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The azo dye ligand  4-(5-chloro-2-hydroxyphenylazo)-N-thiazol-2-
ylbenzenesulfonamide (H,L) formed by the coupling reaction of sulfathiazole
and p-chlorophenol was synthesized and characterized using elemental
analysis and Fourier transform infrared (FT-IR) as well as UV-visible spectra.
Nano-sized divalent Cu, Co, Ni, Mn and Zn complexes of the synthesized azo
dye ligand were prepared and investigated using various spectroscopic and
analytical techniques. Elemental and thermal analyses indicated the formation
of the Cu(Il), Ni(II) and Mn(II) complexes in a molar ratio of 1:2 (L:M) while
Co(IT) and Zn(IT) complexes exhibited a 1:1 (M:L) ratio. FT-IR spectral studies
confirmed the coordination of the ligand to the metal ions through the pheno-
lic hydroxyl oxygen, azo nitrogen, sulfonamide oxygen and/or thiazole
nitrogen. The geometric arrangements around the central metal ions were
investigated applying UV-visible and electron spin resonance spectra, thermo-
gravimetric analysis and molar conductance measurements. X-ray diffraction
patterns revealed crystalline nature of H,L. and amorphous nature of all syn-
thesized complexes. Transmission electron microscopy images confirmed
nano-sized particles and their homogeneous distribution over the complex
surface. Antibacterial, antifungal and antitumour activities of the investigated
complexes were screened compared with familiar standard drugs to confirm
their potential therapeutic applications. The Cu(II) complex showed ICs, of
3.47 ug ml™" (5.53 uM) against hepatocellular carcinoma cells, which means
that it is a more potent anticancer drug compared with the standard cisplatin
(ICsp = 3.67 ug ml™ (12.23 uM)). Furthermore, the Co(II), Ni(II), Cu(II) and
Zn(II) complexes displayed ICs, greater than that of an applied standard
anticancer agent (5-flurouracil) towards breast carcinoma cells. Hence, these
complexes can be considered as promising anticancer drugs. The mode of
binding of the complexes with salmon serum DNA was determined through
electronic absorption titration and viscosity studies.
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1 | INTRODUCTION

It is well known that sulfonamide derivatives result from
the interchanges of different functional groups while
retaining the essential structural merit of sulfonamide
moiety (—SO,—NH—), and can display a wide range of
curative and pharmacological activities.'?! Depending
on the great ability of sulfonamides to coordinate with
metal ions through diverse manners, a great number of
scientific of publications have been concentrated on sul-
fonamide complexes.** The tendency of sulfonamides
to act as ligands is supposedly attributable to the acidic
behaviour of the —SO,—NH— site resulting in the forma-
tion of anionic donor supported with the presence of O,
N and/or S atoms in the adjoining heterocyclic ring. Such
thematic environments grant the stereochemical demands
for fulfilling assorted arrangements like monomeric,
dimeric and polymeric structures.®! The aromatic amino
group which is the other requisite part in sulfonamide
compounds is the major source of the chemical variety of
this class of compounds which enable them to act as good
coordination centres. However, what appears more impor-
tant is that this part is a reactive site for chemical modifi-
cations of sulfonamide ligands to acquire an immense
number of complexes of biological importance. Heterocy-
clic azo dyes occupy a great position in the growth of coor-
dination chemistry. The prominence of such compounds
arises from their biological effectiveness in addition to
their analytical applications.[®! On the other hand, deriva-
tives of heterocyclic azo dyes have been utilized to settle
the depressed oxidation states of diverse transition metal
elements.!”) Most significant is that sulfonamide and azo
dye derivatives of sulfonamide were found to have biolog-
ically varying antitubercular, antimalarial and anticancer
properties.®! Additionally, the azo dye derivatives of sul-
fonamide compounds are applicable as potential ligands
for numerous metals.*"'°! Such metal complexes exhibited
tremendous utility in dying processes and bio-systems as
well as analytical detection of several metallic elements
in real samples.'"! Along with sulfonamide derivatives,
sulfathiazole (4-amino-N-2-thiazolylbenzenosulfonamide)
is considered one of the most important clinically used
compounds.'? Also, binuclear and polynuclear metal
complexes have attracted much attention attributable to
their numerous implementations in bio-systems,!!>!#!
and material sciences,!'® besides their unique spectral
and magnetic properties.[m] Also, the interaction of DNA
with small molecules is a promising field of research as
it considered as an overlapping area between chemistry
and biology."”'®! Such small molecules interact with
DNA through weak forces such as m-stacking reactions
which are usually accompanied with intercalation of the
aromatic (planar) constituent between base pairs of the

different types of DNA, van der Waals forces and hydro-
gen bonding as well as interactions of functionalities
bound through the cavity of the DNA helix.!"! Studies
aimed at the design of conformation- and site-specified
reagents supply rationale for novel drug styling as well
as improved susceptible chemical probes for the structure
of nucleic acids. Recently, the interactions between
nucleic acids and transition metal complexes have
attracted great attention, because of their importance in
the evolution of unprecedented reagents for medical sci-
ence and biotechnology.*”!

Keeping in mind all these considerations, we report
here the synthesis, structural characterization, DNA bind-
ing affinity and biological efficacy of a new series of mono
and homo binuclear transition metal complexes with sul-
fathiazole azo dye (H,L) for prospective chemotherapeutic
uses. The operative and active coordination sites in H,L
and the geometrical configurations of the complexes were
investigated applying elemental and thermal analyses,
Fourier transform infrared (FT-IR), electron spin reso-
nance (ESR) and electronic absorption spectroscopies,
X-ray diffraction (XRD), transmission electron micros-
copy (TEM) as well as various physical measurements.
The mode of binding of the studied compounds with
DNA was determined applying electronic absorption titra-
tion and viscosity techniques. This is due to the great
importance of studying the interaction of metal complexes
with nucleic acids in developing new reagents for biotech-
nological and medicinal applications. Also, the investi-
gated compounds were screened in vitro for their
antitumour and antimicrobial activities to evaluate their
potential therapeutic activities as new therapeutic agents.

