
This is a self-archived version of an original article. This version 
may differ from the original in pagination and typographic details. 

Author(s): 

Title: 

Year: 

Version:

Copyright:

Rights:

Rights url: 

Please cite the original version:

CC BY 4.0

https://creativecommons.org/licenses/by/4.0/

Solvent-dependent hypsochromic shift in the imidazole based complex [Cu(µ2-
SO4)(Im)4] and ameliorative effects on breast cancer-induced bone metastases
associated oxidative injury in rats

© 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University.

Published version

Hchicha, Khouloud; Cambiotti, Elena; Ben-Nasr, Hmed; Chappard, Daniel;
Haukka, Matti; Latterini, Loredana; Elkahoui, Salem; Siddiqui, Arif J.; Snoussi,
Mejdi; Adnan, Mohd; Naïli, Houcine; Badraoui, Riadh

Hchicha, K., Cambiotti, E., Ben-Nasr, H., Chappard, D., Haukka, M., Latterini, L., Elkahoui, S.,
Siddiqui, A. J., Snoussi, M., Adnan, M., Naïli, H., & Badraoui, R. (2023). Solvent-dependent
hypsochromic shift in the imidazole based complex [Cu(µ2-SO4)(Im)4] and ameliorative effects
on breast cancer-induced bone metastases associated oxidative injury in rats. Arabian Journal of
Chemistry, 16(8), Article 105002. https://doi.org/10.1016/j.arabjc.2023.105002

2023



Arabian Journal of Chemistry (2023) 16, 105002
King Saud University

Arabian Journal of Chemistry

www.ksu.edu.sa
www.sciencedirect.com
ORIGINAL ARTICLE
Solvent-dependent hypsochromic shift and

ameliorative effects on breast cancer-induced bone

metastases associated oxidative injury in rats
* Corresponding authors at: Laboratory of General Biology, Department of Biology, University of Ha’il, 81451 Ha’il, Saudi

(R. Badraoui).

E-mail addresses: khouloud1907@ymail.com (K. Hchicha), elena.cambiotti@studenti.unipg.it (E. Cambiotti), daniel.chappard@univ-a

(D. Chappard), matti.o.haukka@jyu.fi (M. Haukka), lore-dana.latterini@unipg.it (L. Latterini), s.elkahoui@uoh.edu.sa (S. Elkaho

snoussi@uoh.edu.sa (M. Snoussi), houcine.naili@fss.rnu.tn (H. Naı̈li), riadh.badraoui@fmt.utm.tn, ri.badraoui@uoh.edu.sa (R. Badraou

https://doi.org/10.1016/j.arabjc.2023.105002
1878-5352 � 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
Khouloud Hchicha
a
, Elena Cambiotti

b
, Hmed Ben-Nasr

c
, Daniel Chappard

d
,

Matti Haukka e, Loredana Latterini b, Salem Elkahoui f,g, Arif J. Siddiqui f,g,

Mejdi Snoussi f,g, Mohd Adnan f,g,h, Houcine Naı̈li a,*, Riadh Badraoui f,g,i,*
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Sfax, Université de Sfax, Tunisia
bNano4Light-Lab, Dipartimento di Chimica, Biologia e Biotecnologie, Università degli Studi di Perugia, Via Elce di Sotto, 8,
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Abstract A sulfate-bridged complex [Cu(m2-SO4)(Im)4] (1) was prepared and structurally charac-

terized, where Im: imidazole. The X-ray structure analysis reveals that 1 crystallizes in the mono-

clinic system with space group C2/c. The octahedral coordination around the metal center is

made up of four distinct imine nitrogen atoms in the equatorial plane, and two sulfate oxygen atoms

occupying the axial sites. The covalent linkage between metals via the sulfate group, forming infinite

1D zigzag chains, ensures the entanglement of the structure. These chains, in turn, are further

assembled into a 2D network through NAH� � �O hydrogen bonding. Thermal analyses underline

the high thermal stability of our complex, which starts to decompose at 200 �C. The infrared spec-

trum confirms the results obtained from the crystallographic analysis. Optical studies reveal the

presence of a hypsochromic effect noticed in the absorption and photoluminescence spectra. The
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synthesized compound was found to reduce both oxidative injury and histopathological features,

which are associated with skeletal metastases as a result of malignant Walker 256/B breast cancer

cells.

