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ABSTRACT

Metal complexes derived from salicylaldehyde-based Schiff bases are among the frontrunners in the pursuit of precise and
potent cancer treatments due to their remarkable prowess. In this study, salicylaldehyde-based Schiff base (HL) was prepared
via a reaction between 2-amino-5-benzonitrile and salicylaldehyde. Subsequently, HL was further reacted with Ni (II), Co (II),
Cu (IT) and Pd (II) ions using their respective metal salts to obtain homoleptic mononuclear complexes (C1-C4). The compo-
sition of HL and C1-C4 were determined using 'H and *C NMR, UV-Vis, FTIR, CHN, SEM-EDX and HRMS analyses. In
addition, the structural geometries of HL, C1, C3 and C4 were determined in solid state using single crystal X-ray diffraction
analysis and corroborate with the mentioned characterization techniques employed. The stability of compounds was assessed
through time-dependent UV-vis spectroscopy, revealing that C2 exhibited the highest stability under the experimental condi-
tions. Subsequently, the anticancer effects of HL and C2 were tested on breast cancer cell lines (MCF-7) using MTT, LDH and
ATP assays. Both HL and C2 displayed potential cytotoxicity on the MCF-7 cell line, in which C2 displayed a better inhibition
effect than a standard chemotherapeutic agent, doxorubicin (DOX), with IC,, of 43.08 uM. We postulate that the mechanism
by which C2 may function is by binding to DNA (K,=0.114 (£ 0.02) X 10%) and intercalation (shown by UV-CD and UV-LD
spectroscopy) at the AT rich sites. These data were corroborated in silico by extra precision (XP) docking and molecular dy-
namic (MD) simulations.

| Introduction of drug-resistance within patients, prompting research into al-

The discovery of cisplatin led to the development of carboplatin
and oxaliplatin, which share a similar DNA-binding mechanism,
enabling effective tumor cell destruction [1-3]. However, their
use is limited due to significant side effects and the emergence

ternative metal-based compounds [4-6]. The effectiveness of
such drugs depends on factors like metal oxidation states, ligand
structures and metal-ligand interactions [7-9]. Guided by these
properties, research in this field has driven the creation of in-
novative drugs featuring powerful ligands coordinated with a
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variety of metals, broadening the scope of metallodrugs in can-
cer therapy [10, 11].

First-row transition metals include structurally characterized Ni
(11), [12-14] Pd (II), [14-16] Pt (IT), [17-19] Co (II/I11), [20-23]
Rh(I/1I), [24-27] Ir (I11), 25, 28] Cu (), [29-31] Ag(D), [32] and
Au (I11) complexes [33]. These have gained attention due to their
lower toxicity, natural occurrence in the body and established
pharmacological effects [34-36]. The activity of their complexes
is influenced by the ligands' structural modifications, such as
bulky or electron-withdrawing substituents [37-40], which can
enhance anticancer efficacy. Additionally, functional group in-
tegration in ligands has been pivotal in adjusting cytotoxicity
[41, 42]. Schiff bases frequently showcase captivating bioavail-
ability [43-45] and stability characteristics [46-48], fueling
extensive research efforts into their synthesis. Schiff bases,
known for their coordination capabilities with various metal
ions [49, 50], exhibit a wide range of biological effects, includ-
ing antioxidative [29, 51-53], anticancer [54], antimicrobial
[55] and even anti-COVID properties [56]. Among Schiff bases,
Salicylaldehyde-based Schiff bases, recognized for their syn-
thesis ease and effectiveness, along with their metal complexes
[57, 58], have shown promise as potent anticancer agents, out-
performing established controls in various assays [59, 60].

In recent years, a plethora of salicylaldehyde-based Schiff base
coordination complexes has emerged as promising contenders
for anticancer treatments. For instance, in 2008, Lange et al.
[61] scrutinized an octahedral iron (III) complex and assessed
its efficacy against SKOV-3 and OVCAR-3 cells using a viability
assay (MTS assay) after a 24-h treatment period. Interestingly,
the unbound ligand showed no cytotoxic effects, indicating that
the compound's anticancer properties primarily stem from the
metal core whereas the ligand aids in enhancing drug penetra-
tion across lipid cell membranes. Impressively, the coordination
complex exhibited a remarkable IC,, value of 300nM, a signif-
icant feat considering the resistance of SKOV-3 and OVCAR-3
cancer cells to platinum-based medications [61]. In 2013, Li
et al. [62] synthesized the pentacoordinate copper complex, de-
rived from a salicylaldehyde-based Schiff base, characterized
by a square pyramidal geometry elucidated through single-
crystal X-ray diffraction (SCXRD). The researchers explored
the antineoplastic potential of the Schiff base ligand and Cu
complex against Hep-G2 cells via the MTT assay following a
24-h treatment regimen. The complex demonstrated notewor-
thy cytotoxic activity with an IC, value of 13.9 uM, surpassing
cisplatin (IC,,=28.8uM) and the free ligand (IC ,=22.1uM).
This heightened efficacy was attributed to a robust interaction
with DNA, influenced by the complex's geometry and oxidation
state [62].