2 | EXPERIMENTAL

2.1 | Preparation of sulfathiazole azo dye
ligand

The azo dye ligand was prepared using to the following
procedures. A suspension of 4-amino-N-(1,3-thiazol-2-yl)
benzenesulfonamide (2.55 g, 0.001 mol) in equal volumes
of HCI and water (15 ml) was warmed to 80°C until com-
plete dissolution. The resulting clear solution was cooled
below 5°C and diazotized using NaNO, (1.5 g) dissolved
in 15 ml of water. To a solution of p-chlorophenol (1.29,
0.001 mol) in water containing 1.6 g of NaOH, the
obtained diazonium salt was added in the course of
30 min at 0°C. The addition process took place dropwise
with continuous stirring. The precipitate was filtered
off, and then washed several times. The produced sulfa-
thiazole azo dye ligand H,L (Figure 1) was recrystallized
several times from ethanol.
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2.2 | Synthesis of nano-sized metal
complexes with sulfathiazole azo dye
ligand

Nano-sized transition metal complexes were synthesized
according to the well-known reflux-precipitation
method. Amounts of 0.001 or 0.002 mol of various transi-
tion metal salt solutions (0.002 mol (0.34 g) of
CuCl,-2H,0, 0.001 mol (0.237 g) of CoCl,-6H,0,
0.002 mol (0.474 g) of NiCl,-6H,0, 0.002 mol (0.394 g)
of MnCl,-4H,0, 0.001 mol (0.287 g) of ZnSO,4-7H,0) dis-
solved in 30 ml of 50% (v/v) H,0-C,HsOH mixture were
added to an ethanolic solution of H,L (0.001 mol (0.394 g)
in 40 ml of C,HsOH), drop by drop with constant stirring.
The obtained solutions (from mixing) were heated for
10-14 h using a water bath. The metal chelates formed
(after addition of a few drops of triethylamine) during
the reaction were isolated by filtration followed by wash-
ing with ethanol and ether. Then, the prepared metal
complexes were dried in a vacuum over CaCl, (anhy-
drous) and their purities were confirmed by TLC.

2.3 | Analytical and physical
measurements

Elemental microanalyses for C, H and N contents were
performed using a 2400 CHN elemental analyser
(PerkinElmer). A Sherwood magnetic susceptibility
balance was applied to obtain the room temperature mag-
netic moment values of the complexes. Electronic absorp-
tion spectra of all compounds were performed applying
the Nujol mull technique using a Shimadzu spectrometer
(model UV-3600). "H NMR spectra were obtained using a
Mercury Oxford NMR 300 Hz spectrophotometer using
tetramethylsilane as internal standard after dissolving
the samples in deuterated dimethylsulfoxide (DMSO-dj).
The molar conductance was determined in DMF solvent
(10~* M) using a JENWAY (model 4070) conductance
bridge. A Bruker Tensor 27 FT-IR spectrophotometer
was used to measure FT-IR spectra as KBr discs within
the range 400-4000 cm™'. The X-band powder ESR
spectrum of the Cu(II) complex was obtained with a Jeol
JES-RE1X EPR spectrometer (Alexandria University,
v = 9435 GHz). A GNR X-ray diffractometer
(APD2000PRO) was used for recording the XRD patterns
of the complexes, applying Cu Ka; radiation using a

OH OH N \
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FIGURE 1 Molecular structure of the prepared ligand, H,L
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graphite monochromator (at 0.03° min™" scanning rate).
Thermogravimetric analysis (TGA) of the complexes was
accomplished using a Shimadzu TG-50 thermal analyser,
in the presence of nitrogen as atmosphere using a
10 C min~! heating rate.

2.4 | Antitumour assays

The antitumour activity of the compounds under study
was tested against hepatocellular carcinoma cells com-
pared with the standard drug cisplatin and breast carci-
noma cells compared with 5-flurouracil as standard
agent. MCF-7 cells (human breast cancer cell line) and
HepG-2 cells (human hepatocellular carcinoma cell line)
were provided by VACSERA Tissue Culture Unit. The
cells were proliferated in Dulbecco's modified Eagle's
medium containing 10% foetal bovine serum (heat-
inactivated), L-glutamine (1%), buffer (HEPES) and
gentamycin (50 pg ml~'). Whole cells were preserved at
37°C in a moistened atmosphere with CO, (5%) and were
sub-cultured (two times a week). For anticancer activity
determination, the cells were cultured in 100 ul of growth
medium in a 96-well plate at a cell concentration of
1 x 10" cells per well. Fresh medium containing various
concentrations of the examined component was added
after 24 h of cultivation. Series of twofold dilutions of
the tested component were added to confluent cell mono-
layers distributed into 96-well, flat-bottomed microtitre
plates (Falcon, NJ, USA) applying a multichannel pipette.
The microtitre plates were developed at 37°C in a
humidified incubator with CO, (5%) for 48 h. For every
concentration of the examined sample, three wells were
utilized. Control cells were developed without examined
sample and without or with DMSO. The small DMSO
percentage existing (maximal 0.1%) in the wells had no
influence on the experiment. After cell incubation (at
37°C), different sample concentrations were placed, and
the incubation was continued (for 24 h) and the yield of
viable cells was counted using a colorimetric method.
After the ending of the incubation time, media were
sprinkled and 1% crystal violet solution was added to all
wells (for 30 min at least). The stain was removed and
the plates were washed with tap water until the extra
stain was removed. Glacial CH;COOH (30%) was then
added to all wells and fully mixed, and the absorbance
was determined after gently shaking with a microplate
reader (TECAN, Inc.) at 490 nm. All results were
corrected for background absorbance of wells without
applying stain. Treated samples were compared with the
cell control in the absence of the examined material. Each
experiment was repeated three times. The cell cytotoxic
influence of each tested sample was determined. The
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optical density was determined using a microplate reader
(SunRise, TECAN, Inc., USA) to determine the viable cell
number and the viability percentage was computed as
[1 — (ODt/ODc)] x 100%, where ODc is the mean optical
density of untreated cells and ODt refers to the mean
optical density of wells treated with the examined speci-
men. A plot relating the surviving cells and tested sample
concentration was made to get the survival curve of each
tumour cell line after treatment with the examined
sample. ICs, (50% inhibitory concentration), the concen-
tration required to cause toxic effects in 50% of intact
cells, was determined from graphic plots of the dose-
response curve for each concentration applying
GraphPad Prism software (San Diego, CA, USA).[21%2!