� 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open

access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

The self-assembly of metal-containing complexes is one of the most

thriving areas of research in solid chemistry owing to their beguiling

structural frameworks and their aptitude as functional materials in

various fields such as catalysis (Yahyaoui et al., 2007; Naı̈li et al.,

2013; Dı́az-Requejo and Pérez, 2008; Kirillov et al., 2012), bioinor-

ganic chemistry (Solomon et al., 2004; Henkel and Krebs, 2004;

Gamez et al., 2001), and magnetochemistry (Sharples and Collison,

2014; Coronado and Day, 2004). The structure of those complexes

can be designed based on the interaction of metal ions with organic

ligands. In the self-assembly process, the duly selection of the metal

ions, the structure of the organic ligands, the nature of counter anions,

and the reaction conditions alter the formation of the final architec-

ture. Although it is not yet possible to prepare fully predictable frame-

works based on rational design, the appropriately selected organic

ligand is of primordial importance in the adjustment of the topology

of coordination frameworks. As stated in previous studies, N-

containing ligands tend to evolve strong coordination bonds to metal

ions materials (Abid Derbel et al., 2020; Sayer et al., 2021; Ben

Salah et al., 2016).

Among N-containing ligands, imidazole is a flexible building block

employed in the synthesis of numerous natural products, as well as an

important substituent in a large variety of pharmacologically active

compounds and therapeutic medicine (Derbel et al., 2022; Mhadhbi

et al., 2023; Verma et al., 2013). Imidazole is a polar and ionizable aro-

matic component that may be used to optimize the solubility and

bioavailability aspects of developed medicinal compounds (Adhikary

et al., 2016). Therefore, a great number of research publications have

been published on the production, antimicrobial, and anticancer char-

acteristics of imidazole-derived copper(II)-complexes (Inci et al., 2021;

Khan et al., 2020; Jiang et al., 2022; Kumar and Goel, 2022). Recent

studies on transition metal complexes with imidazole moiety demon-

strated that they limit tumor development by interacting with DNA

(Adimule et al., 2021; Gerçek et al., 2022; Yasir Khan et al., 2022).

Mercaptopurine, an imidazole-based anticancer medication, has been

shown to treat leukemia by interfering with DNA synthesis (Rayati

et al., 2017).

It is also well known that sulfate anions are attractive linkers for

generating novel convoluted structures due to their ability to bind mul-

tiple metal sites. It can accommodate 16 bridging coordination modes

that can bond 2, 3, 4, 5, 6, 8, or 10 metal ions, allowing for tremendous

structural diversity (Papatriantafyllopoulou et al., 2008; Hfidhi et al.,

2019; Hfidhi et al., 2021).

Recently, it has been reported that N-donor ligand 2-

methylimidazole generates a dimeric sulfate-bridged structure by its

reaction with copper(II) sulfate pentahydrate, which revealed com-

pelling ameliorative effects on tumor osteolytic lesions in malignant

Walker 256/B breast cancer-induced bone metastases in vivo and

in vitro (Hchicha et al., 2021;Mhadhbi et al., 2022).Moreover, imidazole

nucleus is inimitable and ubiquitous and it is well known to play a key

role in living organisms. Its derivatives have been reported as potential

therapeutic agents. They reduced proliferation and possessed metabolic

and antioxidative activities (Sharma et al., 2016; Gallati et al., 2021).

Inspired by the above-mentioned facts, we report in this paper the

synthesis, optical and for the first time the in vivo antioxidant and anti-

cancer properties of a new sulfate-bridged Cu(II) promising complex.

