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ABSTRACT. The synthesis, physicochemical characterizations, and biological investigations on the chelation of
the antibiotic medication enoxacin (EXN) with certain vital metal ions, such as platinum(IV), ruthenium(III), and
iridium(III) are discussed in this study. These compounds structures were interpreted based on elemental analysis
and spectral measurements (FTIR, 'H-NMR, UV-Vis electronic, and XRD). The findings show that there is same
coordination pathway for the chelation behavior of enoxacin complexes: a monodentate manner. The Pt(IV), Ru(III),
and Ir(IIT) complexes are coordinated through the N atom of the piperazine ring, which is an unusual mode of
coordination for this class of compounds. The dissolved complexes in DMSO were found to have non-electrolyte
nature based on their molar conductance measurements. The formula for these complexes is [Pt(EXN)3;(H,0).Cl]
(1), [Ru(EXN)3(H,0)5] (2), and [Ir(EXN);(H,0)s] (3). Using scanning electron microscope (SEM) analysis and X-
ray powder diffraction (XRD), the nano-scale range of the Pt(IV), Ru(Ill), and Ir(IlT) complexes has been
determined. Results of in vitro cytotoxicity were examined using MCF-7 cells (human breast cancer cell line) and
HepG-2 cells (human hepatocellular carcinoma) that had been grown. The cytotoxic activity of the metal complexes
demonstrated a cytotoxic effect against the growth of human breast and liver cancer cell lines.
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INTRODUCTION

The antibacterial activity may be dependent on the chelation of the metal ion with the carbonyl
and carboxyl groups of the quinolones and the binding of the resultant complex to DNA [1, 2].
Thus, a plethora of research on the interaction between metal cations and quinolone series has
been described and evaluated in the literature [3-8]. Research has demonstrated that metal
complexes have promising antibacterial, antioxidant, anti-tumor, and antidiabetic properties [9,
10]. Because of their anticancer properties, metal complexes have been extensively studied in
recent years and have had a significant impact on cancer chemotherapy. Because cancer is
becoming a greater hazard to human health, cisplatin is one of the most significant discoveries
among them [11-13]. As of right now, cisplatin and additional platinum-based substances
including carboplatin and oxaliplatin are effective against a few cancer kinds [14]. Nevertheless,
during treating cancer, these medications are linked to dose-limiting adverse effects such as
ototoxicity, nephrotoxicity, neurotoxicity, and emetogenesis; additionally, with time, resistance
limits their effectiveness [15]. These drawbacks have prompted a thorough search for and
development of substitute substances that bind to nucleic acids non-covalently and may be used
as anticancer medications. The compounds based on Au, Pt, Ru, Pd, Os, Ir, and Cu have been
studied the most in this context and offer promising potential as effective substitutes for the
medication cisplatin [16-19].
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One of the second-generation quinolone antibiotics, enoxacin (EXN) (Formula I), has a
piperazinyl moiety in position C-7 and is fluorinated in position C-6. By preventing DNA
replication and transcription and suppressing cell DNA gyrase, it eradicates germs [20, 21].
Because enoxacin has strong cytotoxic activity, it is a very effective treatment for tumors [22].
There have been reports of enoxacin complexes with Cu(Il), Zn(II), Cd(II), Ni(1l), Co(1I), Mn(II),
and Ag(l) [23-26].The findings suggested that metal ion coordination may boost medicinal
compounds' antibacterial activity and enhance their overall activity. The chelation of metal atoms
with neighbouring 4-oxo and carboxyl groups is the suggested mechanism of metal-enoxacin
interaction.

o O

FI\  OH

N NN
e

Formula I. enoxacin (EXN) drug.

Metal chelates containing quinolones have the capacity to bind with different metal ions and
exhibit biological action towards diverse microorganisms [27-30]. Quinolones have the ability to
function as bridging, bidentate, and unidentate chelates. Quinolones are typically coordinated in
a bidentate manner; this occurs when the COOH group and carbonyl oxygen atom deprotonate,
resulting in the loss of one oxygen atom. Quinolones can, on rare occasions, function as bidentate
chelates by passing through both piperazinic and carboxyl nitrogen atoms. Quinolones can also
bind to metal ions through terminal piperazinyl nitrogen to form complexes as unidentate ligands
[30].

