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Abstract: The chemical reaction between the quinolone antibiotic oxolinic acid (OA) and Fe(IlI), Zn(II), Ca(II),
and Mg(Il) ions results in the formation of metal-based complexes with the following formulas:
[Fe(OA)(H20)Cl2]- 2H20, [Zn(OA)(H20)Cl]-2H0, [Ca(OA)(H20)Cl], and [Mg(OA)(H20)Cl]. We used
analytical (C, N, H, Cl, metal analysis) and spectral (FT-IR, 'H NMR, UV-visible) data to structurally
characterize the synthesized metal-based complexes of the OA molecule. We found that the OA molecule
utilizes the two oxygen atoms of the carboxylate group and the pyridone C=O group to bind the investigated
metal ions. The morphological properties of the synthesized OA complexes were assessed using X-ray powder
diffractometry (XRD), scanning electron microscopy (SEM), and transmission electron microscopy (TEM). The
biological properties, specifically antibacterial and antifungal activity, of the synthesized complexes were
evaluated in vitro using the Kirby-Bauer disc diffusion protocol with five bacterial and three fungal strains.
The complex containing Ca(II) ions exhibited remarkable antibacterial and antifungal activity against all tested
microbial strains, surpassing or equaling the potency of the standard drugs (streptomycin for antibacterial
assays and ketoconazole for antifungal assays).

Keywords: Oxolinic acid; Metal-based complex; Spectroscopy; Microscopic characterization; Antimicrobial
activity

1. Introduction

Compounds consisting of a metal ion and a drug molecule, known as metallodrugs, have
attracted significant interest from pharmacology, biology, and chemistry researchers. Over the years,
numerous metallodrugs have demonstrated their potential pharmaceutical activity, including
antiviral, anticancer, and antibacterial properties. They are used as therapeutic agents and
chemotherapeutics to treat various human diseases, such as infections, neurological disorders,
diabetes, and cancer [1-8]. Furthermore, metallodrugs can be employed to design more biologically
active drugs. Platinum-based metallodrugs, such as carboplatin, oxaliplatin, and cisplatin, are widely
used as anticancer drugs for treating solid tumors, including testicular, ovarian, and bladder cancers
[9-12]. These platinum-based metallodrugs inhibit the division of tumor cells by damaging their
DNA and inducing cell death. However, the clinical applications of several metallodrugs present two
challenges: (i) severe adverse side effects and (ii) acquired resistance [13-15]. Drug resistance arises
from the extensive overuse of drugs, particularly antibiotics, and drug residues in the environment.

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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These problems hinder widespread application and limit the effectiveness of metallodrugs.
Consequently, researchers have focused on designing and developing innovative metallodrugs to
overcome these limitations, aiming for enhanced efficiency, a lower toxicity profile, a reduced rate of
drug resistance, and fewer side effects.

Quinolones have been utilized as antibiotics for over 30 years due to their high potency, good
bioavailability, low cost, absence of cross-resistance, and broad-spectrum activity against
antibacterial microbes [16-19]. We believe synthesizing new metallodrugs incorporating quinolones
can enhance the biological efficiency of these antibiotics. In this study, we aim to provide fresh
insights into the behavior and complexation tendencies of oxolinic acid (OA), one of the quinolone
antibiotics. OA, with the chemical name 5,8-dihydro-5-ethyl-8-oxo-1,3-dioxolo [4,5-g]quinoline-7-
carboxylic acid, belongs to the first generation of quinolone antibiotics (Figure 1). It is a white-to-off-
white powder with the linear formula CisHuNOs (261.23 g/mol). The OA antibiotic was developed
by Warner-Lambert, approved by the Food and Drug Administration in the 1970s, and used for
treating bacterial urinary infections.

O O
Ho)mo>
)N O
Figure 1. Structure of oxolinic acid (OA).

The work is separated into three parts of the investigation:

(i) Chemistry:

This part aimed to prepare the complexes of OA molecule with four metal ions [i.e., Fe(III),
Zn(Il), Ca(Il), Mg(II)] in neutral media (pH 7-8) with a 1:1 metal-to-OA stoichiometry at 60-70°C, and
to characterize the generated OA complexes with several physicochemical techniques: Fourier-
transform infrared (FT-IR), nuclear magnetic resonance (‘H NMR), ultraviolet/visible (UV-visible)
spectroscopies, and CHN elemental analyzer.