Its structure, which has been reported (Kumar et al., 2014), consists

of [Cu(m2-SO4)(Im)4] units that are bridged by the sulfate group to
form an infinite 1D coordination chain that is reinforced by the pres-

ence of hydrogen bonding between the organic ligand and the sulfate O

atoms. The optical properties of the synthesized compound are

explored in solutions, using media with different polarities. In an

attempt to rationalize the antioxidant and anti-tumoral effects of the

title complex, we used a rat model of breast cancer skeletal metastases

(BCSM).

2. Material and methods

2.1. Materials

All chemicals used during this work were of analytical grade
and were purchased from Sigma Aldrich. They were used as
received without any further purification. All the solvents used

in the synthesis were pure and obtained from chemical
suppliers.

2.2. Synthesis process

Single crystals of 1 (Fig. 1) were successfully grown by the slow
evaporation method at room temperature. Imidazole (0.27 g,

4 mmol) of was dissolved separately in 10 mL of methanol.
Then, copper sulfate pentahydrate (0.25 g, 1 mmol) was added
to the resulting solution under continuous stirring. An hour

later, the homogenous solution was filtered using Whatman fil-
ter paper and kept in a dust-free environment for crystalliza-
tion. Dark blue crystals appeared after a few days, filtered
off and washed with methanol, then air-dried.

2.3. Physical measurements

Infrared measurements were recorded at room temperature

with a Bruker Optics, Vertex70 FT-IRspectrophotometer,
using KBr pellets, in the range of 400–4000 cm�1.

For investigation of the thermal properties of 1, a thermo-

gravimetric (TG) analysis and a differential thermal analysis
(DTA) were conducted using a simultaneous TGA/DTA ther-
mal analyzer NETZSCH STA 449C TGA/DTA system with a

UMX1 balance from room temperature to 1000 �C under air-
flow (100 mL/min) at a constant rate of 10 �C/min. The mea-
surement of differential scanning calorimetry (DSC) was
performed on a NETZSCH DSC 200 F3 instrument in the

temperature range of 35–400 �C.
UV–Vis spectra are collected through a Cary 8454 UV–Vis

Diode Array spectrophotometer using a 1 cm path length

quartz cuvette. Luminescence measurements are carried out
using an Edinburgh FS5 spectrofluorometer.

2.4. X-ray data collection

A suitable crystal of 1 was selected under an optical micro-
scope and glued to thin glass fiber. The intensity data of the

http://creativecommons.org/licenses/by/4.0/


Fig. 1 Reaction scheme of the synthesis of 1.
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crystal were recorded on an Oxford Gemini S diffractometer.
The diffractometer was operated with Mo-Ka radiation
(k = 0.71073 Å). A multi-scan and empirical absorption cor-
rection were applied with the SADABS program (Sheldrick,

1996). The structure was solved using the intrinsic phasing
method and refined against full-matrix least-squares methods
F2 using SHELXT, and SHELXL2018/3 software. The NH

hydrogen atoms were located from the difference Fourier
map and refined isotropically. Other hydrogen atoms were
positioned geometrically and constrained to ride on their par-

ent at-oms, with CAH = 0.95–0.98 Å, NAH = 0.91 Å, and
Uiso = 1.2–1.5 Ueq (parent atom). The highest peak is located
0.79 Å from atom O1 and the deepest hole is located 0.61 Å
from atom O2. The molecular graphics were designed using

the DIAMOND program. A summary of the crystal data,
experimental details, and refinement results is compiled in
Table 1. CCDC 2158907 contains the supplementary crystallo-

graphic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
https://www.ccdc.cam.ac.uk/structures.
Table 1 Crystallographic and structure refinement data for 1.

