR) spectra
were collected in the 400-4000 cm ! range using a Jasco 6300 FTIR (Jasco, Tokyo, Japan). A
scanning electron microscope (SEM) was used to check morphology. The dynamic light
scattering (DLS) technique was used to determine the size of the metal complexes (Malvern
ZetaSizer (Z5)). Additionally, heat flow was measured using DSC to characterize the metal—-
ligand complexes. Furthermore, the sample’s weight change in relation to temperature was
measured using thermal gravimetric analysis (TGA).

4.3. Synthesis
4.3.1. General Synthesis of the Ligand: 2,2’-(butane-2,3-diylidene)
Bis(hydrazine-1-carbothioamide)

2,2’-(butane-2,3-diylidene) bis(hydrazine-1-carbothioamide) (H,L) (3) was synthesized
as shown in Scheme 2 via the gradual addition of 30 mL of a hot ethanol solution of
hydrazine carbothioamide (1) (18.12 g, 0.2 mol) to 30 mL of a hot ethanolic solution of
2,3-butandione (2) (23.2 g, 0.1 mol). This was followed by heating the mixture under reflux
with continuous stirring, utilizing a heating mantle, for two hours. The formed precipitate
was collected by filtration, washed with absolute ethanol and diethyl ether, and finally
dried under vacuum over silica gel to produce H,L (3) with a yield of 77%.

H;C CH;
HN/ Q O Reflux,Stirring / \
. W EOR HN—N: :N—NH
S NH, H,N NH,
1 2 3
. S S

hydrazine 2,3-butandione

carbothioamide 2,2'-(butane-2,3-diylidene)bis(hydrazine-1
-carbothioamide)

Scheme 2. The starting materials hydrazine carbothioamide and 2,3- butandione that were used to
synthesize the ligand HyL (3).

4.3.2. General Synthesis of the Metal-Ligand Complex

The synthesized 2,2'-(butane-2,3-diylidene) bis(hydrazine-1-carbothioamide) (H,L)
(3) was used as a ligand (as a Lewis base—electron donor) for the reaction with metal
chloride salt (as a Lewis acid—electron acceptor) to form our target complex. The Co-,
Cu-, and Zn-complexes were prepared by refluxing 1 mmol of the ligands (3) under
investigation with 1 mmol of the metal salt CuCly, ZnCl,, and CoCl; in an ethanoic solution
in a water bath for 2-3 h, as shown in Scheme 3. The resulting solid metal-ligand complexes
were filtered off; washed several times with absolute ethanol, followed by diethyl ether;
and then dried in a vacuum desiccator over anhydrous calcium chloride, yielding a product
of 80% purity. In addition, to make sure that the complexes were free of Cl ions, we ran
a silver nitrate test. First, we dissolved a small amount of the metal-ligand complex in
distilled water. Then, we added a few drops of diluted nitric acid (HNOj3) to remove any
interfering anions, like carbonate ion. There were no observable white precipitates of AgCl,
which means that there were no free chlorides present in the metal-ligand complexes.
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H,N

CH, H;C CH;

/A /N

HN—N N——NH

S

N N
%NH-Z MCl, Reflux, Stirrin N/ \M/ \N

/\ 2h, EtOT \ / /:
S S \S
2,2'-(butane-2,3-diylidene)

bis(hydrazine-1-carbothioamide) HN - Metal complex

NH,
Scheme 3. General scheme of chelation of the metal-ligand complexes.

4.4. Generating Thermal Gravimetric Curves (TGA)

This technique provided more insights into the stabilization and water molecule
characteristics of the complexes. TGA was conducted for all metal-ligand complexes,
weighing 5 mg, which were placed in a Pt pan and heated in a nitrogen environment
between 25 and 800 °C for 10 min. According to TGA statistics, a clear correlation exists
between the calculated and recommended formulas for weight loss [98].

4.5. Differential Scanning Calorimetry Technique (DSC)

The thermal analysis tool known as DSC monitors a sample’s temperature and physical
properties over time in both hot and cold conditions. Five milligrams of each sample were
weighed on a sealed Al pan, heated from 25 to 500 °C for ten minutes at a heating rate
in an argon environment, and the DSC curves for the metal-ligand complexes were then
recorded [59,60,69].

4.6. Investigating the Complexes” Morphology by SEM

The surface morphology of the complexes was assessed by utilizing the JEOL-EDS-
KU-RSPU system to obtain several SEM readings at 15.0 kV at various micrograph magnifi-
cations (x 100, x500, x1000, x2000, and x5000). Uniform morphologies were identified
through morphological characterizations [74,76].

4.7. Particle Size Measurements by DLS

The Malvern Zeta Sizer (ZS) is an analytical instrument used to measure the size,
zeta potential, and molecular weight of particles in solutions. It utilizes dynamic light
scattering (DLS) for particles with sizes ranging from 0.3 nm to 10 um. The electrophoretic
light scattering (ELS) is >£500 mV. The temperature controls range from 0 °C to 90 °C, are
sensitive, and can work with small sample volumes. This technique is ideal for nanoparticle
analysis and stability studies in pharmaceuticals and material sciences. All metal complexes
were solubilized in DMSO, and readings were measured =+ standard deviations [74,75].