As far as the literature review goes, there have not been any published investigations on the
relationship between enoxacin and some transition metals of biological interest, such as Pt(IV),
Ru(I1I), and Ir(III). In order to introduce our work, we have focused on this topic. This time, we
concentrated on the following: (i) how the quinolone-antibacterial drug enoxacin interacts with
Pt, Ru, and Ir metals; (i) how the newly formed complexes are characterized using various
spectroscopy techniques; (iii) how the complexes' antibacterial activity is measured using the
minimum inhibitory concentration (MIC) against four different microorganisms; and (iv) how the
synthesis of enoxacin-based complexes may be used to treat cancer.

EXPERIMENTAL
Chemical

The supplier of enoxacin (EXN) was Aldrich Sigma Chemical Company. The Fluka Chemical
Company supplied the RuCls, H,PtCls.6H>0O, and IrCl3.xH,O along with solvents such CH;OH
and dimethylsulfoxide (DMSO), which were utilized without additional purification.

Instrumentations

With the use of a Perkin Elmer CHN 2400 (USA), the percentages of %C, %H, and %N were
quantified microanalytically. The metal contents (%) were calculated using standard gravimetric
analytical techniques. Using a Jenway 4010 conductivity meter, the complexes' molar
conductivities (1.0x10* mol/cm?®) in DMSO were measured. The electronic spectra of the
produced metal complexes were recorded using a UV2 Unicam UV/Vis spectrophotometer that
was equipped with a quartz cell that had a path length of 1.0 cm. Using KBr discs, infrared spectra
were captured using a Bruker FT-IR Spectrophotometer (4000-400 cm™"). Thermal measurements
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(TG/DTG-50H) were recorded using a single loose top loading platinum sample pan under
nitrogen atmosphere at a flow rate of 30 ml/min and a heating rate of 10 °C/min in the temperature
range of 25-800 °C. The Shimadzu thermo gravimetric analyser under N; at 800 °C was utilized
for this purpose. Using TMS as the internal standard, "H-NMR spectra were captured in DMSO
solutions using a Bruker 600 MHz spectrometer. The scanning electron microscope (SEM)
pictures of the complexes were captured using a Jeol Jem-1200 EX II at an acceleration voltage
of 25 kV. The samples' X-ray diffraction (XRD) patterns were recorded using CuKa; radiation
and an X Pert Philips X-ray diffractometer with a graphite monochromator set to a scanning rate
0f 0.02 °/min (3 - 70 degrees). Using a JEOL 100s microscope, transmission electron microscopy
(TEM) pictures were captured. Using a Gouy magnetic balance, the mass susceptibility (X,) of
the complexes was determined at room temperature. As previously reported, the effective
magnetic moment (pfr) value was measured.

Synthesis of enoxacin complexes

An aqueous solution containing 20 mL of H,PtCls.6H,O (1 mmol, 0.337 g), RuCl; (1 mmol, 0.208
g), and IrCl;.xH>O (1 mmol, 0.299 g) was combined with a hot methanolic solution (3 mmol, 20
mL) of enoxacin (0.960 g). However, the three compounds were formed as a result of adding a
few drops of aqueous ammonia to the EXN aliquot. The reaction mixtures were refluxed for three
hours at approximately 75 °C. After being filtered, the solutions were allowed to slowly evaporate.
Following a day, microcrystalline products ranging in colour from yellow to dark brown were
deposited, filtered, cleaned with methanol, and vacuum dried.

[Pt(EXN)3(H>0):Cl] (1) complex. The complex is yellow colour, soluble in (DMSO and DMF)
and is a non-electrolyte (10 mS). Complex (1) (CssHs,CIF3N,01,Pt) (MW = 1224.6 g/mol):
Yield: 77%. Calcd.: C, 44.10; H, 4.25; N, 13.72. Found: C, 43.97; H, 4.02; N, 13.59%.

[Ru(EXN)3(H:0)3] (2) complex. The complex is dark brown, soluble in (DMSO and DMF) and is
a non-electrolyte (7 mS). Complex (2) (CssHssF3N12012Ru) (MW = 1113.5 g/mol): Yield: 75%.
Caled.: C, 48.49; H, 4.85; N, 15.09. Found: C, 48.40; H, 4.77; N, 14.96%.