Structural parameter Compound (1)

Empirical formula C12H16CuN8O4S

Formula weight (g.mol�1) 431.93

Temperature (K) 235(2) K

Crystal system Monoclinic

Space group C2/c

a (Å) 9.2045(2)

b (Å) 17.6322(4)

c (Å) 10.4835(2)

b (�) 93.289(2)

Volume (Å3) 1698.62(6)

Z 4

qcal (mg.m�3) 1.689

Absorption correction Semi-empirical from equivalents

Crystal size (mm3) 0.140 � 0.070 � 0.060

Crystal color Blue

l (mm�1) 1.447

hkl range �12 � h � 13

�25 � k � 25

�14 � l � 11

No. of reflection collected 8181

No. of independent reflection 3823

F (000) 884

R1a (I � 2r) 0.0467

wR2b (I � 2r) 0.0996

GooF 1.046

Transmission factors Tmin = 0.87232,

Tmax = 1.00000

Largest difference map hole

(eÅ�3)

Dqmin = �0.353;

Dqmax = 0.912

a R1 = R||Fo| � |Fc||/R|Fo|.
b wR2 = {R[w(Fo

2 � Fc
2)2]/R[w(Fo

2)2]}1/2.
2.5. Biological activities: Antioxidant and anti-tumoral effects

2.5.1. Animal farming and experimental procedure

Mature Wistar male rats (n = 24) were farmed under standard
animal housing conditions (24 �C, 50% humidity, and 12/12 h

light/dark cycles). The experimental BCSM was induced via an
intra-femoral inoculation model using malignant Walker 256/
B breast cancer cells as previously described (Badraoui et al.,
2014; Nyangoga et al., 2010; Badraoui et al., 2020). Previous

studies indicated that it is a very reproducible rat model of
BCSM (Nyangoga et al., 2010; Badraoui et al., 2022;
Hchicha et al., 2021). The rats were randomly divided into four

groups:

� Six rats were sham-operated under general anesthesia (ke-

tamine and xylazine) and served as a control group
(CTRL).

� Six rats received intra-femoral inoculation of 5 � 104

Walker 256/B cells under general anesthesia and served as
the W256 group.

� Six rats were sham-operated under general anesthesia and
given three intramuscular injections of the synthesized com-

plex (36 mg kg�1) based on one injection/week. These rats
served as 1 group.

� Six rats received intra-femoral inoculation of 5 � 104

Walker 256/B cells under general anesthesia and were given
three intra-muscular injections of the synthesized complex
(36 mg kg�1) as prescribed above. These rats served as

the W256 + 1 group.

Twenty days after surgery, all rats were euthanized. Oper-
ated femurs and bone morrow of the tumor vicinity were col-
lected for either histological or biochemical analyses as
recently reported (Badraoui et al., 2014; Nyangoga et al.,

2010; Badraoui et al., 2020). Animal housing and experimental
procedures were carried out using the Guidelines for Care and
Use of Laboratory Animals of Sfax University and approved

by the local Ethical Committee (12/ES/15). The main reasons
behind the selected dose of 1 is bibliography and similar com-
pounds as reported in previous studies, including those real-

ized in our research laboratory.

2.5.2. Antioxidant potential assay

The oxidative injury parameters were performed in the bone

morrow metastatic environment of the different experimental
groups as previously reported (Mzid et al., 2017; Badraoui
et al., 2007). The pro-oxidant parameters include thiobarbi-

turic acid reactive substances (TBARS) and advanced oxida-
tion of protein products (AOPP). TBARS level was assessed
spectrophotometrically following the method of Draper and
Hadley (Draper and Hadley, 1990). The absorbance was

measured at 532 nm. AOPP levels were assessed spectrophoto-
metrically using the method previously reported by Kayali
(Kayali et al., 2006). The absorption of the reaction mixture

https://www.ccdc.cam.ac.uk/structures


Fig. 2 (A): The Infrared spectra of 1 (KBr pellet). (B):

Simultaneous TG-DTA curves for the decomposition of 1. (C):

DSC curve of 1.

4 K. Hchicha et al.
was measured at 340 nm. The antioxidant parameters include
the assessment of superoxide dismutase (SOD), catalase
(CAT), and glutathione peroxidase (GPX) activities. SOD,

CAT, and GPX activities were assessed spectrophotometrically
using the methods of Beauchamp and Fridovich (1971), Aebi
(1984), Flohé and Günzler (1984), respectively. The protein

quantification in both tissues (bone morrow and erythrocytes)
was performed as previously described by Waterborg (2009)
using bovine serum albumin.