In 2020, Smilowicz et al. [63] synthesized cobalt (IIT) complexes
based on salicylaldehyde derivatives with a carboxyl group sub-
stituted in the aromatic spacer, incorporating various coligands
in the trans position. The cytotoxicity of these compounds was
evaluated against A-549 and Hep-G2 cancer cells and GM5657T
noncancer cells using the MTT assay after a 48-h incubation
period. The unaltered coordination complexes exhibited mod-
erate activity against A-549 and Hep-G2 cells, with limited se-
lectivity towards GM5657T cells. Notably, the cobalt complex
demonstrated slightly higher cytotoxicity (IC,,=13.2+0.8 uM)

than cisplatin (IC,,=13.3+1.4uM) against Hep-G2 cells. In
2012, Asadi et al. [64] synthesized copper (II) and nickel (IT)
complexes with an aromatic spacer utilizing pyridine instead of
benzene for the imino groups. The researchers evaluated the an-
ticancer potential of these compounds against K-562 cancer cells
via the MTT assay following a 24-h incubation, yielding notably
remarkable cytotoxic results. In 2020, Ozdemir et al. [65] investi-
gated the anticancer efficacy of four salicylaldehyde-based Schiff
base complexes of palladium (II). These compounds were tested
against HeLa and MCF-7 as well as a normal human cell line
(HEK-293) using the MTT. All four compounds showed mod-
erate activity against HeLa, and one of the complexes showed
higher activity against MCF-7 than the standard control.

Building on these findings, we intended to design a series of
novel early-stage investigational drugs that are cytotoxic against
MCF-7 cells. Therefore, we designed a novel Schiff base, (E)-
2-([2-hydroxybenzylidene]amino)-5-methylbenzonitrile,  de-
rived from salicylaldehyde and featuring a cyano group for
enhanced cytotoxicity and a methyl group for improved lipo-
philicity. These structural modifications are intended to disrupt
cancer cell membranes [66], enhance cellular penetration and
improve receptor interactions [67]. By complexing this Schiff
base with Ni (IT), Co (II), Cu (II) and Pd (II) ions, we aim to
develop potential anticancer agents with improved biological
properties. Furthermore, our study emphasizes the importance
of stability assessments to ensure the reliability and efficacy of
these compounds before cytotoxicity testing.

2 | Results and Discussion

2.1 | Metal Chelate Synthesis and Spectroscopic
Characterization

An ON donor substituted Schiff base ligand (HL) was synthe-
sized by reacting 2-amino-5-methylbenzonitrile and salicylalde-
hyde in methanol solvent with formic acid as a dehydrating agent
at room temperature. Mononuclear homoleptic complexes of Ni
(I1), Co (II), Cu (II) and Pd (II) (C1-C4) were obtained by react-
ing the respective metal salts with the ligand (HL) in a 1:2mol
ratio of metal to ligand in a refluxing mixture of dichlorometh-
ane (DCM) and methanol. The ligand and its complexes (C1-C4)
were obtained in good yield (65%-76%; Scheme 1) and character-
ized using various spectroscopic and analytical techniques (ESI
Figures S1-S28). HL, C1, C3 and C4 structures were determined
through SCXRD analysis.

2.1.1 | NMR Spectroscopy

In the proton *H NMR) spectrum of the ligand (HL), a sig-
nal corresponding to the phenolic proton was detected in the
12.46-ppm region. The proton from the azomethine moiety
appeared around 9.10 ppm on the spectrum. The presence of
these protons in the downfield region of the spectrum aligns
with findings from previous studies on salicylaldehyde-
based Schiff bases [68, 69]. Additionally, a signal at 2.37 ppm
is attributed to the protons of the substituted methyl group.
Chemical shifts for the aromatic protons were observed in the
range of approximately 6.99-7.72 ppm (Figure S1). Similarly,
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SCHEME1 | Routes for the synthesis of the ligand (HL) and metal complexes (C1-C4): i= CH,OH/HCOOH; ii = RT/3 h; iii= CHCl,/CH,0H; and

iv=65°C/6h; M = Co (II), Ni (II), Cu (II) or Pd (II) ions.

the 3C NMR spectrum of HL (Figure S2) presented signals
that accounted for all the carbon atoms in the compound.
Notably, a signal due to the substituted methyl group was
observed upfield at 20.0 ppm. Similarly, a signal due to the
azomethine(C=N) carbon was noted downfield at 164.8 ppm.
The signal due to the aromatic carbon was observed at 107.1-
160.2 ppm. After coordination with the metal ions and the
subsequent formation of the complexes (C1-C4), significant
differences were observed between the spectrum of HL and
those of the complexes, particularly in the diamagnetic com-
plexes (C1 and C4). One notable change was the disappear-
ance of the signal corresponding to the phenolic proton, which
was initially observed at 12.46ppm in the free ligand. This
disappearance can be attributed to the deprotonation and the
formation of a bond between the phenolate oxygen and the
metal ions.