(ii) Morphology:

This part aimed to observe the phase purity and visualize the surface morphology of the
generated OA complexes by the X-ray powder diffractometry (XRD), scanning and transmission
electron microscopies (SEM and TEM, respectively).

(iif) Biology:

This part aimed to assay the antimicrobial properties (i.e., antibacterial and antifungal) of the
OA complexes in vitro using the Kirby-Bauer disc diffusion assay method with five bacterial and
three fungal microbes. The screening data of the standard drugs (streptomycin and ketoconazole)
were used for comparison.

2. Experiments

2.1. Chemicals and Instrumentation

The analytical grade OA (CisHuNOs; 261.23 g/mol; purity = 95.0%) was obtained from Merck
KGaA (Darmstadt, Germany). The analytical grade FeCls-6H20 (270.30 g/mol; purity > 98%), ZnCl:
(136.30 g/mol; purity = 99.99 %), CaClz (110.98 g/mol; purity 99.99%), and MgClz (95.21 g/mol; purity
>98%) were obtained from Sigma-Aldrich (St. Louis, MO, USA). Spectra of FT-IR (400-4000 cm™), 'H
NMR (600 MHz; DMSO- ds), and UV/Vis (200-1000 nm) collected by a Shimadzu FT-IR
spectrophotometer, a Bruker DRX-250 Digital FT-NMR spectrometer, and a Perkin-Elmer Lambda 25
UV/Vis spectrophotometer, were analyzed to explore the complexation mode of OA molecule with
the metal ions. Elemental analysis data collected by a Perkin-Elmer 2400 series CHN elemental
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analyzer were analyzed to propose the compositions of the OA metal complexes. The XRD spectra
(26 5-90°), SEM and TEM micrographs collected by an X'Pert Philips X-ray diffractometer, a Quanta
FEI 250 SEM, and a JEOL JEM-1200 EX II TEM were analyzed to observe phase purity, and surface
morphology of OA metal complexes.

2.2. Synthesis of OA Complexes

Complexes of OA with the metal ions Fe(Ill), Zn(Il), Ca(Il), and Mg(Il) were synthesized as
follows: The respective metal chloride salt (2 mmol) was dissolved in 25 mL of deionized water, and
this solution was gradually added to a stirred methanolic solution of OA (2 mmol, 25 mL). The
temperature of the hot plate was adjusted to a range of 60-70°C. A few drops of 5% NHs solution
neutralized the reaction medium, resulting in a pH of approximately 7-8. The neutralized mixture
was stirred for an additional 10 min, during which colored precipitate began to form. The reaction
vessel was left overnight to allow for complete precipitation of the synthesized complex. To remove
any residual unreacted OA or metal chloride, the filtrated product was thoroughly washed multiple
times with deionized water, MeOH, and CHsCH2OCH2CHs. The purified product was then dried
under a vacuum over anhydrous CaCl: for 48 h. The resulting OA complexes were obtained as a
white-colored powder for Zn(Il), Ca(Il), and Mg(Il) ions and as a brown-colored powder for Fe(IlI)
ions.

2.3. Biological Evaluation

The antimicrobial potential of the synthesized OA complexes was assessed through in vitro
screening using the well-established Kirby-Bauer disc diffusion protocol [20-22]. Antibiotic disks and
complexes were tested at 100 pg/mL concentrations. The zone diameters were measured to evaluate
the effects on the growth of the tested strains. The antibacterial results were compared to the standard
drug streptomycin (+ control), while the antifungal results were compared to the standard drug
ketoconazole (+ control). The bioefficacy of the synthesized OA complexes was examined against five
bacterial and three fungal strains. The tested microbial strains included:

Table.
Microbe. Abbreviation
(A) Gram-negative bacterial species
Pseudomonas aeruginosa P. aeruginosa
Escherichia coli E. coli
(B) Gram-positive bacterial species
Staphylococcus aureus S. aureus
Streptococcus pneumoniae S. pneumoniae
Bacillus subtilis B. subtilis
(C) Fungal species
Candida albicans C. albicans