2.5.3. Standard histological assay

The operated femurs of the different experimental groups were
removed and processed for standard histological analyses fol-

lowing the decalcification procedure. The bone samples were
embedded in paraffin and then cut into 4–5 mm. The obtained
sections were stained with hematoxylin-eosin (HE) and exam-

ined under an optic Leica�microscope (Nyangoga et al., 2010;
Badraoui et al., 2020). The histopathological examination was
performed blindly.

2.5.4. Statistical analyses

Biological data are expressed as mean ± standard error of the
mean (SEM). The statistical analyses included a one-way anal-

ysis of variance (ANOVA) followed by the Newman–Keuls
post hoc test after checking the normal distribution. The statis-
tical analyses were performed using the GraphPad software
package (SPSS Inc., Chicago, IL, USA). The statistically sig-

nificant difference was considered whenever p < 0.05.

3. Results and discussion

3.1. Infrared spectroscopy

The strong band at 3101 cm�1 is assigned to m(NH), indicating
the presence of neutral (Im) ligands in 1 (Tatara et al., 2003)
(Fig. 2A). The [2800–3100] cm�1 spectral range shows rela-

tively weak bands corresponding to the stretching vibration
of (CAH) in the imidazole ring. A band at 1544 cm�1 indicates
the (C‚N) vibration, shifted toward lower wavenumbers,

indicating the binding of imidazole to copper through the
pyridine-type nitrogen atom. Additional stretching and defor-
mation vibration modes of (CAC) and (CAN) appear in the
[1400–1600] cm�1 and 600–900 cm�1 spectral range, respec-

tively. Additionally, the m1 of the (ASO4) group appears at
943 cm�1, while m2 appears between 450 and 480 cm�1. The
split of the m3 (1062, 1112, 1155 cm�1) and m4 (642, 608,

594 cm�1) into three bands each evidence the bidentate coordi-
nation mode of the sulfate group (Krushna et al., 1977).

3.2. Thermal behavior

According to the TGA/DTA curve (Fig. 2B), complex 1 is
thermally stable up to 200 �C proving the absence of any lat-

tice or coordinated water/methanol molecules and the high
thermal stability of our complex. Moreover, it can be handled
safely in ambient air conditions. Even at high humidity, no
hygroscopic phenomena are detected, which is of primordial

importance for producing stable devices. The thermal evolu-
tion under air takes place in two consecutive stages. The first
major weight loss of the material occurs between the tempera-
tures of 200 �C and 400 �C, accompanied by an endothermic

peak at 280 �C on the DTA thermogram. This mass loss cor-
responds to the oxidative degradation of four organic mole-
cules. This coincides with a sharp endothermic peak at

285 �C on the DSC curve (Fig. 2C). In the second step,
between the temperatures of 420 �C and 650 �C, an additional
weight loss of 27% indicates the decomposition of the sulfate

group (27.6% theoretical). In this temperature range, a shoul-
der exothermic peak appears on the DTA thermo-gram indi-
cating that the remained phase absorbs energy to break the
bonds between atoms leading to material decomposition.
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The final residue of the last step is expected to be copper oxide
(CuO) as a final product.

3.3. Crystal structure determination

The title compound crystallizes in the monoclinic system with
the centrosymmetric space group C2/c. Bond lengths (Å), bond

angles (�), and torsion angles (�) are gathered in Table 2.
As shown in Fig. 3, the coordination geometry around the

copper is well described as Jahn–Teller distorted octahedral

with four short bonds in the equatorial plan formed by the
imine nitrogen atoms, from four distinct (Im) molecules (Cu
(1)AN(1) 2.0011(17) Å; Cu(1)AN(3) 2.0217(18) Å). While

the axial sites are occupied by the two oxygen atoms from
two sulfates anions, with a CuAO bond length (2.557 (26)
Å) that is significantly longer than the equatorial ones.