2.5 | Antimicrobial evaluation

The synthesized ligand and complexes were separately
investigated against a plate of Gram-negative and Gram-
positive bacterial strains and fungi. Antimicrobial tests
were conducted applying the diffusion agar technique.
Pathological bacteria, 1 x 10° CFU ml™' yeast and
1 x 10* spores ml™" fungi were distributed on nutrient agar
and Sab. dextrose agar, successively.l*?! After solidifica-
tion, 6 mm (diameter) wells were made in the solidified
agar and loaded with 100 pl of examined specimen solu-
tion provided by dissolving 20 mg of the test component
in DMSO. Then, the inoculated dishes were incubated
for 48 h at 28°C for fungi and 24 h at 37°C for bacteria.
Negative reference was tested applying DMSO used to
dissolve the tested samples. Ketoconaz was applied as
standard for fungi and gentamycin as standard for bacte-
ria. After incubation, antimicrobial activity was estimated
by determining the inhibition zone for the test organisms.

2.6 | DNA binding mode investigation

Because of the enormous significance of investigating the
type of interaction between chemical compounds and
DNA for the improvement of modern reagents for medi-
cal science and biotechnology, the mode of binding
between salmon serum DNA (SS-DNA) and the charac-
terized compounds was investigated wusing two
methods.**! The first method involved absorption spec-
troscopic titration in which increasing amounts of DNA
solution were added to a specified concentration of the
compound of interest and measuring the electronic spec-
tra for all solutions. The intrinsic binding constant (K})
was computed. Using the binding constant values, we
can evaluate whether the binding mode with DNA is
intercalative or non-intercalative.l**! The second method
was based on viscosity studies, which offer inclusive

precision to any change in the length of DNA. In this
method, DNA specific viscosity was determined applying
several concentrations of the material of interest while
fixing the concentration of DNA. The obtained results
were represented as (1/7,)"/® versus [compound]/[DNA]
(mole ratio), where 7 is the viscosity of DNA in the pres-
ence of examined material and 7, is the viscosity of DNA
in the absence of the examined material. Viscosity mea-
surement of DNA can be regarded as a conventional
way that is utilized in order to investigate the mode of
binding of DNA with compounds.

3 | RESULTS AND DISCUSSION

3.1 | Microanalytical results and molar
conductance

The obtained data from elemental analysis of organic azo
dye ligand H,L and complexes 1-5 are in good agreement
with the proposed molecular formulae (Table 1). The
results confirm formation of 2:1 (M:L) stoichiometry for
complexes 1, 3 and 4 and 1:1 (M:L) for complexes 2 and
5. The data from molar conductance determined in
10~° M DMEF solution were found to be within the range
13.1-27.9 Q™" cm® mol™". These values support the non-
electrolytic character of the complexes.*!

3.2 | 'H NMR spectra

The '"H NMR spectrum of H,L (Figure 2) displayed two
singlet bands at 12.90 and 10.91 ppm due to the hydrogen
bonded OH protons of phenolic group and sufonamide
moiety, respectively. The aromatic protons resonate as a
multiplet at 6.77-8.69 ppm.!*! Furthermore, the 'H
NMR spectrum of the ligand showed a sharp singlet at
9.70 ppm which can be attributed to the NH proton.
The appearance of this signal is explained by the tauto-
meric shift in the sulfonamide moiety shown below:

Q\ / HO\ _ /

—S—NH —S=N
/] 1
O @)

3.3 | FT-IR spectra and mode of bonding

For investigation the coordination sites in the ligand that
participate in bond formation with the metal ions, the
FT-IR spectra of complexes 1-5 are contrasted with
that of the parent ligand (Figure 1S). The intrinsic peaks
in the H,L spectrum are used to assist in understanding.
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TABLE 1 Microanalysis and some physical characteristics of H,L and complexes 1-5

Molecular formula

Colour (molecular M.p. (°C)

Microanalysis: calcd (found)