Penicillium sp. -

Aspergillus niger A. niger

3. Results and Discussion
3.1. Chemistry

3.1.1. CHN Analysis and UV-Visible Spectral Results

The chlorides of Fe(Ill), Zn(II), Ca(Il), and Mg(II) ions were dissolved in deionized water, while
OA was dissolved in a methanol solvent. The two solutions (metal ion and OA) were mixed, and the
reaction proceeded with a 1:1 metal-to-OA stoichiometry. When the pH of the mixture reached
approximately 7-8, colored precipitates were formed. The precipitate was white-colored with Zn(II),
Ca(Il), and Mg(II) ions and brown-colored with Fe(IlI) ions. The contents (%) of carbon, nitrogen,
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hydrogen, and chlorine elements in OA complexes were determined using a CHN elemental
analyzer, while the contents (%) of water and Fe, Zn, Ca, and Mg metals in their complexes were
determined gravimetrically. The elemental results obtained are tabulated in Table 1. The
microanalytical results comply with the suggested general compositions of [Fe(OA)(H20):Cl2]-2H20,
[Zn(OA)(H20)CI]-2H20, [Ca(OA)(H20)Cl], and [Mg(OA)(H20)CI], obtained from the reaction of OA
with Fe(Ill), Zn(II), Ca(Il), and Mg(Il) ions, respectively. The corresponding gross formulas were
CisH2NOsMgCl (338.0), CisH12NOsCaCl (353.76), CisHi1eNOsZnCl (415.06), and CisHisNOyFeCl2
(458.98 g/mol), respectively.

Table 1. Microanalytical results of OA complexes.

Elemental results (%)

CO(I)I‘[[I;]GX Found (Calculated)
Carbon Hydrogen Nitrogen Chlorine Water Metal
Fe(IIl) 33.78 4.16 3.21 15.30 15.48 12.05
(34.00) (3.92) (3.05) (15.45) (15.69) (12.17)
Zn(Il) 37.70 3.77 3.26 8.73 13.23 15.60
(37.58) (3.85) (3.37) (8.54) (13.01) (15.75)
Ca(ll 4422 3.30 4.07 10.26 5.21 11.52
(44.10) (3.39) (3.96) (10.02) (5.09) (11.33)
“Mg(IT) 45.98 3.72 4.30 10.75 5.26 9.57
(46.16) (3.55) (4.14) (10.49) (5.33) (7.19)

Complexes containing Ca(Il) and Fe(Ill) ions were dissolved in a dimethylsulfoxide (DMSO)
solvent and analyzed using a UV-visible spectrophotometer. The UV-visible spectra obtained are
presented in Figure 2. Free OA exhibited two absorption bands in its UV-visible spectrum within the
240-300 nm and 300-380 nm regions. The former is attributed to the absorption of the aromatic ring,
while the latter is associated with the n—m* (HOMO-LUMO) transitions [23].

Ca(Il) complex
Fe(III) complex

4

Absorbance

200 400 600 800 1000
Wavelength (nm)

Figure 2. The UV-visible spectra of Ca(II) and Fe(III) complexes.

The spectra in Figure 2 revealed that the intra-ligand transitions (n—mn*; m—m*) produced a
prominent and broad absorption band. This band was observed in the wavelength range of
approximately 255 to 500 nm for the Ca(II) complex and in the range of approximately 255 to 400 nm
for the Fe(III) complex [24,25]. This indicates that the Ca(II) ion generates a broader absorption band

doi:10.20944/preprints202306.0249.v1
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when complexed with OA compared to the Fe(Ill) ion. The maximum wavelength (Amax) of the
absorption bands was found to be 315 nm for both complexes.

3.1.2. FT-IR Spectral Results

Figure 3 presents the FT-IR spectra of the OA complexes. Analysis of the FT-IR spectrum of free
OA molecules provides the following observations:

i) The vibrations of v(O-H) resulted from the -COOH group in the OA molecule, and moisture
water produced a medium-intensity absorption band located at 3418 cm-.

ii) The vibrations of Vasym(C—H) and vsym(C—H) resulted from the —CHs, -CH>, and —CH moieties
produced three medium-intensity absorption bands resonated at 3063, 2982, and 2933 cm™.

iii) The vibrations of v(C=O)coon originated a very strong and sharp band at 1710 cm™. The
vibrations of v(C=0O)pyridone and v(C=C) generated strong and sharp bands at 1634 and 1579 cm,
respectively [26].

iv) The vibrations of drock(CH3) and Osciss(CHz) produced a very strong and intense absorption
band at 1450 cm™. This band has two shoulder bands at 1510 and 1377 cm™.

v) The vibrations of drc(CH2) were responsible for the strong and sharp absorption band that
appeared at 1262 cm™.

vii) Absorptions at 1210 and 1128 cm™ could be referred to as the vasym(C—N) and vsym(C-N)
vibrations, respectively. Absorptions at 1086 and 1040 cm™ could be due to the v(O-CH:-O)
vibrations [27].