To determine the degree of structural distortion within [Cu

(m2-SO4)(Im)4] octahedron, we define the distortion index (D)
(Ben Ali et al., 2020):

D ¼ 1

6

X6

i¼1

ðdi � �d Þ2
�d

in which di is the average CuAN/O bond length and �d are the

distances of the six individual CuAN/O bonds.
The herein obtained D value of 1.493 � 10-2 describes the

environment around the metal ion to be a highly distorted

octahedron.
The crystal structure of 1 exhibits a one-dimensional (1D)

zigzag chain structure (Fig. 4A) built up by metal centers,
SO4

2� ions, and the Im ligands. The way of coordination of sul-

fate is a captivating structural aspect of this complex. 1 con-
tains two bidentate bridging sulfate groups. Each of them
stitches the adjacent copper ions in g1:g1:l2 or 2.1100 connec-

tivity), giving rise to an infinite chain [ACu(Im)4AOAS(O2)A
O]n running along the c-axis.

A convoluted network of hydrogen bonds upholds the con-

catenation of the different subunits in the crystal. A crystal
packing diagram depicting the different hydrogen bonding is
shown in Fig. 4B and selected bond distances and angles are
enumerated in Table 3.

3.4. Optical properties

The sample is investigated in solutions, using media with dif-

ferent polarities; the optical and luminescence properties of 1
are examined in H2O, DMSO, and four mixtures with different
H2O:DMSO ratios (Table 4) (Maryott and Smith, 1951).
Table 2 Selected bond geometries (Å/�) of 1.

S(1)AO(1)#2 1.4480(18) Cu1AO1 2.577(26)

S(1)AO(1) 1.4480(18) O(1)#2AS(1)AO(1) 114.4(2)

S(1)AO(2) 1.4669(19) O(1)#2AS(1)AO(2) 108.69(13)

S(1)AO(2)#2 1.4669(19) O(1)AS(1)AO(2) 108.65(12)

Cu(1)AN(1) 2.0011(17) O(1)#2AS(1)AO(2)#2 108.65(12)

Cu(1)AN(1)#1 2.0012(17) O(1)AS(1)AO(2)#2 108.69(14)

Cu(1)AN(3)#1 2.0217(18) O(2)AS(1)AO(2)#2 107.5(2)

Cu(1)AN(3) 2.0218(18) N(3)#1ACu(1)AN(3) 180.00(5)

Symmetry transformations used to generate equivalent atoms:
#1 �x + 3/2, �y + 1/2, �z + 1.
#2 �x + 2, y, �z + 3/2.
The comparison of the band profile shows (Fig. 5) that the
UV band is not remarkably affected by the medium polarity
(Fig. 6a) although the measurements have a reduced accuracy

for the absorption contribution of DMSO. On the other hand,
the Vis-NIR band (Fig. 6b) is clearly influenced by the medium
properties; by increasing the medium polarity the absorption

maximum exhibits a hypsochromic shift of 85 nm (Fig. 6b).
The hypsochromic shift was also observed in photolumines-

cence (PL) analysis (Fig. 7). Moreover, the changes observed

on the luminescence maximum occurs with modification of
the band profile. In DMSO the PL spectrum has a structured
shape with the two main maxima at 414 and 450 nm and an
important shoulder at 380 nm; in water, the PL spectrum

has a structureless profile centered at 389 nm. By modifying
the H2O:DMSO ratio, the emission band assumes both charac-
teristic signals of two neat solvents. This behavior may indicate

the presence of different emitting states.