Compound (empirical formula) weight, g mol™)  (yield, %) C (%) H (%) N (%) M (%)
H,L C,sH;,CIN,O:S, Yellow (394.86) 163 (83) 45.63 (45.58) 2.81 (2.81) 14.19 (14.31)  —
1 [LCu,CL(H,0),] Brown (626.87) >300 (75) 28.74 (28.78) 2.09 (2.15) 8.94 (8.87) 20.27 (20.09)
(C15H13C13Cu,N4058S;)
2 [LCoCI(H,0)]2H,0 Brown (542.28) >300 (74) 33.22(33.09) 2.97 (2.86) 10.33 (10.28) 10.87 (11.01)
(C15H16CL,CoN4O6S,)
3 [LNi,Cl,(H,0),|MeOH Brown (649.21) >300 (69) 29.60 (29.52) 2.64 (2.59) 8.63 (8.68) 18.08 (18.75)
(C16H17CL3N4Ni,06S,)
4 [LMn,ClL,(H,0),] Brown (609.65) >300 (64) 29.55(29.63) 2.15(2.23) 9.19 (9.28) 18.02 (17.68)
(C15H15C13Mn,N4O5S,)
5 [LZnSO,]H,0 Reddish brown >300 (84) 31.37 (31.60) 2.28 (2.35) 9.76 (10.04) 11.39 (11.52)
(C,sH1;CIN,0¢S5Zn) (574.32)
|
|
l
|
Il
o j_ ,__J’a..ﬁ._ “‘.__J'., VAN U______
FIGURE 2 'H NMR spectrum of H,L O a3 2 1 pem

Upon chelation, these peaks usually display alterations
either in their positions, shapes and/or their intensities.
Some of them vanish upon chelation. The FT-IR bands
of importance for the synthesized H,L and compounds
1-5 are listed in Table 2. For free ligand H,L, the spec-
trum displayed a broad band centred at 3423 cm ™, attrib-
uted to the stretching vibrations of intramolecular
hydrogen bonded OH groups,?®! and a band appeared
at 3231 cm ™" assigned to vyy. Spectra of all complexes
showed broad bands within the 3419-3441 cm™' range
assigned to voy of water molecules connected with the
complexes. Also, the complexes exhibited weak bands at

783-807 cm ™! for 8(H,O) of coordinated molecules.?”!
The band appearing in the ligand spectrum at 1422 cm
~! is assigned to vn—n. These bands exhibited obvious
shifts to higher wavenumbers by 18-34 cm™" upon com-
plex formation supporting the chelation towards metallic
centres through the azo nitrogen atom. The ligand band
appearing at 1212 cm™" was assigned to vc_o. This band
underwent upfield or downfield variation in the metal
chelated spectra confirming the attachment of the o-
position hydroxyl group in complex formation through
proton displacement; except for complex 5, in which the
hydroxyl group attached to the metal centre. The band

TABLE 2 Assignments for diagnostically important bands in FT-IR spectra (cm™*) for H,L and complexes 1-5

Compound v(OH) v(NH) v(C=N)
H,L 3423 3231 1570
1 3433 3240 1592
2 3441 — 1594
3 3421 — 1593
4 3420 3242 1592
5 3419 = 1590

v(N=N) v(C—0) »(M—0) v(M—N)
1422 1212 — —
1456 1232 514 441
1448 1225 568 445
1441 1237 570 447
1445 1203 572 460
1440 1231 570 441
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that appeared in the ligand spectrum at 1570 cm™" was
assignable to vc—y bond of thiazole ring. The shift in this
band in the spectra of complexes 1, 3 and 4 is due to par-
ticipation in complex formation. With respect to com-
plexes 2 and 5, the change in this band is attributed to
its involvement in hydrogen bond formation with the
adjacent NH group. The non-ligand bands appearing in
the complex spectra within 572-514 and 460-441 cm ™"
ranges can be attributed to M—O and M—N stretching
vibrations, respectively.!?*!

3.4 | TGA and kinetic parameters

TGA is a helpful tool for providing evidence supporting
the molecular structure of metal complexes,'****! through
affording valuable information about their thermal fea-
tures, thermal degradation stages, nature of intermediates
and the residual products of their thermal decomposition
steps.[31] It is important to determine the percentage and
type of water and/or organic solvent molecules alongside
the anionic groups associated with the metal ions. Based
on these facts, solid complexes 1-5 were subjected to
TGA. The successive thermal decomposition stages, types
of intermediates, temperature ranges and different pyrol-
ysis products, in addition to the found and theoretical
calculated weight loss percentages in every degradation
stage are presented in Table 1S and the TGA thermo-
grams are shown in Figure 2S. From the TGA thermo-
grams of complexes 1-5, it was observed that the metal
chelates decompose within three (complexes 2 and 4) or
four (complexes 1, 3 and 5) successive decomposition
steps. Within the first step of decomposition, the lattice
(complexes 2, 3 and 5) or coordinated (complexes 1 and
4) solvent molecules (water or methanol) evaporate. The
coordinated anions (chloride or sulfate) are lost with the
second and third decomposition steps. Within the follow-
ing steps of decomposition, the organic moiety is succes-
sively decomposed leaving behind the thermally stable
metal oxide or pure metal as a final residue. The thermal
decomposition of compound 3, as an example, can be rep-
resented by the following schemes:

[LNi,Cl,(H,0),]MeOH 25-9°C -
- 5,41 (caled. 4.92 %) ENi2CL(H0)]
. 69-295 °C
[LNiyCly(Hy0),] > [LNiy]
-16.24(calcd. 16.32 %)
0
[LNi,] 295-448 °C » Intermediate 1
-42.42 (caled. 42.17 %)
_ 0
Intermediate 1 727742 °C > 2Ni

-18.75 (calcd. 18.08 %)

The TGA data for complexes 1-5 strongly support their
proposed molecular compositions.

The kinetic parameters (order of reaction n, pre-
exponential factor A and energy of activation AE) for
the thermal degradation stages were evaluated applying
the Coats-Redfern equation®?! (Figures 3 and 3S). The
thermodynamic activation parameters (AH, AS and AG)
were calculated using the following relationships:

AH = AE — RT
AS = R[In(Ah/KT) — 1]

AG = AH — TAS

where k is the Boltzmann constant and h is the Planck
constant.