Two characteristics shifts were observed in the FT-IR spectra of OA complexes:

i) Disappearance of the band due to the v(C=O)coon vibrations. This band resonated at 1710 cm™!
in the FT-IR spectrum of free OA, but it was absent in the FT-IR spectra of Fe(Ill), Zn(Il), and Ca(II)
complexes. The intensity of this band was greatly decreased in the spectrum of the Mg(II) complex.

ii) Shifting of the band due to the v(C=O)pyridone Vibrations. This band was resonated at 1634 cm™!
in the FT-IR spectrum of free OA, but it was shifted in the FT-IR spectra of Fe(Ill), Zn(II), Ca(ll) and
Mg(II) complexes to 1597, 1616, 1598, and 1613 cm™, respectively.

iii) Appearance of new medium-intensity absorption band at 503, 500, 515, and 512 cmin the
spectra of Fe(Ill), Zn(II), Ca(Il), and Mg(Il), respectively, and could be referred to as the v(M-O)
vibrations [27].

These characteristic shifts observed in the FT-IR spectra of OA complexes suggested that the OA
molecule captured the metal ions using the oxygen atoms of the carboxylic group (-COOH) and C=O
group of the pyridone ring [28,29]. The oxygen atom of the -COOH group forms an ionic bond with
the metal ion, whereas the oxygen atom of the pyridone C=O group forms a coordination bond with
the metal ion, as described in Figure 4.

Fres OA

—— Mo(1I) complex

Ca(Il) complex
—— Zn (1) complex
—— Fa(IIT) complex

4000 3500 S{I:EH} IiI{H} IEI::H} 15:}!} I{I:}'I} 5EH}
Wavenumber (cm™)
Figure 4. The FT-IR spectra of OA complexes with Fe(IIl), Zn(II), Ca(Il), and Mg(Il) ions.
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3.1.3. H NMR Spectral Results

Figure 5 displays the 'H NMR spectrum of the OA complex with Fe(IlI) ions. In this spectrum,
the signal at 2.283 ppm corresponded to the protons of the -CHs group of the -CH2CHs moiety, while
the signal at 3.363 ppm was attributed to the protons of the -CHs group attached to the piperazine
ring. The signal observed at 6.081 ppm could be assigned to the protons of the -CH2 group in the (-
O-CH2-O-) moiety, whereas the signals resonating at 6.560 and 6.581 ppm could be attributed to the
protons of the -CH: group in the -CH2CHs moiety. The signals ranging from 7.443 to 7.464 ppm were
generated by the aromatic protons, while the signal at 3.363 ppm could be attributed to coordinated
water molecules. The signal resulting from the proton of the -COOH group, typically located around
0 ~ 11.0 ppm in the 'H NMR spectrum of the free OA molecule, was no longer observed in the
spectrum of the Fe(III) complex. The absence of the 'H NMR -COOH proton signal, coupled with the
disappearance of the characteristic FT-IR band associated with the v(C=O)coon vibrations, supports
the deprotonation of the -COOH group and its involvement in complexation with the Fe(IlI) ion.

H20, Cl H,O  OH;
\ N /

\ \
\

M Cl—Fé—Cl

/\

J o o/ o
| 0 | o
XD O)\@@[C}
P P

Figure 5. Proposed structures of OA complexes [M: Zn(II), Ca(II) and Mg(II) ion].