3.4.1. Biological activities: Antioxidant and anti-tumoral effects

First of all, it has been reported by the daily checking that the

rats with BCSM, as inoculated with malignant Walker 256/B
cells (W256 and W256 + 1 groups), showed highly depressive
symptoms similar to the previous reports (Badraoui et al.,

2009, 2022; Hchicha et al., 2021). The histopathological data
are reported in Fig. 8. Overall, our results showed that Walker
256/B cells induced tumor osteolysis below the growth plate

per comparison to the CTRL group. The osteolysis concerned
both cancellous and cortical bone. Nevertheless, the prominent
loss was noticed in the secondary spongiosa as evidenced by

disorganized morphology associated with disconnected and
reduced trabeculae. This confirms the reproducibility of this
murine model of malignant Walker 256/B breast cancer-
induced bone metastases (Badraoui et al., 2009, 2020;

Hchicha et al., 2021). While 1 given alone was not associated
with any toxic and/or histopathological features, it showed sig-
nificant alleviative effects in the femur morphology and its tra-

becular network in the group W256 + 1 once compared with
W256/B. These results may highlight the potential ameliorative
effects of copper (II). Our results corroborated previous stud-

ies, which confirmed the therapeutic claims of similar com-
pounds, particularly against cancerous diseases. It includes
those realized on a murine model of bone metastasis using
sulfate-bridged binuclear copper complex (Hchicha et al.,

2021) or natural compounds (Badraoui et al., 2009, 2014,
2022).

As represented in Table 5, the assessment of oxidative stress

revealed that malignant Walker 256/B cells increased both
TBARS and AOPP levels (1.92 vs. 4.35 and 0.92 vs. 3.21,
respectively) in the metastatic microenvironment when com-

pared with CTRL. Bone metastases as induced by these cells
were also associated with depletion of antioxidant enzymes,
particularly SOD and GPX for which the differences were sta-

tistically significant (23.66 vs. 14.34 and 3.48 vs. 2.04, respec-
tively). This proves that cancerous diseases are generally
accompanied by oxidative injury (Badraoui et al., 2009,
2014). The synthesized and characterized compound was

found to prevent the antioxidant enzymatic depletions and
lowered both levels of lipid and protein oxidation (TBARS
and AOPP). Taken together, the biological activity assessment

revealed a potential antitumor effect of the synthesized com-
pound through alleviation of Walker 256/B induced tumor



Fig. 3 ORTEP (50 % probability level) of the asymmetric unit of the molecular structure of 1 together with the atom numbering scheme.

H atoms labels have been omitted for clarity.

Fig. 4 (A) Packing of 1 along the crystallographic a-axis. (B) The sulfate-bridged zigzag chain viewed along c-axis. (C) Hydrogen bond

network shown along the a-axis.

Table 3 Hydrogen bonds properties (Å/�) for 1.

DAH� � �A d(DAH) d(H� � �A) d(D� � �A) \DAH� � �A
N(2)AH(2)� � �O(2)#3 0.76(3) 1.95(3) 2.703(3) 169(3)

Symmetry transformations used to generate equivalent atoms:
#3 x � 1/2, y + 1/2, z.

6 K. Hchicha et al.



Table 4 The values of molar attenuation coefficient in

different media.

Medium e

H2O 80.1

H2O:DMSO = 80:20 73.4

H2O:DMSO = 60:40 66.7

H2O:DMSO = 40:60 60.1

H2O:DMSO = 20:80 53.4

DMSO 46.7

In general, the absorption spectra in different solutions (Fig. 8)

display the first band in the UV and broadband at higher

wavelengths.

Fig. 5 Absorption spectra of the sample 1 in different media.

Fig. 6 Normalized absorption spectra of 1 in d

Fig. 7 Normalized PL spectra of 1 as function of medium

polarity.

Solvent-dependent hypsochromic shift and ameliorative effects 7
osteolysis. These results may be the cause and/or the conse-
quence of the potential antioxidative and/or anti-tumoral
effects of 1. Several similar synthesized or extracted com-
pounds possessed such biological properties, which make them

suitable candidates for drug design and development
(Badraoui et al., 2009, 2014, 2022). Assessment of the drugga-
bility and pharmacokinetics would certainly confirm such

interesting results.
ifferent media in UV (a) and NIR (b) region.