From the results listed in Table 3 we can deduce that
the negative sign of entropies of activation (AS*) indicates
that the activated complex is more ordered than reactants
and/or the decomposition reactions of the complexes are
slower than normal.**! The positive values of AH indicate
endothermic decomposition processes.[34] It is also
observed that the kinetics of the thermal decomposition
stages of all complexes obeys, in most cases, zero- or
first-order kinetics. The values of activation energies
increase as the maximum temperature of decomposition
increases indicating high stability of the complexes under
investigation.

3.5 | UV-visible spectra and magnetic
moments

UV-visible (electronic absorption) spectra are known as a
significant tool in differentiation between various geo-
metrical structures, square planar, octahedral and tetra-
hedral, of metal chelates. They are also a useful aid to
investigate the coordination of ligand constituent atoms
to metallic sites. The UV-visible spectra of the metal che-
lates were recorded by the Nujol mull technique within
the range 200-800 nm. The Cu(Il) chelate presented a
broad band at 752 nm attributed to *B;g — *A;, transi-
tion, supporting a square planar geometrical arrangement
around the Cu centre. A band appeared at 359 nm,
assigned to n — 7* transition, while the band appearing
at 486 nm is due to ligand-to-metal charge transfer.**)
The recorded magnetic moment (room temperature) of
the Cu(Il) complex was determined to be 1.76 BM. This
value lies near the range of the spin-allowed values
expected for one unpaired electron (1.72 BM), supporting
the obtained electronic spectral results.!*®! For the Co(1I)
complex, two bands which were observed at the visible
region at 533 and 715 nm, assigned to ‘A, — Ty (v,)
and *A, — * Ty(P) (v;) transitions, respectively, were
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FIGURE 3 Coats-Redfern plots for complexes 1 and 3. (a) First step, (b) second step, (c) third step and (d) fourth step, where
Y=[1-Q-a)'  "/A-nT?forn#1orY=[In(1 —a)]/T*forn=1

evidence for four-coordinate tetrahedral stereochemistry
around the metal centre.l*”) For the Co(II) complex, the
magnetic moment value is 4.28 BM, which is greater than
theoretical spin-only value for Co(IT) complexes indicat-
ing the orbital participation of Co(II) complexes.**! The
spectrum of the Ni(IT) complex displayed three absorp-
tion bands at 473, 576 and 738 nm corresponding to
Ty(F) = “Ty(P), * Tu(F) — *Ay(F) and *Ty(F) — *Ty(F)
transitions that are consistent with Ni(II) tetrahedral
complex. The value of magnetic moment measured for
the Ni(II) complex was 3.41 BM, consistent with the tetra-
hedral structure of complex,**! giving extra evidence for
this proposal. The spectrum of the Mn(II) complex

displayed two bands in the visible region at 420 and
587 nm assigned to °A; — *T,(G) and °A; — *T,(G) tran-
sitions, in agreement with tetrahedral geometry.**! The
Mn(II) complex has low magnetic moment value of
5.23 BM as a result of metal-metal interactions. Finally,
for complex 5, as a d'° system having no unpaired elec-
trons, the spectrum of the Zn(II) complex displayed bands
at 458 and 527 nm attributed to charge transfer transi-
tions. The apparent changes in ligand bands are excellent
proof for complex formation.[*!! The electronic spectrum
of the Zn(II) complex did not introduce any useful knowl-
edge about its stereochemistry and the Zn(II) complex
displayed diamagnetic character.

TABLE 3 Activation parameters (AH, AS*, AG*) for decomposition stages of complexes 1-5

Complex n Step r E*

1 1 1st 0.995730 32.14492
1 2nd 0.992379 47.12241
1 3rd 0.9931606 71.59581
0 4th 0.9947711 79.87832

2 1 Ist 0.998263 18.418672
1 2nd 0.996412 27.256068
1 3rd 0.985270 99.233199

3 1 1st 0.996827 45.220508
1 2nd 0.992561 19.900176
0 3rd 0.999274 18.97302
1 4th 0.989802 111.58072

4 1 1st 0.990349 20.31587
0.33 2nd 0.987279 71.978118
0 3rd 0.998258 84.701937

5 1 1st 0.9772249 28.623573
0.66 2nd 0.9037826 22.713336
0 3rd 0.9899152 44.955321

1 4th 0.9971191 165.5969

AH* A —AS* AG*
29.13110 127012.7842 0.157141 86.09481
42.56634 1080534.578 0.142777 120.8084
65.79264 184222.9018 0.159496 177.1215
72.20035 5285074.578 0.133918 195.8741
13.976918 202580699.2 0.0990533 66.89614
24.165338 1021388.244 0.1400191 76.21745
92.937422 96578.96891 0.1655434 218.2951
15.061283 44516052.49 0.110595 67.09621
14.774595 540710172.2 0.0920816 71.54288
42.564185 336.1722858 0.2054302 108.1991

105.04799 6591.671536 0.1881699 252.9025
15.524928 562098677.9 0.0911977 68.077608
69.276068 0.048010458 0.279184 160.0109
78.181683 339620.21 0.1553801 200.03849
25.609748 208607.9453 0.1530161 81.07809
18.801599 27577317.35 0.1145762 72.709685
39.551221 13366900.25 0.1232842 119.68592

159.21383 1.093353349 0.2603449 359.0936
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3.6 | ESR spectral studies