The signal for the azomethine (HC=N) proton, originally de-
tected at 9.10ppm in the ligand spectrum, was observed at
9.07ppm in C1 and 8.19ppm in C4. This shift indicates an up-
field shift compared to the free ligand. The increase in electron
density on the azomethine group, resulting from coordination
involving the nitrogen atom, causes a shielding effect on the
proton, leading to the observed upfield shift [70]. Furthermore,
slight changes were also noted in the 13C NMR spectra of C1 and
C4. The chemical shifts of the carbon atoms in the complexes
exhibited a slight upfield shift in comparison to the ligand.
Detailed analysis of the electronic spectroscopy and FT-IR are
reported in the Supporting Information.

2.2 | X-Ray Crystal Structures

The structures of HL, C1, C3 and C4 were determined using
single-crystal crystallography (Figure 1). The crystal structure
of C3 was found to crystallize in a triclinic P-1 space group,
whereas HL, C1 and C4 crystallized in a C2/c crystal system.
In the structure of HL, a classical O(1)-H(1)---N(2) hydrogen
bond with a distance of 1.895 A plays a key role in stabilizing
the molecule. Further examination of the crystal structure re-
vealed the presence of nonclassical hydrogen bonds, includ-
ing C(2)-H(2)--N(2) (2.682A), C(9)-H(9)---N(2) (2.590A) and
C(3)-H(3)--N(2) (2.584 A), which contribute to the formation
of a three-dimensional supramolecular network. The bond pa-
rameters align with those reported for similar structures in
the literature [71]. Notably, the HL structure features three
C-N bonds: an imine C=N with a bond distance of 1.281A,
a cyano group at the paraposition of the aniline with a C=N

bond distance of 1.140A and C-N with a bond distance
1.414 A. The molecule is planar, exhibiting a torsional angle of
approximately 180° around the C(1)-N(1)-C(9)-C (10) linkage
(Figure 1a). All the metal complexes contain half of the mo-
lecular unit in the asymmetric unit. Each complex is mono-
nuclear, consisting of a single central metal atom and two
ligands (Figure 1b-d). The ligands coordinate to the metal
centre through the phenolic oxygen and imine nitrogen atoms,
adopting a trans configuration. To accommodate this trans ar-
rangement around the metal centre, the dihedral angle of the
ligand decreases from 180° to approximately 170°. The bond
angles and distances are consistent with those typically ob-
served in mononuclear Schiff base metal complexes, as doc-
umented in the literature [58, 72-75]. Further examination of
the crystal structures showed no evidence of intramolecular
hydrogen bond interactions. However, intermolecular hy-
drogen bonds were observed. In the C3 complex, two notable
intermolecular interactions are present in the crystal system
(Figure S29b). The molecule is stabilized through interac-
tions with neighbouring atoms, specifically C(7)-H(7)---N(1)
(2.608 A) and C(4)-H(4) ---H(12)-C(12). Due to the inability to
obtain suitable single crystal for data collection using single-
crystal X-ray diffraction (SCXRD) analysis for C2, supplemen-
tary characterization including scanning electron microscopy
(SEM) and energy dispersive X-ray spectroscopy (EDX) were
conducted on the compound and compared with the ligand
(Figures S6, S18 and S19). The findings from this supplemen-
tary assessment of C2, combined with the result from mass
spectrometry and elemental analysis, affirmed the formation
of the compound.

2.3 | Stability of transition metal complexes

The stability of an early stage investigational metallo-drug
candidate is important for various reasons, such as if it will
remain intact in an aqueous environment. Many metallodrug
candidates such as auranofin (Au [I]) and cisplatin (Pt [II])
and NAMI-A (Ru [II]) undergo ligand exchange reactions
and ultimately react as a more simple (ionic) metal species
both in vitro and in vivo [76, 77]. The stability of the Co (II)
complex C2 was evaluated in a phosphate buffer (10% [v/v])
DMF as a function of time by spectroscopy in the UV-visible
region (Figure 2a). The spectral changes indicated that C2 is
relatively stable over a 36-h time frame in a phosphate buffer
(Figure 2a). There are no observed chemical changes such as
metal ion release or bond dissociation observed over the 36-h
time period. Furthermore, there were no isosbestic points
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FIGURE1 | (a)Labelled view of the low temperature X-ray structure of HL. (b) Labelled view of the X-ray structure of C1. (c) Labelled view of the
X-ray structure of C3. (d) Labelled view of the X-ray structure of C4. Thermal ellipsoids are rendered at 50% for all complexes. Hydrogen atoms are

drawn as spheres with an arbitrary.
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FIGURE 2 | UV-vis spectra of 30-uM solutions of (a) C2 recorded as a function of time in KH,PO, buffer (50 mM pH7.5). C2 was present with a

final concentration of 10% (v/v) DMF.