Fig. 8 Bone histological micrograph of CTRL (A), W256 (B), 1(C), and W256 + 1(D) groups (magnification � 200). Walker 256/B

breast cancer cells were intrafemoral inoculated and rats were euthanized 20 days after surgery. Note the advanced tumor osteolytic

lesions (dotted arrow) and the trabeculae thinning in W256 and W256 + 1 groups per comparison with CTRL. Note also the less

prominent tumor osteolytic lesions in the W256 + 1 group once compared with W256. TB: trabecular bone; Asterisks: intertrabecular

spaces, which are occupied by hematopoietic lineage, adipocytes, and Walker 256/B cells (if any); Arrow: Osteocytes.

Table 5 Pro-oxidant and antioxidant levels in the metastatic bone morrow environment of the different experimental groups CTRL,

W256, 1, and W256 + 1.

Entry

(unit)

Group

CTRL W256 1 W256 + 1

Pro-oxidants

TBARS

(nmoles/mg protein)

1.92 ± 0.08 4.35 ± 0.12* 1.87 ± 0.07 3.22 ± 0.13*#

AOPP

(nmoles/mg protein)

0.92 ± 0.04 3.21 ± 0.11* 0.96 ± 0.04 2.41 ± 0.08*#

Antioxidants

SOD

(Units/mg protein)

23.66 ± 0.86 14.34 ± 0.72* 22.84 ± 1.03 16.42 ± 0.75*

CAT

(mmoles/min/mg protein)

17.43 ± 0.67 15.66 ± 1.02 18.66 ± 0.75 16.66 ± 0.83

GPX

(mmoles/min/mg protein)

3.48 ± 0.45 2.04 ± 0.21* 3.36 ± 0.62 2.87 ± 0.54*#

Each data represents the mean ± SEM.
* p < 0.05 vs. CTRL group.
# p < 0.05 vs. W256 group using ANOVA followed by Newman–Keuls post hoc test.

8 K. Hchicha et al.



Solvent-dependent hypsochromic shift and ameliorative effects 9
4. Conclusion

The reaction of copper sulfate pentahydrate with imidazole in metha-

nol was found to give complex 1. The structure of the synthesized crys-

tal was ascertained by single-crystal X-ray diffraction. The results

unveil that the units of our complex self-assemble in l2-SO4 bridged

1D infinite chains, which are further involved in hydrogen bonding.

The metal ion is hexacoordinated by four N atoms from four Im

ligands, and two O atoms from two sulfate groups leading to a dis-

torted octahedral geometry. Thermal analyses highlighted the high

thermal stability of our complex, and in complementarity by IR results

support the results collected from single-crystal X-ray diffraction. A

hypsochromic shift was detected in the absorption and photolumines-

cence spectra. The biochemical and histological studies suggested that

1 is expected to be an important complex for further analyses and

development of both anti-oxidant and antitumoral drugs. The effect

was proven in a pre-clinical experimental study in BCSM rats as

induced by malignant Walker 256/B cells.
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Gerçek, Z., Yıldız, U., Ulukaya, E., Akar, R.O., 2022. Synthesis, DNA

Binding and Cytotoxic Activity of New copper(II) Complexes of

Trisubstituted Imidazoles. Pharm. Chem. J. 55, 1320–1328. https://

doi.org/10.1007/s11094-022-02578-2.

Hchicha, K., Korb, M., Badraoui, R., Naı̈li, H., 2021. A novel sulfate-

bridged binuclear copper(II) complex: structure, optical, ADMET

and in vivo approach in a murine model of bone metastasis. New J.

Chem. 45, 13775–13784. https://doi.org/10.1039/D1NJ02388H.

Henkel, G., Krebs, B., 2004. Metallothioneins: Zinc, Cadmium,

Mercury, and Copper Thiolates and Selenolates Mimicking Protein

Active Site Features � Structural Aspects and Biological Implica-

tions. Chem. Rev. 104, 801–824. https://doi.org/10.1021/

CR020620D.
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