ESR measurement was accomplished for the Cu(IT) com-
plex using powder material at ambient temperature,
which provided only a value of g.i and does not give g
parallel and g, perpendicular values. As a result of the
dipolar interaction from the ESR spectrum of a set of
magnetic parameters, the spectrum exhibited a broad-
ened feature without hyperfine splitting. Two anisotropic
signals were perceived in the ESR spectrum of the Cu(II)
complex (Figure 4). The profile of the ESR spectrum sup-
ported the proposed geometry of the Cu(I) complex and
coincided with the data gained from magnetic and elec-
tronic spectral studies. The g.s value was found to be
2.1321 BM. The observed positive deviation from the
standard free electron value (2.0023) is attributed to the
measurable covalent bonding modes between the investi-
gated ligand and metal ions. Consequently, the metals
interact with H,L in the investigated complexes basically
in covalent mode.!**

Based on the data gained from microanalysis, TGA,
FT-IR, ESR and electronic spectra supported with molar
conductance and magnetic moment measurements, the
bonding of H,L to the metal ions and the structure of
the investigated compounds can be proposed, as shown in
Figure 5.

3.7 | XRD and TEM analyses

XRD is deemed to be one of the most useful techniques
for obtaining structural microcrystalline information
regarding the studied compounds./**! Also, it is usually
applied to provide an explicit view concerning the lattice
dynamics of compounds in the solid phase./**! Hence, the
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FIGURE 4 ESR spectral band of nanosized Cu(IT) complex (1)
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FIGURE 5 Structures of nano-sized divalent Cu, Co, Ni, Mn and
Zn complexes

XRD patterns of the ligand (H,L) and complexes 1-5
were obtained in the 0° < 26 < 90° range of scattering
angle. The diffraction pattern of free ligand is very differ-
ent compared with those of the corresponding metal
complexes (Figures 6 and 4S), supporting the formation
of the complexes. The ligand pattern indicates good
crystallinity whereas complexes 1-5 were found to be rel-
atively amorphous. This can be attributed to infrequent
configuration for solid frameworks throughout the pre-
cipitation process. Often, if the solution is cooled rapidly
enough or the reaction is fast, the precipitated compound
will solidify in an amorphous state. Furthermore, some
solids are found intrinsically amorphous since their
constituents are not capable of giving a perfect fit in a
crystalline lattice. This deprives one of the opportunity
for computing the crystallite sizes or d-spacing inside
the lattice giving insight about the solid complexes. The
amorphous nature of the compounds reflected the very
small size for the aggregates which is easily found within
the nanometre range, which can be investigated applying
the TEM technique.[*”!

TEM is usually applied to elucidate diverse interesting
nano-sized metal complexes.!*® It is a general imple-
mented technique utilized to investigate the particle size
and shape of solid materials. High-resolution TEM
images were obtained for complexes 1-5 (Figures 7 and
5S). We used TEM in order to acquire evident knowledge
concerning the particle size, surface morphology, micro-
structure and homogeneity for the metal complexes. The
micrographs show various particle shapes in nanocrystal-
line matrices. They display uniform and homogeneity of
surface morphology for all scrutinized samples. Likewise,
the images show the uniformity and propinquity among
the forms of particles supporting the occurrence of identi-
cal matrices. The presence of highly symmetrical
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FIGURE 7 TEM micrographs of Cu(II) complex 1 (a) and Co(II) complex 2 (b)

spherical anions in the complexation sphere usually leads
to the spherical nature appearing. Furthermore, this may
occur as a consequence of the diverse accumulation of
various singular particles of polycrystalline character.
The aggregation of condensed fine particles may be the
reason for the dark areas appearing in the micrographs.
The observed particle diameters for all metal complexes
were found to be in nanometric range. The particle
sizes reached 12.97 nm for complex 1, 48.64 nm for com-
plex 2, 68.14 nm for complex 3, 42.14 nm for complex 4
and 27.62 nm for complex 5. These nanometric sizes
can promote bio-efficiency compared with the bulk
analogue. Such an important feature facilitates the per-
meability through cell membranes of infected cells. These
novel nano-sized compounds can be of great interest as a
result of their notable properties and having a wide
range of prospective technological applications involving
catalysis, microelectronics, optics, chemical sensors and
bio-sensors.*”!

3.8 | Bio-efficiency studies

3.8.1 | Evaluation of antitumour activity

Chemotherapy is well known as a main approach for
localized and metastasized cancer treatment. Moreover,
novel synthetic anticancer therapies are indispensable to
progress the result for significant numbers of patients
who relapse after treatment with the known and current
cancer therapeutic agents.[43’48] The aim of our study was
to evaluate the anticancer activities of H,L and complexes
1-5 against human breast cancer cell line (MCF-7 cells)
and human hepatocellular carcinoma cell line (HepG-2
cells). We selected MCF-7 and HepG-2 because they are
the most common among the various types of carcino-
mas. The anticancer activity and growth inhibitory activ-
ities were specified by ICs0. %) 1C5, refers to the
concentration of scanned component which minimizes
cell growth (by 50%) applying the same conditions. Every
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point was computed as the average of triple experiments
and specified as mean +standard deviation. The obtained
values for ICs, for all investigated compounds are listed
in Table 4. Figure 8 shows the in vitro anticancer activity
of the organic ligand and compounds 1-5 against HepG-2
cell line, compared with the applied standard drug cis-
platin. It is clear that most compounds exhibited an inhi-
bition of cell efficacy and an enhanced cytotoxic efficacy
against HepG-2 according to the following order:
H,L < complex 5 < complex 3 < complex 2 < complex
4 < complex 1.