Figure 6. The '"H NMR spectrum of OA complex with Fe(III) ion.
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3.2. Morphology

3.2.1. XRD Spectral Results

Complexes of OA with Fe(Ill), Zn(Il), Ca(Il), and Mg(II) ions were subjected to X-ray diffraction
analysis from Bragg’s angle 20 of 5° to 90°, and the corresponding XRD patterns are shown in Figure
7. The complexes of Zn(II), Ca(ll), and Mg(Il) ions exhibited a single, strong, and narrow diffraction
line in their XRD spectra, indicating the formation of well-crystallized complexes. On the other hand,
the complex containing Fe(Ill) ions displayed two strong and narrow diffraction lines in its XRD
spectrum with approximately equal intensities, suggesting the formation of an amorphous complex.
The most prominent diffraction line observed in the XRD patterns of the Zn(II) complex was located
at Bragg’s angle 20 of 32.544°. The XRD patterns of this complex exhibited ten low-intensity lines
spanning a wide range (approximately 22° to 78°), with the most intense lines located at 32.544°.
Similarly, the strongest diffraction line for the Ca(ll) complex was observed at Bragg’s angle 20 of
32.667°. This complex displayed fewer low-intensity lines compared to the Zn(II) complex, and these
lines generally had similar intensities. In the XRD diffraction profile of the Mg(Il) complex, the
strongest diffraction line appeared at a very low angle compared to the Zn(II) and Ca(Il) complexes,
specifically at 20 of 6.977°. Following this, a group of low-intensity lines emerged in the range of
approximately 11° to 30°, with the most intense lines located at 11.306° and 17.873°. The strongest
twin lines observed in the XRD spectrum of the Fe(III) complex were precisely located at 20 of 32.668°
and 38.105°. Additionally, the complex displayed six medium-to-low-intensity lines at various Bragg

angles.
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Figure 7. (a) The XRD diffractogram, SEM and TEM micrographs of Fe(IIl) complex. (b) The XRD
diffractogram, SEM and TEM micrographs of Zn(II) complex. (¢) The XRD diffractogram, SEM and TEM
micrographs of Ca(Il) complex. (d) The XRD diffractogram, SEM and TEM micrographs of Mg(II) complex.

3.2.2. Microscopes

Scanning and transmission electron microscopies (SEM and TEM, respectively) were utilized to
gather information about the outer surface characteristics of the complexes, including surface
topology, porous structure, and particle morphology. The SEM and TEM micrographs of the OA
complexes are presented in Figure 7. The SEM micrographs clearly illustrate variations in the shape
and surface topology of the OA complexes, indicating distinct microstructures among them. The
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Fe(IlI) complex formed large agglomerates, with smaller pieces of various shapes and sizes observed
on the surface of these agglomerates, likely resulting from the breakage of some aggregates into
smaller fragments. The complexation of OA with Zn(Il) ions resulted in particles exhibiting a stone-
like morphology clustered together, resembling a bunch of grapes. The Ca(Il) complex comprises
particles with diverse shapes, sizes, and features. The Mg(Il) complex displayed particles with a
mixture of short and long rod-like structures with varying thicknesses. Some particles of this complex
exhibited a tube-shaped morphology. According to the TEM micrographs, most of the particles in the
OA complexes exhibited diameters ranging from 30 to 80 nm.

3.3. Antimicrobial

3.3.1. Antibacterial Screening

The antibacterial potential of OA complexes was screened against the growth of various bacterial
strains in vitro using the well-known Kirby-Bauer disc diffusion protocol. The bioefficacy of OA
complexes at a concentration of 100 pug/mL was examined with two Gram-negative bacterial species
and three Gram-positive bacterial species. The antibacterial profiles of the complexes were compared
with the standard drug streptomycin (+ control). Table 2 presents the screening results for the
antibacterial assays of OA complexes. The Ca(ll) complex exhibited inhibition against the Gram-
negative and Gram-positive microbes, measuring 27.0, 22.0, 20.0, 17.0, and 18.0 mm/mg for P.
aeruginosa, E. coli, S. aureus, S. pneumoniae, and B. subtilis species, respectively. The corresponding
inhibition observed with the standard drug streptomycin was 28.0, 21.0, 22.0, 18.0, and 20.0 mm/myg,
respectively. These values indicate that the Ca(Il) complex demonstrated a remarkable profile against
both Gram-negative and Gram-positive bacteria, exhibiting potency that is equal to or greater than
that of the standard drug streptomycin. The Zn(II) complex exhibited strong antibacterial properties
against Gram-negative and Gram-positive bacteria, except for the S. pneumoniage strain, with
inhibitions of 23.0, 20.0, 18.0, 15.0, and 19.0 mm/mg, respectively. These values are lower than those
observed with the Ca(Il) complex. The Fe(Ill) and Mg(Il) complexes had no significant effect on
Gram-negative and Gram-positive bacteria, demonstrating only low-to-moderate inhibitory activity
against the tested species.