observed in the spectra, indicating that C2 had not undergone
any chemical reaction within the investigated time interval
and that the decrease in absorption over the 36h is likely a
gradual, partial precipitation of the C2. The kinetics of the pre-
cipitation of C2 (monitored at 322nm) indicated that the pro-
cess was first order (t%: 9.14+1.65h) as shown in Figure 2b.
Over the 36-h period, there was 75% of the intact C2 complex

in solution suggesting that it will make a suitable investiga-
tional drug candidate to test further. The other transition
metal complexes' stability was also evaluated in a phosphate
buffer (10% [v/v] DMF) as a function of time by spectroscopy
in the UV-visible region (Figure S30) and was found not to
be suitably stable. In the case of C4, the absence of isosbes-
tic points was noted; however, the decrease in absorbance is
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more pronounced, suggesting rapid precipitation of the com-
plex. Based on the spectral data, we cannot confirm whether
demetallation is occurring. In contrast, compounds C1 and C3

= HL
e C2

I Doxorubicin w0l
N C2 >
- m g
100 =
& s
0]

1 2
log drug (UM)

Cell ciability

S5E-6 M 1E-5M 2E5M 4E-5M

Concentration (M)

8E-5M

FIGURE 3 | Relative cell viability graphs represent the changes in
cell viability percentage of MCF-7 cells in response to treatment with
increasing concentrations of Dox, C2 and HL relative to a vehicle con-
trol. Error bars represent standard deviation (n=3). Insert represents
cell viability percentage MCF-7 cells in response to treatment with in-
creasing concentrations of complexes HL and C2 fitted with a Hill fit
plot to delineate the IC, concentrations.

TABLE1 | IC, valuesof HL, C2 and Dox on MCF-7 cells.

Compounds IC,, (M)
HL 39.78
C2 <5
Dox 48.03

demonstrate rapid demetallation, evidenced by the disappear-
ance of the metal absorption band at ~425nm. Considering
the spectral data, only C2 was deemed suitable for further
analysis.

2.4 | Cell Cytotoxicity

Following the stability study on the metal complexes C1-C4
(Figures 2a and S30), which revealed that only C2 remained
stable in an aqueous medium, C2 was assessed for its antipro-
liferative activities on the hormone-responsive breast cancer
cell line MCF-7 using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphen
yltetrazolium bromide (MTT). This was compared to HL and
the control Doxorubicin (Dox). The MCF-7 cells were treated
with the respective drugs at concentrations ranging from 5 to
80uM (Figure 3). It is evident that the activity depends on the
metal ion centre in C2 because it exhibited higher cytotoxic-
ity compared to HL and Doxorubicin. Both C2 and HL show
a dose-dependent reduction of cell viability of MCF-7 cells,
with C2 being more potent than both the free HL and Dox.
The IC,, values for HLand Dox were found to be 39.78 and
48.03 uM (Table 1), whereas the IC,, for C2 could not be delin-
eated from the current data set as the IC,, would be below the
lowest concentration used (5uM). Similar cytotoxic activity
was observed for a series of novel lanthanide salicylaldehyde-
based complexes (i.e., praseodymium, erbium and ytterbium)
that were tested against MCF-7 cells [78] and Zn (II) and Ni
(II) salicylaldehyde-based Schiff bases [79].

Microscopic images of MCF-7 cells control cells before and
after treatment of C2 (5uM) for 24 h are provided in Figure 4.
The MCF-7 cells before treatment with C2 (Figure 4a) con-
sisted of irregular confluent combined with smooth-edged
polygonal structures and indicated several cell surface protu-
berances. The cell grew rapidly with a skeleton-like structure.
Following administration of 5 uM of C2 for 24 h, the MCF-7 cell
volume and density decreased (Figure 4b). The reduced cell
viability is likely due to C2, binding to the adenosine-thymine

FIGURE4 | (a)Morphology of MCF-7 cells before treatment of any drug. (b) Morphological changes in MCF-7 cells induced by complex C2 (5 uM).
Control drug HL and Dox morphological changes on MCF-7 cells are presented in Figure S29. Captured using Wirsam Olympus inverted light mi-

croscope (CKX 41) equipped with Olympus C5060-ADUS digital camera at 400X magnification.
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(AT) pockets within the DNA strand (vide infra) and interca-
lating with the DNA. This results in inhibited DNA replication
and, ultimately, apoptosis of the cells [80-82]. Dox was specif-
ically used as a control drug due to its speculated activity to
bind to and intercalate with DNA [81], similar to complex C2
(vide supra). Therefore, reduced cell viability was observed for
MCF-7 cells in the presence of both C2 (Figure 4b) and Dox
(Figure S31).