Figure 9 shows the in vitro anticancer activity of H,L
and complexes 1-5 towards MCF-7 cell line, in compari-
son with 5-flurouracil (the applied standard drug). It is
apparent that most inspected materials displayed an inhi-
bition of cell viability and increased cytotoxic influence
towards MCF-7 according to the following order:
H,L < complex 4 < complex 2 < complex 5 < complex
3 < complex 1. These results indicate that the type of
metal ions and the nature of the ligand are the key factors
affecting the anticancer efficiency of the metallic com-
pounds.***! The Cu(Il) complex exhibited ICs, of
3.47 ug ml~* (5.53 uM), greater than that of the well-
known standard drug cisplatin (ICs, = 3.67 ug ml™*
(12.23 uM)), towards HepG-2 cells. The Co(II), Ni(II)
and Zn(IT) complexes displayed ICs, values nearly equiv-
alent to that of the applied standard 5-flurouracil, and the
Cu(Il) complex exhibited ICs, value greater than it
against MCF-7 cells. So, these complexes can be consid-
ered strong and quite promising anticancer agents.

3.8.2 | Antibacterial and antifungal
activities

In vitro antibacterial and antifungal activities of free
ligand H,L and complexes 1-5 were screened applying
the diffusion agar technique.[23] The examined organisms
were chosen as follows: Salmonella typhimurium
(RCMB 006 (1) ATCC 14028) was selected as a type of

TABLE 4 In vitro anticancer activity of H,L and compounds 1-5
against HepG-2 and MCF-7 cells

ICs5, against HepG-2 ICs5, against MCF-7

Compound cells, pg ml™" (uM) cells, pg ml™" (uM)
H,L 189.0 (478.6) 331.0 (838.3)
1 3.47 (5.53) 14.90(23.77)
2 61.80 (113.9) 27.4 (50.53)
3 79.20 (121.9) 25.70 (39.58)
4 28.60 (46.9) 183.0 (300.1)
5 96.90 (168.8) 26.20 (45.64)
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FIGURE 8 In vitro anticancer activity of organic ligand and
complexes (C1-C5) against HepG-2 cell line, compared with
standard drug cisplatin

Gram-negative bacterium and Staphylococcus aureus
(RCMBO010010) as a type of Gram-positive bacterium.
Also, we selected Candida albicans (RCMB 005003 (1)
ATCC 10231) as a unicellular fungus and Aspergillus
fumigates (RCMB 002008) as a multicellular fungus.
Hence, such selection displays a broad spectrum of exam-
ined microorganisms. The obtained results revealed that
ligand H,L is inactive against all tested organisms. The
Cu(II) and Co(II) complexes exhibited good activity
towards S. aureus, within inhibition zones of 9.03 and
10.17 mm, respectively. The Co(II) complex showed high
efficiency against S. typhimurium with a 13.13 mm inhibi-
tion zone. The Ni(II) complex displayed moderate activity
against A. fumigates with a 10.97 mm inhibition zone.
Also, the Cu(II) complex exhibited good activity towards

% Cell Viability

FIGURE 9 In vitro anticancer activity of organic ligand and
complexes (C1-C5) against MCF-7 cell line, in comparison with
standard 5-flurouracil
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C. albicans with a 11.97 mm inhibition zone. Such
enhanced activity upon complex formation is best clari-
fied on the basis of Overton's concept[szl and Tweedy's
chelation theory.*! The mode of action may involve
hydrogen bond formation between the compounds and
the cell centre resulting in an interference with general
cell operations. Likewise, the ligand and complexes per-
haps perturb the respiration process in the cell and hence
prohibit protein formation resulting in limitation in the
growth of the organism. Furthermore, the greater antimi-
crobial efficacy of the complexes in comparison with the
free ligand is attributable to the presence of metallic sites.
They are more hypersensitive against bacterial cells than
free organic compounds.'®* The other compounds were
found to be inactive against the tested organisms. The
variation in antimicrobial influence of the metal com-
plexes is attributed to the nature of the substituents
present in the chelating agent and the nature of metal
ions forming the complexes. The mentioned behaviour
is attributed to the efficacious charge through d-electrons
being decreased by the electron-donating capacity, whilst
it increased due to the electron-withdrawing capacity.

3.9 | DNA binding studies

3.9.1 | Electronic absorption spectroscopy
studies

Electronic absorption spectroscopy is an essential tool
which is applied for evaluating the binding of DNA with
compounds and also the extent of binding.***>*®! The
absorption titration experiments were carried out using
constant concentrations of the studied compounds
(50 uM) while progressively increasing the concentration
of DNA at 25°C (5-45 uM). The absorbance of DNA is

Chemistry

cancelled by adding equivalent amounts of DNA to both
the tested compounds and reference solutions. The
absorption spectra of H,L and its complexes (1-5) in the
absence and presence of increasing concentrations of
DNA are presented in Figures 10 and 11. The intrinsic
binding constant (K},) of compounds with DNA is com-
puted by precisely noting the intensity of the charge
transfer bands. In the case of intercalation mode of bind-
ing between compounds and DNA, the obvious spectral
feature of the band under study is hypochromism with
small shift in wavelength; occasionally no shift is
observed. This is because the intercalative type of interac-
tion comprises a significant interaction between the aro-
matic chromophore of the complex compounds and
DNA base pairs.!*”*! The extent of absorbance reduction,
hypochromism, is ordinarily indicative of the extent of
intercalation. The other obvious spectral feature is
hyperchromism. Hyperchromism is consistent with the
fracturing of the secondary DNA structure.*®®®! The
binding ability and extent of binding between H,L
and complexes 1-5 and DNA is discussed based on
absorbance as a function of added DNA concentration.
The data obtained showed that by increasing the concen-
tration of DNA in the range 5-45 uM, the absorption
bands of H,L and complex 4 at 397 and 394 nm exhibited
hypochromism of 4.5 and 18.4%, respectively. These data
indicated strong association of the compounds with SS-
DNA, and it is also more likely that the interaction mode
is intercalation. On the other hand, compounds 1, 2, 3
and 5 exhibited hyperchromism of 20.3, 31.4, 24.9 and
18.7%, respectively, of the charge transfer bands
appearing at 470, 393, 402 and 408 nm, respectively. This
spectral change can be indicative of groove binding
mode.®Y! To illustrate the extent of binding of com-
pounds to DNA quantitatively, K;, was calculated using
the following equation:
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FIGURE 10 Absorption spectra of (a) H,L, (b) complex 1 and (c) complex 2 upon titration of SS-DNA. Arrows show the absorption change