Table 2. Screening results (mm/mg sample) for antibacterial assays for the OA complexes.

doi:10.20944/preprints202306.0249.v1

Sample Gram-negative bacterial species Gram-positive bacterial species
P. aeruginosa E. coli S. aureus S. pneumoniae B. subtilis

DMSO (- control) 0.0 0.0 0.0 0.0 0.0
Streptomycin (+ control) 27.0 22.0 20.0 17.0 18.0
Fe(IlI) complex 12.0 11.0 9.0 3.0 4.0
Zn(II) complex 23.0 20.0 18.0 15.0 19.0
Ca(Il) complex 28.0 21.0 22.0 18.0 20.0
Mg(II) complex 12.0 14.0 11.0 9.0 3.0

3.3.2. Antifungal Screening

The antifungal activity of the OA complexes was evaluated using three fungal species: C.
albicans, Penicillium sp., and A. niger. The antifungal profiles of the OA complexes were compared
with the standard drug ketoconazole (+ control). The antifungal screening data were determined
using the Kirby-Bauer disc diffusion assay approach and are listed in Table 3. The Ca(Il) complex
exhibited inhibitions of 23.0, 20.0, and 20.0 mm/mg against the fungal species C. albicans, Penicillium
sp., and A. niger, respectively. The corresponding inhibitions observed with the standard drug
ketoconazole were 21.0, 21.0, and 18.0 mm/mg, respectively. These data reveal that the Ca(Il) complex
demonstrated a remarkable profile against the tested fungal strains, exhibiting potency equal to or
greater than that of the standard drug ketoconazole. The Zn(II) complex displayed strong antifungal
properties against C. albicans and A. niger strains but with lower efficiency compared to the Ca(Il)
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complex, measuring 22.0, 15.0, and 17.0 mm/mg against C. albicans, Penicillium sp., and A. niger
species, respectively. The results indicate that the Fe(Ill) and Mg(II) complexes had no significant
effect on the tested fungi, demonstrating only moderate inhibitory activity.

Table 3. Screening results (mm/mg sample) for antifungal assays for the OA complexes.

Fungal strains

Sample C. albicans Penicillium sp. A. niger
DMSO (- control) 0.0 0.0 0.0
Ketoconazole (+ control) 21.0 21.0 18.0
Fe(IlI) complex 12.0 8.0 8.0
Zn(II) complex 22.0 15.0 17.0
Ca(II) complex 23.0 20.0 20.0
Mg(II) complex 12.0 11.0 8.0

4. Conclusions

The reaction of OA with the Fe(Ill) ion resulted in the formation of a brown-colored powder,
suggested to have the formula [Fe(OA)(H20)2Cl2]-2H20. On the other hand, the reaction of OA with
the Zn(Il), Ca(ll), and Mg(II) ions produced white-colored powders with suggested formulas of
[Zn(OA)(H20)Cl1]-2H20, [Ca(OA)(H20)Cl], and [Mg(OA)(H20)CI], respectively. In these complexes,
OA coordinated with the investigated metal ions through the two oxygen atoms of the carboxylate
and pyridone C=O groups. The morphological properties of the synthesized OA complexes were
evaluated using XRD, SEM, and TEM techniques, revealing microstructural differences among the
complexes. Notably, the complex containing the Zn(Il) ion exhibited the most interesting
morphology. The OA complexes were subjected to in vitro assays to determine their antibacterial and
antifungal potential against five bacteria and three fungi using the Kirby-Bauer disc diffusion
method. The investigation of their antimicrobial activity revealed that the Ca(II) complex displayed
a remarkable profile against Gram-negative bacteria, Gram-positive bacteria, and fungi. The potency
of this complex against the tested strains was equal to or greater than that of the standard drugs.
These intriguing results have prompted us to focus the next stage of this research on investigating
the cytotoxic potential of the OA complexes against various human cancer cell lines.
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