Lactate dehydrogenase (LDH) is a cytoplasmic enzyme that
catalyses the conversion of lactate to pyruvate, simultane-
ously reducing NAD* to NADH. The release of LDH serves as
a marker for cell damage because, during apoptosis, the dis-
ruption of the plasma membrane causes LDH to leak from the
cytoplasm into the extracellular environment. Consequently,
LDH activity is widely used as an indicator of cytotoxicity. The
in vitro cascade of reactions used to assess a drug's cytotoxic
effects relies on the production of NADH/H*, which is acted
upon by diaphorase. Diaphorase transfers Ht/H* from NADH
to the tetrazolium salt INT (2-[4-iodophenyl]-3-[4-nitropheny
1]-5-phenyltetrazolium chloride), reducing it to red formazan
dye, which can be quantitatively detected [83, 84]. C2, HL and
Dox all exhibited increased LDH activity in a dose-dependent
manner, as expected. However, unexpectedly, MCF-7 cells
treated with HL showed the highest LDH activity despite
HL having lower cytotoxicity compared to both Dox and
C2 (Figure 5a). These results suggest that C2 may interfere
with the LDH activity assay. Metal complex drugs are known
to interfere with LDH assays by binding to the enzyme itself
[85, 86]. To investigate this possibility for C2, we conducted an
in silico XP docking study (Figure S32), which revealed that
the best-docked pose of C2 is bound to the NAD*/HT site. We
propose that the elevated LDH activity observed in MCF-7 cells
treated with HL is due to C2 inhibiting extracellular LDH ac-
tivity, leading to lower measured enzyme activity, which does
not reflect the true amount of LDH present. Now, due to the
reduced LDH, diaphorase cannot effectively transfer H/H*
from NADH to the tetrazolium salt INT and allow it to be re-
duced to formazan. One of the most well-known metallodrugs
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Plot of the compound-induced cytotoxicity in MCF-7 cells: LDH activity (a) and changes in ATP levels (b).

reported to inhibit LDH activity through an unknown mech-
anism is cisplatin [85]. The ATP assay determines the amount
of adenosine triphosphate produced by living cells. In the
case of the ATP assay, both compounds demonstrated dose-
dependent toxicity, with C2 inducing a notable reduction in
ATP levels, particularly at higher concentrations (Figure 5b).
The substantial decrease in ATP levels suggests that C2 inhib-
its MCF-7 cell growth, induces cell death and disrupts their
metabolic pathways, further solidifying C2 as a more potent
cytotoxic agent.

2.5 | Density Functional Theory (DFT) Study:
Optimization Energy and Optimized Geometry

Simulations using density functional theory (DFT) were per-
formed to further investigate the electrostatics, solid-state
structures and electronic structures of the metal complexes
C1, C3, C4 and HL. Optimization and frequency calculations
were conducted using Gaussian 16 W [34] at the CAM-B3LYP/
DEF2-QZVP/GD3BJ level of theory. The input files were pre-
pared using the single-crystal structures of each molecule in
Gauss View 6.0 [35], which was also used to analyse the out-
put files.

Geometry optimizations and frequency calculations were per-
formed on the free ligand and all four metal complexes (C1-
C4). The absence of negative Eigen values indicates that the
geometry optimizations successfully identified true minima on
the global potential energy surface. Structural overlays (least-
squares fits) of the X-ray structures and DFT-calculated struc-
tures were used to compare deviations within the structures
(using Mercury 3.1 [36]). The root mean square deviations
(RMSDs) showed that the X-ray and DFT-simulated structures
are in excellent agreement (Figure 6). Interestingly, the metal
complexes C1 and C4 exhibited almost zero RMSD deviations.
A summary of selected bond lengths and bond angles is re-
ported in Table 2, to further highlight the accuracy of the DFT
simulated structures in relation to the X-ray structures.

6 of 14

Applied Organometallic Chemistry, 2025



"

RMSD 1x 1074 A RMSD 0.0613 A

ca HL
RMSD 4 x10715 & RMSD 0.158 A

FIGURE 6 | Comparison of DFT-calculated and X-ray crystal structures of C1, C3, C4 and HL. Root mean square deviations (RMSDs) for all at-

oms for each structure are indicated on the diagram (A).

TABLE 2 | Selected crystallographic and DFT-calculated bond distances and bond angles for C1-C4 and HL.

Bond C12 c2b c32 c42 HLa<¢

doistance

A) X-ray DFT X-ray DFT X-ray DFT X-ray DFT X-ray DFT
M-N 1.912 (16) 1.913 ND 1.945 2.008 (2) 2.006 2.017 2.030 NA NA
M-O 1.820(15)  1.825 1.841  1.890(19) 1.887  1.964(15)  1.987 NA NA
C=N 1.434 (2) 1.313 1.312 1.426 (3) 1.313 1.434 (3) 1.311 1.400 (3) 1.304
C-N 1.304(3)  1.444 1.444 1.298 (3) 1.437 1293 (3) 1440  1.272(3) 1.414
c-0 1.310 (2) 1.323 1.330 1.302(3) 1.322 1.301 (3) 1.325 1.338(3) 1.359

Bond

angles (°) Xray DFT X-ray DFT X-ray DFT X-ray DFT X-ray DFT
O-M-N_; 92.68 92.79 ND 91.93 90.93 91.21 92.34 91.80 NA NA
N-M-N 180 179.99 179.99 180 179.97 180 179.99 NA NA
O-M-0O 180 179.99 179.98 180 179.98 180 179.97 NA NA
C=N-C 115.51 115.55 115.66 116.74 116.72 117.65 117.51 121.60 (2) 122.17

aStandard uncertainty is provided in parenthesis.
bCrystal structure for molecule not determined.
“Bond length or bond angles are not applicable for this molecule.
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FIGURE 7 | The experimental and DFT calculated UV-vis spectra
of C2 as well as 60 excited singlet state transitions. The dominant elec-
tronic transition responsible for the visible colour of the C2 solution was
calculated and observed at 325nm.