4.8. Cytotoxicity Assessment and Statistical Analysis

MDA-MB-453 is a human breast cancer cell line, which is employed in in vitro screen-
ing investigations. The cells were cultured in 5% CO; humidified air with 10% FBS, 1%
penicillin/streptomycin, and 1% L-glutathione added in the DMEM medium. Before use,
fetal bovine serum (FBS) was inactivated for 30 min at 37 °C in a water bath. The manufac-
turer’s protocol of the WST-1 assays, Kit (ab65473 Abcam, USA) was followed to conduct
an in vitro cell proliferation assay. To put it briefly, after seeding, on day one, the cells
were exposed to the metal-ligand complexes for 72 h while they were between 75% and
85% confluent. Subsequently, each well received 10 pL of the WST-1 reagent. Using a
plate reader (SoftMax Pro 9.0 Flex Station, Molecular Devices, San Jose, CA, USA), the
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absorbance at 440 nm was measured to calculate the amount of formazan generated. There
were four duplicates of each concentration used in the studies. Statistical analysis was
performed using GraphPad Prism 09. Every in vitro datapoint is displayed as the average
=+ standard error. For statistical significance, p values < 0.05 were used [58,59,99,100].

4.9. Molecular Geometry and Computational Methodology

All computations were conducted using the Gaussian 16 program [60]. The molec-
ular geometry for the studied compounds was fully optimized using the density func-
tional theory B3LYP method. B3 stands for Becke’s three-parameter exact exchange func-
tional combined with the gradient-corrected correlation functional of Lee, Yang, and Parr
(LYP) [47-50], and the DFT/GENECP level was obtained by implementing Def2TZVP.
No symmetry constraints were applied during geometry optimization. The choice of a
mixed basis set was due to the flexibility, accuracy, consistency, and better performance
of Alrich’s effective core potential basis set (def2-TZVP) with a Gaussian-type triple-C
potential (6-311++G(d,p)). By using HOMO and LUMO energy values for the metal—-
ligand complexes, electronegativity and chemical hardness could be calculated as follows:
X = (I+ A)/2 (electronegativity), n = (I — A)/2 (chemical hardness), and S = 1/2n (chemical
softness), where I and A are ionization potential and electron affinity, I = EHOMO, and
A = ELUMO. NBO calculations were performed at the same level of calculation using the
NBO 3.1 program, as implemented in the Gaussian 09W software package. Throughout
this study, optimized structures were visualized using the Chemcraft version 1.6 package
and GaussView version 5.0.9 [101-108].

4.10. In Vitro Antibacterial Activity

As directed by Difco, pure culture plates were prepared two days prior to use. A
bacterial suspension was prepared using a nutrient broth, and the bacterial culture was
incubated at 37 = 1 °C. A few milliliters of the bacterial suspension from each strain
was added to 20 mL of fresh broth, resulting in a final concentration of approximately
5 x 10° CFU/mL. A suspension containing 0.2 mL of each of the investigated compounds
(5 and 10 mg/mL) was cultured for 24 h. In nutrient agar media (NA), the strains of the
microorganisms were uniformly distributed. The studied samples were placed inside
disks of Whatman paper, which had a diameter of 5 mm. After the socked disks were
placed on the NA, the diameters (in millimeters) of the clear inhibition zones encircling
the sample were measured using a ruler to determine the inhibition power against those
specific organisms. Using the agar disk diffusion method with the minimum inhibitory
concentration, the metal-ligand complexes were administered in triplicate to both Gram-
positive and Gram-negative bacteria for 24 h to test for antibacterial activity. To avoid
contamination, all experimental work was conducted close to a flame. Four mm wells were
created using a cork borer, and 100 uL of the metal-ligand complex was added to each well
by a micropipette and incubated at 37 °C overnight. Three replicas were used to assess
the inhibition zones surrounding the wells, and results are reported as the average. To
compare the potency and importance of metal-ligand complexes as antibacterial agents, a
free ligand was used as a reference control in the current study [51,109,110].

5. Conclusions

Over the past few decades, Co(Il), Cu(Il), and Zn(II) complexes have gained increasing
popularity in chemical biology, particularly as powerful sensory tools and novel antibacte-
rial and anticancer agents. Following their synthesis, a range of analytical methods were
employed to characterize and thoroughly describe three novel metal-ligand complexes.
These nanoscale complexes demonstrated stable and strong anticancer activity in a breast
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cancer cell line. Theoretical DFT calculations yielded results equivalent to those observed
in cell proliferation. The metal-ligand complexes exhibited a strong antibacterial action
against both Gram-positive and Gram-negative bacteria, as indicated by an antibacterial
study. In general, the Cu-ligand complex exhibited the strongest antibacterial and anti-
cancer properties, followed by the Zn and then Co complexes. Therefore, the Cu-L complex
is promising for developing future therapeutics.
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