[Ir(EXN)3(H>0)3] (3) complex. The complex is dark brown colour, soluble in (DMSO and DMF)
and is a non-electrolyte (9 mS). Complex (3) (CssHssF3N12012Ir) (MW = 1150.3 g/mol): Yield:
79%. Calced.: C, 46.94; H, 4.69; N, 14.60. Found: C, 46.85; H, 4.63; N, 14.42%.

Antibacterial assessment

Using the agar well diffusion method, the antibacterial activity of the ligand and complexes was
ascertained [31]. Investigations were conducted on strains of four different bacterial species: G(+)
(Bacillus subtilis and Staphylococcus Aureus) and G(-) (Pseudomonas aeruginosa and
Escherichia coli). The typical antibacterial agent employed was ampicillin.

RESULTS AND DISCUSSION
Microanalytical and molar conductance investigation

The objective of this study was to synthesize, characterize chemically and biologically Ru(III),
Pt(IV), and Ir(III) complexes with enoxacin as a second generation of floroquinolone medications.
Finding the chelation mechanism under the effect of the mixed solvent CH;OH/H,O (50/10 v/v)
was the primary goal of this investigation. The general formulae of three new EXN complexes as
well as the percentages of the important elements (C, H, and N) coincide [M(EXN)3(H>0);] ((2
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and 3) M = Ru*" and Ir**; [P(EXN)3(H.0).Cl] (1) (Figure 1). The EXN complexes have higher
melting points than 300 °C and are stable in air. Complexes 1-3 exhibit conductance data that falls
within the non-electrolytic range (7-10 mS), with a low limit that can be compared to electrolyte
materials as a point of reference [32]. Based on the conductance readings as well as checking by
silver nitrate reagent, it is inferred that there are no chlorine atoms or that they are present inside
the chelation sphere.
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Figure 1. Suggested structures of (I): M = (Ru** and Ir**)—enoxacin and (II): Pt*'—enoxacin
complexes.

Infrared spectra

In order to explore the coordination modes in three different Ru*", Pt*", and Ir** metal ions, the
FTIR spectra of Ru(Ill), Pt(IV), and Ir(IIl) EXN complexes 1-3 were compared with free EXN

(Figure 2 and Table 1). At wavenumber ~1690 cm™, the free EXN-free drug's FTIR spectra

displays a distinctive stretching vibration band called v(C=0O)coon. The remaining distinct bands,
located at 1620 and 2970 cm’!, are attributed to the stretching vibrations of V(C=0)pyridine and

V(NH)piperazyl, respectively [33]. Because nitrogen is less electronegative than oxygen, a N—H bond

is less polar than an O—H bond. As a result, the peak will be narrower and the N-H stretch will be
less severe due to weaker hydrogen bonds. The v(NH) piperazyl band disappears after chelation

towards Ru*", Pt*", and Ir** metal ions (complexes 1-3). The characteristic band caused by
v(C=O)coon at 1618-1613 cm™ remains unshifted, and the stretching vibration band of
v(C=0)coon is shifted to a higher wavenumber 17041699 ¢cm! in comparison with free EXN

(1690 cm™). According to these assignments, the nitrogen atom in the piperazyl ring allows the

EXN medication to function as an unidentate chelate. The existence of new absorption bands in
the 2700-2400 cm™ range is attributed to the stretching vibrations of water molecules

crystallizing due to hydrogen bond effects. It is implied that there is no cooperation between metal
ions and oxygen atoms since the v(OH)coon vibration changes very little. Hydrogen bonding also

broadens the O-H stretch of carboxylic acids and is linked to two distinct infrared stretching
absorptions that exhibit significant changes in response to hydrogen bonding. The assignments of
the other stretching vibration motions v(M—N) vibrations in Ru(IIl), Pt(IV) and Ir(III)-EXN
complexes 1-3 are observed at 493—418 cm™! [34].
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Figure 2. Infrared spectra of A: Ir(III)-EXN, B: Pt(IV)-EXN and C: Ru(III)-EXN complexes.

Table 1. FT-IR assignments of Ru*", Pt* and Ir** ~EXN complexes.