The finding from Figure 6 and Table 2 strongly suggests that the
CAM-B3LYP/DEF2-QZVP/GD3BJ level of theory can reliably
optimise the structure of C2, for which a single crystal could not

be obtained. The optimized structure of C2 will subsequently
be used in molecular dynamics (MD) simulations to predict the
theoretical mode of binding of C2 to DNA (vide infra).

Analysis of frontier molecular orbital (FMO) maps and mo-
lecular electrostatic potential (MEP) maps are reported in the
Supporting Information at the 3-21G basis set (Figures S35-37
and Tables S6 and S7).

2.6 | Electronic Spectroscopy

The experimental UV-visspectrum of C2is presented in Figure 7
and was assigned by analysis of the DFT-calculated spectrum
of the complex. The DFT-calculated electronic spectrum of C2,
which excludes vibronic transitions, is in excellent agreement
with the experimental spectrum, and no correction in the wave-
lengthwasneeded.IncontrastCl1,C3and C4required wavelength
scaling corrections of 70, 30 and 40nm, respectively. The visi-
ble band at 325nm (first excited electronic state) is decomposed
into the following major contributions HOMO (a)- > LUMO(cr)
(28%), H-1(B)->LUMO(B) (23%), HOMO(B)->L+1(p) (30%)
H-1(@)->L+1() (6%), H-1(B)->L+3(B) (2%). The domi-
nant contribution HOMO(a)->LUMO() has been shown in
Figure 7, and this ©-7* transition involves mostly ILCT (intra
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ligand charge transfer) with some ligand-to-metal charac-
ter. The higher energy transitions at 283-nm major contri-
butions were H-2(a)->LUMO(a) (14%), H-2(B)->L+1(p)
(24%) H-6(c)->L+1() (7%), H-4(c)->LUMO(c) (4%) and
H-1(c)- > L+ 8(at), whereas the 268-nm band major contribu-
tions were H-1(a)->L+1(a) (25%), HOMO(a)->LUMO(c)
(11%) H-12(cr)->LUMO(@) (3%), H-11(x)->LUMO(ar) (6%),
H-4()->LUMO(a) (6%), H-2(o)->LUMO(cr). These high-
energy LUMOs are metal-based and have mostly o* character.
Hence, the absorption at 268 nm is a ©-o* transition with sig-
nificant ligand-to-metal charge transfer. The data presented in
Figure 7 further corroborated that the experimental data are
in excellent agreement with the theoretic TD-DFT data, sug-
gesting we have the right complex in C2. Assignments of the
TD-DFT of C1, C3 and C4 are presented in Figures S32-34 and
Tables S2-S5.

2.7 | Complex C2 Binding to ctDNA

The transition metal complexes in this study were designed
to target DNA as their mode of action, serving as early-stage
investigational compounds for cancer treatment. However,
only C2 proved to be sufficiently soluble and stable for these
actions. Due to the planar structure of C2, it is anticipated
that the compound will bind to and intercalate into DNA.
This was tested by measuring the binding constants (K,), for
C2 to calf thymus DNA (ctDNA) through UV-visible spectro-
scopic titrations. The absorption maximum for C2 at 305nm
was monitored, and changes in the electronic spectrum at
this wavelength indicate the interaction of C2 with ctDNA
(Figure 8). The highest obtained ratio of [ctDNA]:[C2] before
the spectrophotometer could no longer detect accurate absor-
bance readings was 1:3.6.

As shown in Figure 8a, there is a decrease in absorbance inten-
sity across the spectrum, accompanied by a red shift of 4nm.
The red-shift suggests that C2 is positioned in a more polar
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environment (i.e., indicating binding to DNA). The decrease in
absorbance at 305 nm during the titration with ctDNA was fitted
to the Hill model [87] yielding an R? value of 0.998 (Figure 8b).
Using the Hill model, the affinity of C2 to ctDNA was quantified
by calculating the mean binding constant (K,,) from three inde-
pendent experiments: 0.114 (+0.02) X 10* M.

Typically, the K, values of groove, binders are marginally higher
than those of intercalators, with K, values ranging from 103 to
103M~! [88, 89]. We compared the binding constants to those of
other complexes that have been shown to interact with ctDNA.
CoSF (CoSF=N,NO0 -bis{5-[(triphenylphosphonium chloride)-
methyl] salicylidine}-o-phenylenediamine), Co (II), is a water-
soluble Co (II) Schiff base chelate that was found to interact with
ctDNA by electrostatic interactions and a K, of 5x 10*M [90] and
a series of Co (II),N-bis (pyridin-2-ylmethyl)aniline complexes,
which had a K, of 1.34-2.04x10*M [91]. C2 compared favour-
ably with both molecules in terms of similar binding affinities
to ctDNA but had significantly lower affinity than a series of
mononuclear cobalt (IT) complexes containing ligands with
extended planar quinoxaline moieties such as {dipyrido[3,2-
a:2',3’-c|phenazine (dppz) or dipyrido[3,2-d:2’,3’-f|quinoxaline
(dpq)}, whose K, values ranged from 0.79 to 3.79x10°M [92].
Overall, the K, of C2 falls in the lower range of binding affinities
to ctDNA for known Co complexes.