with increasing DNA concentration
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absorption change with increasing DNA concentration

[DNAJ/(ea — &) = [DNAJ/(ep —&r) +1/[Kn(en — &1)]

where [DNA] is the concentration of DNA solution in
base pairs. The absorption coefficient €, equals Agps/
[compound] while & and g, refer to the extinction coeffi-
cients of the unbounded and the compound in a fully
bound state to DNA, respectively. A plot of [DNA]/
(e — &) versus [DNA] is a straight line with slope = 1/
(&, — &) and intercept = 1/Ky(e, — €p); Ky is calculated
from the ratio of slope to intercept. Analyses of the cal-
culated K;, values of the studied compounds illustrate
that the examined compounds have moderate binding
ability when these values are compared with those for
ethidium bromide which is a well-known intercalator.®*
The obtained values of K;, were found to be 1.98 X 104,
177 x 10% 1.3 x 10% 12 x 10% 14 x 10° and
7.7 x 10° for H,L and complexes 1, 2, 3, 4 and 5,
respectively.
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FIGURE 12 Effect of increasing concentrations of H,L and
complexes 1-5 on viscosity of SS-DNA

3.9.2 | Viscosity measurements

Optical tools provide substantial, but not sufficient, evi-
dence to support the intercalative type of interaction
between compounds and DNA. A hydrodynamic tool,
like viscosity, that introduces large accuracy to any
change in DNA length, is probably an influential tool in
order to evaluate the binding mode between tested com-
pounds and DNA. The viscosity of DNA solutions was
recorded using different dilutions of ligand H,L and com-
pounds1-5 using a constant concentration of DNA solu-
tion. Figure 12 shows the influence of increasing
concentrations of the compounds on DNA viscosity. Vis-
cosity measurement of DNA is regarded a classic way to
assess the type of DNA interaction in solution. Under
the normal conditions ethidium bromide, as a known
intercalator, usually results in a considerable enhance-
ment in DNA viscosity which results from the increase
in the distance between the intercalation site base pairs
that results in a final augmentation in the DNA
length,!®*! as obvious in Figure 12. For H,L and complex
4, the obtained results suggest that the compounds can
intercalate among the adjacent DNA base pairs, resulting
in elongation in the double helix and subsequently
increasing the DNA viscosity. This increase in the viscos-
ity by adding increasing amounts of the tested com-
pounds strongly suggests the intercalation binding
mode. For complexes 1-3 and 5, the relative viscosity of
the DNA solution was almost unchanged or increased
slowly over the entire tested range when compared with
H,L and complex 4, which suggests that the interactions
between these compounds and DNA may be via electro-
static forces of groove binding type.

4 | CONCLUSIONS

A novel azo dye ligand has been synthesized in addition
to its nano-sized divalent Cu, Co, Ni, Mn and Zn com-
plexes. The structures and geometries of the synthesized
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compounds have been confirmed using various analytical
and spectroscopic tools (i.e. elemental analysis, FT-IR
spectra, thermal analysis, magnetic moment measure-
ments and UV-visible and ESR spectra). For the metal
complexes, elemental and thermal analyses confirmed
the formation of the Cu(II), Ni(IT) and Mn(II) complexes
in a molar ratio 1:2 (L:M), while the Co(II) and Zn(II)
complexes are formed in a 1:1 (M:L) ratio. The FT-IR
spectral studies illustrated that the ligand binds to the
metal ions through the phenolic hydroxyl oxygen, azo
nitrogen, sulfonamide oxygen and/or thiazole nitrogen.
UV-visible and ESR spectra in addition to magnetic
moment measurements confirmed tetrahedral geometry
around the metal centres. XRD patterns indicated the
crystalline nature of H,L. and amorphous nature of its
complexes. The nano-sized nature of the metal complexes
has been confirmed from TEM images. The investigated
compounds were screened for their antitumour, antibac-
terial and antifungal activities comparing with well-
known standard drugs to evaluate their potential thera-
peutic applications. The antitumour activity results indi-
cated that the Cu(Il) complex exhibited ICs, of
3.47 ug ml™* (5.53 uM) against hepatocellular carcinoma
cells, which means that it is a more potent anticancer
drug than the standard cisplatin (ICso = 3.67 pg ml™?
(12.23 uM)). Furthermore, the Co(II), Ni(IT), Cu(II) and
Zn(IT) complexes displayed ICs, greater than that of stan-
dard anticancer agent 5-flurouracil towards breast carci-
noma cells. Hence, these complexes can be considered
promising anticancer drugs. The mode of binding of the
complexes with SS-DNA has been investigated through
electronic absorption titration and viscosity studies. The
obtained results confirmed that H,L and complex 4 bind
to DNA by intercalation binding mode while the binding
modes of DNA to the other compounds are via electro-
static forces or groove binding mode.
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