Compounds Assignments (cm™)
v(O—H)coon | V(C=0)coon | V(C=O)pyridone | 8(C—H)aromatic | VIN—H)piperazyt | V(IM=N)

EXN 3459 1690 1620 885 2970 -
PHIV) 152 493
complex 1704 1618 872 - 468

3469

418

Ru(lll) 3524
complex 3459 1699 1617 872 - 488
Tr(Il) 3529 488
complex 3469 1704 1613 8771 ) 418
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Electronic spectra and magnetic measurements

The Ru(I1I), Pt(IV), and Ir(III)-EXN complexes 1-3 with 10 M in DMSO solvent were scanned
for electronic UV—Vis spectra in the 800-200 nm region. These three novel EXN compounds'
spectra show some distinct bands at 250-300 nm, 300-350 nm, and 350—450 nm within three
regions. According to existing research, the first range can be attributed to the electronic transition
between m—n* for aromatic hydrocarbon rings. The second range contains some electronic
absorption bands that are associated with the n—n* transition for ketonic, NH imine, and
carboxylic groups and the third range is linked to the d-d transition M-Lcr, respectively [35-40].

Table 2 lists the ruthenium(III)-EXN complex's electronic spectrum values in solid
sample. Ru(III) has a ground state of >T2,. It is known that the t,, “e1, configuration gives rise to
the initial excited doublet levels, 2A, and T, in ascending order of energy [35-38]. In increasing
order of energy, the Ru(Ill) complex exhibits three electronic transitions at 22573 cm™, 27933
cm!, and 29762 cm™!. These transitions can be attributed to Toe—*T1y (v1), 2Tog—*T2, (v2), and
2Try—2As, (v3). The following equations (1-3) [38-40] were used to compute the ligand field
parameters (10 Dq) and the interelectronic repulsion parameters (B and C):

2Ty—*T1g (v1) = 10 Dg — 5B — 4C )
2Tpy—Tag (v2) = 10 Dq + 3B — 4C )
Tyy—?Asg , *Tig (v3) =10 Dg - 2B - C )

The ligand field parameter values are similar among the several ruthenium(IIl) complexes
documented in the literature [40]. The complex's measured Racah interelectronic repulsion
parameter (B) is smaller than that of the Ru(III) ion (B'= 630 cm') [39, 40]. With a nephelauxetic
parameter (3 = B/B') < 1.0, the 10Dq value is high. A decrease in the § value is similarly linked
to a decrease in the metal ion's effective positive charge and an increasing propensity to reduce to
the lower oxidation state [39]. These findings imply that the EXN donor and Ru(IIl) ions have a
strong covalent connection [34-38]. Reliability of ruthenium(III)-EXN complex (2) to magnetic
fields at room temperature was measured with a Gouy magnetic balance. The ruthenium(III)
complex has a paramagnetic property with S = % and d° (low spin). The ruthenium(III) complex's
magnetic moment of 1.99 B.M. supports the observation of a single unpaired electron in an
octahedral environment for the Ru(I1I) ion in a low spin 4d° configuration [39, 40].

Charge-transfer transitions in the electronic spectra of the platinum(IV) complex (1) may
interfere and make it impossible to observe all of the predicted bands [39]. The unique bands at
33784 cm ! and 30030 cm! cans be attributed to a combination of the d-d transition band and
metal ligand charge transfer (M—Lcr). The combination of d-d transition bands and N—Pt(IV)
metal charge transfer (Ln—Ptcr) is responsible for the other weak band at 27933 ¢cm ™. Given that
the Pt(IV) complex 1 exhibits diamagnetic property, the platinum(IV) complex's geometry must
be octahedral. Four bands are anticipated as a result of the 'A1,—°Tig, 'A1;—Tog, and 'Aj—!Ti,
and 'Aj,—'Ty, transitions in the Pt(IV) d° system. Following complexation, the interaction
between the nitrogen atom of the piperazyl ring and the Pt(IV) ion causes a shift in frequency to
a lower value.