2.8 | UV-CD and UV-LD Spectroscopy of Complex
C2 Binding to ctDNA

UV-CD spectroscopy was employed to visualize the confor-
mational changes of ctDNA in the presence of C2 (Figure 9a).
Native B-form DNA exhibits four major transition bands at 210,
220, 244, and 277 nm. These transitions serve as markers for the
double-helical B-conformation of DNA [93, 94]. The maxima's
band at 220 and 277nm is attributed to base stacking, whereas
the minima bands at 210 and 244 nm are associated with the he-
licity of DNA [93, 95]. Upon the addition of the C2 to the B-form

(b)
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FIGURE 8 | (a) The UV-vis absorption spectra of C2 (50 uM) and (b) the change in the absorbance at 305nm of C2 as a function of [ctDNA] fitted
to the Hill model. The reaction was carried out in KH,PO, (10% [v/v] acetonitrile, 50mM, pH7.5), and after sequential additions of ctDNA (final
[ctDNA]=182uM bp), the Hill fits were used to calculate the dissociation constants and stoichiometric ratios for the binding of C2 to ctDNA. Error

bars indicate standard deviation of triplicate data.
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FIGUREY9 | (a) The CD spectrum of C2 with 100 uM of ctDNA at increasing C2 concentrations in KH,PO, (10% (v/v) acetonitrile, 50mM, pH7.5)
at 37°C. The maxima and minima from 210-277 nm represent ctDNA, and the 350-nm band represents an induced CD band due to the interaction of
C2 with ctDNA. (b) The LD spectrum of C2 with 100uM of ctDNA at increasing C2 concentrations in KH,PO, (10% [v/v] acetonitrile, 50mM, pH7.5)
at 37°C. The minimum at 260 nm represents ctDNA, and the 300-400nm broadened band represents an induced C2 LD spectrum.

DNA, the intensities of all four bands decreased, with minimal
wavelength shift, indicating DNA condensation in the presence
of C2. Additionally, the observed changes in the peak intensities
were not indicative of a conversion from B-form DNA to the A-
form DNA but rather attributed to the aggregation effect of C2
on ctDNA [96]. It is noteworthy that the A-form of DNA exhibits
a maximum peak at 263nm, and the presence of an ICD signal
~350nm further emphasizes the binding of C2 to ctDNA.

Al LD experiments were performed in KH,PO, buffer (10% (v/v)
acetonitrile, 50mM, pH7.5), with ctDNA and varying C2 concen-
trations (0-300uM). The LD spectrum of the ctDNA displays a
strong negative signal at 260nm due to the contribution of the
ctDNA nucleotides (purine and pyrimidine base pairs) [97]. Upon
the addition of C2, a concentration-dependent increase in the am-
plitude of the 260-nm minima was observed (Figure 7b). This is
associated with increasing DNA rigidity (i.e., DNA stiffening),
signifying either lengthening and/or an increase in the rigidity
of double-helical DNA. The result signifies that DNA is being in-
tercalated and, therefore, being unwound (Figure 9a) [98-100].
Furthermore, an induced dichroic signal appears between 300
and 400nm. At this spectral wavelength, no contribution from
DNA base pairs can be detected, and only the chromophore C2
is absorbed in this region. The inset in Figure 9b highlights the
UV-vis spectrum of C2 and illustrates that the ICD signal absorbs
similarly. C2 isisotropic and cannot be orientated in the flow field.
Therefore, the ICD signal suggests that C2 forms a molecular
complex with ctDNA, becomes orientated and is an intercalator
of DNA. The ICD signal is below the plane of the native ctDNA,
therefore indicating that C2 is intercalating ctDNA (Figure S35).

2.9 | Molecular Docking and Molecular Dynamic
Simulations

Docking studies using Glide XP were employed to corroborate
the experimental data (vide supra) and potentially demonstrate

TABLE 3
interaction energy parameters for DNA targets prepared from ligand-
free structures derived from PDB codes 425D (biased towards groove
binding), 4E1U (biased towards intercalating). The docking runs were
truncated to report only the top-scoring ligand pose for each ligand. All
energies are in units of kcal mol 1.

| Summary of GLIDE XP docking scores and selected

Binding site

PDB residues XP Gscore Glide energy
PDB: 425D AT 0.697 —43.872
PDB: 4E1U AT —5.473 —57.256

that complex C2 binds to and intercalates with DNA. Because
rigid X-ray structures of DNA, PDB: 425D (2.80A) [101] and
PDB: 4E1U (0.92 A) [102], were used as targets for flexible ligand
docking, such methods provide primarily approximate insights
into how the metal complex might interact with the target.
Notably, docking scores typically do not correlate quantitatively
with experimental binding or thermodynamic data (K, or AG
values) [103, 104], because docking alone does not try to emulate
a physical reaction between the macromolecule and the incom-
ing ligand in the solution. Therefore, only qualitative compar-
isons are drawn between this data. The in silico data XP glide
molecular docking experiments complement the experimental
findings from the binding affinity K, value and observed UV-
CD data. The key trends are enumerated below.