The character of the iridium(III) complex 3 is diamagnetic. The spectrum from UV to Vis of
iridium(IIT) complex 3 exhibits bands at 30030 cm™' and 33670 cm™!. From the ground state 'Aj,,
these two bands were inferred. They were found in the predicted ranges [34-38] for the two spin-
allowed transitions, '!Aj;—!Tig (v1) and 'Ajg—'Tae (v2). In the Ir(IIT) complex 3, the ratio v2/v1
is 1.1212, in agreement with the octahedral geometry for iridium(IIT) complexes reported in the
literature [38-40]. Based on the following equations (4 and 5) [39, 40], the ligand field parameters
10Dq and nephelauxetic (B) have been computed using the 'A,—'Ti, (v1) and 'A;;—!Ts, (v2)
transitions:
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vl = lqu*4B + M (4)
10Dg
2

v2=10Dq + 12B + 2(B) ()
10Dgq

The v2/v1, 10Dq, B, C, and B parameters' outcome values accord with those of other iridium(III)
complexes from earlier research [39, 40]. In the Ir(IIl) complexes, the B value corresponds to
approximately 34% of the free iridium ion (660 cm™') and denotes the considerable covalency
overlap in the metal ligand c-bond.

Table 2. Electronic spectral bands (cm™") and ligand field parameters of Ru**, Pt*" and Ir’*~EXN complexes.

Complex | Amax (cm™) Assignments v2/vl | 10Dq (em™) |B (em™) |C (em™)| B
27933 ['A1g— T
Pt(IV) 30030  |'Aig—Tz - - - - -

33784 |'A1g—'Tig& 'A1g—'Toe
22573 [*Tag—*Tig(v1)

Ru(IID) 27933 |*Tag—*Tag(v2) 1.2374 23895 670 507 1.06
29762 |*Tag—>Azg, *Tig (V3)
30030  |'Aig—'Tig (v1)
33670 |'Aig—'Tae (v2)

Ir(1IT) 1.1212 30940 227 908 0.344

'H NMR spectra

Important Information "H NMR signals of enoxacin are detected at chemical shifts of 1.40 (3H,
—CH3 methyl), 2.0 (1H, amine), 2.62 (4H, piperazine), 3.85 (4H, piperazine), 4.48 (2H, —CH,—
ethyl), and 8.10, 8.95 (2H, naphthyridine) [41].

Since the aliphatic and piperazine protons share the same binding site with the ligand, it is
noticed that the signals for these protons are altered when comparing the major peaks of enoxacin
with its complexes. The piperazine ring's NH proton, which is present in free EXN-free
medication at 2.0 ppm, is absent. However, in the platinum(IV) complex spectrum (Figure 3), the
resonance of the naphthyridine proton from 8.10-8.95 occurred upfield near 7.41-8.65 ppm. The
absence of the carboxylic proton (COOH) resonance in the Pt(IV) complex spectrum indicates
that the oxygen atoms in the ketonic group of the pyridone ring of enoxacin and the proton of
carboxylic acid form an intermolecular hydrogen bond. Because coordinated water molecules are
present, the OH proton peak appears at 3.50 ppm, next to the piperazine protons. Our research
indicates that enoxacin interacts with the metal center through the deprotonated of amine proton
of piperazine, functioning as a monoanionic monodentate ligand. Based on the acquired data, the
Ru(I1I), Ir(Ill), and Pt(IV) complexes are hypothesized to be six coordinate, with three enoxacin
molecules chelating the center metal atom from three sides and two water molecules and chloride
ion at the octahedron's chelates (Figure 1).

Thermal analyses

The formulae for the Ru(III), Ir(IIT), and Pt(IV)-EXN complexes 1-3 presented in this paper were
determined using thermogravimetric analysis (TG) and differential thermogravimetric analysis
(DTG). As seen in Figures 4a—c, TGA and DTG thermograms are carried out under N, flow. For
every synthesized complex, For the EXN complexes 1-3, the temperature data allowed us to
determine the number of crystallized water molecules outside/inside of the coordination sphere.
The breakdown of [Ru(EXN)3(H,O)s] at high temperatures (Figure 4a) take place at three primary
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degradation stages which are roughly at 59-182 °C, 182-369 °C, and 369-795 °C, respectively. The
weight loss linked to these phases is 77.75%, which is extremely near to the calculated theoretical
value of 77.27%, which denotes the loss of three EXN and three coordinated water molecules.
The RuO; contaminated with few carbon atoms (found, 22.25%; theoretical, 22.73%) is the final
thermal product obtained at 800 °C. The [Ir(EXN)3(H20)3] thermal breakdown (Figure 4b) show
the three primary stages of the degradation of the iridium(III) complex. Three coordinated water
molecules are lost during the first stage of decomposition, which starts at a maximum temperature
of 86-212 °C and results in a weight loss of 2.65%. At maximum temperatures of 212-360 °C,
360-493 °C and 493-795 °C, respectively, the second, third and fourth stages of decomposition
take place. Three EXN molecules are lost during these phases, resulting in a weight loss of
83.63%. Following breakdown, the residue's weight was found to be 13.91%, which corresponds
to an actual total weight loss of 16.71%, as per our calculations. Iridium metal is the byproduct of
thermal breakdown. Four stages of thermal degradation at 179-312 °C, 312-402 °C, 402-633 °C,
and 633-792 °C are seen in the [Pt(EXN)3(H,0):Cl] complex, as illustrated in Figure 4c. Due to
its anhydrous nature, the complex undergoes a first stage of decomposition at a high maximum
temperature of 179 °C. As a result, the complex begins to decompose at this DTGmax and continues
to do so through the second, third and fourth stages, resulting in a total weight loss of 43.82%,
which is equivalent to the loss of three EXN, two coordinated water molecules and one chlorine
atom, which, in theory, correspond to a weight loss of 43.57%. The weight of the remnant (Pt
metal) contaminated with carbon atoms after final decomposition is 56.18% (theoretically
56.44%), which agrees with our computed total weight loss figure of 43.82% for the actual weight
loss.
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3
0.94

160 150 140 130 120 11.0 100 9.0 8.0 7.0 0.0 5.0 4.0 3.0 20 1.0

15.143
8.646
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Figure 3. "H NMR spectrum of Pt(IV)-EXN complex.
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Figure 4. TGA and DrTGA curves of Ru(III)-EXN, Ir(IIT)-EXN, and Pt(IV)-EXN complexes.
X-Ray powder diffractions

Figure 5a-c displays the X-ray solid powder diffractions of the complexes [Pt(EXN);(H»0),Cl]
(1), [Ru(EXN)3(H20)3] (2), and [Ir(EXN)3(H20)3] (3). These patterns of diffraction are
semicrystalline. Using the Deby-Scherrer formula, the particle size (D) of EXN complexes 1-3
was calculated based on the principal diffraction patterns of each complex [42], where K is defined
as 0.94, B is the full width at half maximum (FWHM, B) of the prominent intensity peak (100%
relative intensity peak), and 0 is the peak position, A is the wavelength of the X-ray (1.5418 A)
for Cu Ka radiation. Using the Deby-Scherrer formula, the grain sizes for the Ru(III), Ir(III), and
Pt(IV) complexes were determined to be 6, 8, and 5 nm, respectively. The growing EXN chelates
surrounding metal ions (ratio 1:3) can be used to explain the smaller particle size [43]. Table 3
lists the XRD data that was gathered, including 20, intensities, and d spacing. Table 3 lists the
dislocation density (8), which was calculated using the following equations (6 and 7) [44] and
shows the development of high-quality complexes.
_ K 5 - —
B cos0 (6) D2

(N

Table 3. The XRD collected data of crystallite sizes (D), dislocation density (), 20, intensities, and d-spacing
of Ru(Ill), Ir(IlT), and Pt(IV) complexes.

Complex D (nm) 3 (10'2.lin.m?) 2Theta Intensity d-Spacing
Ru(IIl) 6 0.0278 32 100 2.7508
Tr(I1T) 8 0.0156 32 100 2.7507
Pt(IV) 5 0.0400 32 100 2.7478
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Figure 5. XRD spectra of A: Ir(IIT)-EXN, B: Pt(IV)-EXN and C: Ru(III)-EXN complexes.
SEM and TEM morphology

Here, the surface morphology and particle size of the Ru(III), Ir(III), and Pt(IV)-EXN complexes
are examined using scanning electron microscopy pictures, which show crystalline and irregular
structures. The micrograph's layers show that the system's atoms are arranged in a clearly defined
pattern, indicating that all the reactants have fully reacted to form a single, homogenous molecule.
On average, the SEM image displays a single-phase development with distinct grain
characteristics and particle sizes between 5 and 200 um. The TEM images of EXN complexes
verify the existence of NPs that are spherical or semispherical and seem like dark dots.