Due to the repeating AT and GC regions in DNA, multiple po-
tential binding sites exist within the molecule. However, be-
cause the crystal structures of DNA retrieved from the PDB
are rigid and have been crystallized in the presence of either a
groove binder (PDB: 425D) or an intercalator (PDB: 4E1U), the
binding scores for complex C2 can be used as a theoretical ap-
proach to support experimental data and suggest how complex
C2 interacts with DNA.
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FIGURE10 | Molecular dynamic simulation (MD) over 100 ns of the best docked GLIDE XP structure of complex C2 binding to an oligonucleotide
of DNA (PDB 4E1U; 5'-D [CGGAAATTACCG]-3' bound with a cationic ruthenium complex [Ru (bpy),(dppz)]**) [102]. A large target grid was gener-
ated for ligand docking at the [Ru (bpy),(dppz)]**) site close to the centre of the DNA (with [Ru (bpy),(dppz)]**) removed), spanning 40 x40 x40A3,
thereby facilitating a search of alternative binding packets radiating throughout the oligonucleotide. (a) The RMSD indicates that there is minimal
fluctuation of complex C2 throughout the MD run, indicating that complex C2 remains bound within the best XP-docked site. (b) Complex C2 binds
within two AT pockets (adenosine shown in teal and thymine shown in orange) and remains in the same site throughout the 100-ns simulation.

XP docking of complex C2 to both oligonucleotide DNA strands
reveals that complex C2 prefers PDB 4E1U (Table 3), as it exhib-
its a more favourable AG,; , score as compared to PDB 425D.
This finding corroborates our experimental data (vide supra),
indicating that complex C2 binds to and intercalates with DNA.
Additionally, the XP docking results suggest that C2 may bind
and intercalate at the central 5'-AT-3’ step of the oligonucleotide
(Figure S38), though with a relatively low Glide docking score
(AG,;,4=—5.47kcal/mol). It is unsurprising that AT sites are the
preferred binding locations, as they have been shown to exhibit
the lowest binding energy [33]. The AG,, ,score for C2 with the
PDB: 425D oligonucleotide was positive, indicative of unfavour-
able binding, further suggesting that C2 does not groove bind
to DNA.

Following Glide XP docking of complex 2 to the DNA oligonu-
cleotide (PDB: 4E1U), we conducted 100-ns molecular dynam-
ics (MD) simulations (Figure 10) to assess whether the best XP
docking pose (Figure S38) was accurately predicted. MD simula-
tions provide insights into the interactions between macromole-
cules and ligands over time, capturing the dynamic nature of the
system and better reflecting physiological conditions [105]. As
shown in Figure 10a, the root-mean-square deviation (RMSD)
of C2 remains relatively stable throughout the simulation. Due
to the limitations of the Maestro Suite, DNA-specific RMSD
and root-mean-square fluctuation (RMSF) values could not be
computed, necessitating reliance on the trajectory output to
infer ligand binding. Figure 8b illustrates that upon binding, the

planar aromatic rings of C2 insert between two AT-rich pock-
ets—DT(7)-DA(6) and DA(9)-DT(8)—suggesting an intercala-
tion mechanism. This interaction results in the displacement of
stacked base pairs and initiates DNA unwinding [106]. At the
end of the 100 ns simulation, the DNA structure undergoes sig-
nificant unwinding, and the electrostatic interaction between
C2 and DT(7) is disrupted (Figure 10b). These MD simulation
results align with the experimental data from the UV-LD ex-
periment shown in Figure 8b, where the increase in the 260-
nm minimum amplitude is indicative of ctDNA unwinding as a
function of C2 concentration.

3 | Conclusions

In this study, four transition metal complexes (C1-C4) of Ni (II),
Co (II), Cu (II) and Pd (IT) derived from a salicylaldehyde-based
Schiff base ligand (HL) were successfully synthesized and char-
acterized. The molecular structures of HL, C1, C3 and C4 were
confirmed through single-crystal X-ray diffraction analysis. A
stability assessment revealed that only C2, the Co (II)-derived
complex, remained chemically unchanged during the study pe-
riod. Subsequent cytotoxicity evaluations conducted on C2 and
HL, in comparison to Doxorubicin, against the MCF-7 breast
cancer cell line demonstrated that C2 exhibited superior cyto-
toxicity with an IC,, below 5uM, whereas Doxorubicin showed
an IC,, value of 48.03uM. The cytotoxic mechanism of C2
was primarily attributed to its DNA-binding and intercalating
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capabilities, inhibiting DNA replication and inducing apopto-
sis. In silico molecular dynamics simulations further supported
these findings by illustrating C2's intercalation between AT-rich
DNA segments. Additionally, Density Functional Theory (DFT)
studies provided valuable insights into the electronic properties
of the complex.
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