Antibacterial assessments

Bacteria G(+) (Bacillus subtilis and Staphylococcus Aureus) and G(-) (Pseudomonas aeruginosa
and Escherichia coli) were the four types of bacteria used to evaluate the antibacterial efficacy
of enoxacin complexes containing Ru(IIl), Pt(IV), and Ir(III). The test samples' inhibition zone
diameters are compiled and added to Table 4. Compared to the common antibiotic Ampicillin,
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the three EXN complexes exhibit greater antibacterial efficacy against all strains of
microorganisms, including Bacillus subtilis, Staphylococcus aureus, Pseudomonas aeruginosa,

and Escherichia coli.

The type of strain of microorganisms:

Name Gram reaction ATCC
Bacillus subtilis G* 6051

Escherichia coli G- 11775
Pseudomonas aeruginosa G- 10145
Staphylococcus aureus G* 12600

In comparison to ligand and conventional medications, the ruthenium(III), platinum(I'V), and
iridium(IIl) complexes had superior inhibitory effects and antibacterial properties. Tweedy's
chelation provides an explanation for this, since it reduces the polarity of the metal cation due to
partial sharing of the metal ion's positive charge and ligand orbital overlap. Additionally, the
chelation increases the p-electrons' delocalization over the chelate ring, which raises the
lipophilicity. This causes a spike in the penetration of complexes into lipid membranes, which
blocks the target microorganisms' enzymes' metal sites. Additionally, the metal complexes
prevent protein synthesis and cell respiration, which hinders the growth of microorganisms [45].

Table 4. Antibacterial activities of EXN complexes.

Inhibition zone diameter (mm/mg sample)
Bacterial species

Sample G* G
Bacillus Staphylococcus Escherichia Pseudomonas
subtilis aureus coli aeruginosa
Control: DMSO 0.0 0.0 0.0 0.0
Standard: Ampicillin
Antibacterial agent 26 21 2 26
Ir(111) 34 38 31 36
Pt(IV) 36 39 31 37
Ru(III) 32 36 30 33

G: Gram reaction. Solvent: DMSO.
Anticancer assessments

In vitro cytotoxicity tests were performed on human breast cancer cell line MCF-7 and human
hepatocellular carcinoma cell line HepG-2 to evaluate the effects of enoxacin complexes of
Ru(IlI), Pt(IV), and Ir(II) metal ions in comparison to two commonly used anticancer drugs,
doxrubcin and cisplatin. Figure 6 shows the findings on inhibitory activities that were evaluated
using the ICs inhibitory concentration calculation. The platinum(IV) complex exhibits a higher
ICso against the HepG-2 cell line compared to the ruthenium(III) and iridium(III) complexes, but
the iridium(IIl) complex outperforms the platinum(IV) and ruthenium(IIl) complexes against the
MCF-7 cell line.
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Figure 6a. Evaluation of cytotoxicity of Ir(Ill) (ICso = 25.4+1.9 pg/ml), Pt(IV) (ICso = 23.2+1.2
pg/ml), and Ru(II)-EXN (ICso = 90+4.5 pg/ml) complexes against HepG-2 cell line.
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Figure 6b. Evaluation of cytotoxicity of Ir(IIT) (ICso = 29.2+1.8 ng/mL), Pt(IV) (ICso = 30.1£1.8
pg/mL), and Ru(IIl)-EXN (ICso = 60.1£3.9 pg/mL) complexes against MCF-7 cell
line.
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CONCLUSION

The interaction of fluoroquinolone drug enoxacin (EXN) with platinum(IV), ruthenium(III), and
iridium(I1I) chlorides was investigated. Solid complexes, obtained as products of this interaction,
were isolated and characterized by elemental analysis, spectral (FTIR, 'H-NMR, electronic, and
XRD) and electron microscope (SEM) analysis measurements. The spectral studies of the isolated
complexes suggest that EXN act as monodentate ligand that bind through N atom of the piperazine
ring. The obtained results indicate the formation of the complexes of the following formulas:
[Pt(EXN)3(H20),Cl], [Ru(EXN)3(H,0)3], and [Ir(EXN)3(H20);]. HepG-2 (human hepatocellular
carcinoma) and MCF-7 (human breast cancer cell line) were used to analyze the results of in vitro
cytotoxicity against Pt(IV), Ru(Ill), and Ir(III) complexes.
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