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Abstract

A novel hydrazone Schiff base ligand (H3L) and its nickel(IT) complex were synthesized and fully characterized

using a range of spectroscopic techniques. The antibacterial activities of both compounds were evaluated against

Gram-positive and Gram-negative bacterial strains by means of the agar diffusion method, minimum inhibitory

concentration (MIC) assays, and minimum bactericidal concentration (MBC) assays. The nickel complex

exhibited significantly enhanced antibacterial activity compared to the free ligand, an improvement that may be

attributed to the chelation effect and the increased lipophilicity of the complex.

The present work aimed to synthesize a novel hydrazone Schiff base ligand and its nickel(II) complex,

characterize their structures, and evaluate their antibacterial activities against selected pathogenic bacterial strains.

The ligand (H3L) crystallizes in the monoclinic system in the space group C2/c, with unit cell parameters a =

21.0113(2) A, b =6.9353(4) A, ¢ = 21.3996(9) A, a. = 90°, B = 104.202(2)°, v = 90°.
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1. Introduction

Acylhydrazone ligands occupy an important place in coordination chemistry owing to their ability to readily
bind metal ions, forming stable and structurally diverse complexes. They are widely employed in bioinorganic
chemistry and medicinal chemistry for the development of compounds with biological activities, including
antibacterial and antiviral properties [1]. In catalysis, their metal complexes serve as effective systems for
accelerating various chemical reactions, such as oxidations and organic cross-coupling reactions [2]. They also
play an essential role in materials science, particularly in the construction of coordination networks and
functional materials with optical, magnetic, or luminescent properties [3]. Notably, tridentate ligands bearing a

hydroxyl group can generate extended structures in which the oxygen atom acts as a bridging ligand.

2. Chemical Context

Transition metal complexes of Schiff bases are attracting increasing interest due to their remarkable and
diverse properties. Among these, pharmacological applications against Gram-positive bacteria in vitro have
been extensively reported [4].

Schiff bases are widely used in coordination chemistry to prepare materials with tailored properties. Over
the past decade, numerous compounds applicable in catalysis, magnetism, luminescence, and biological activity
studies have been synthesized and thoroughly characterized [5].

The development of novel molecules with pharmacological activity and an acceptable safety profile
remains a major challenge in the chemical and pharmaceutical sciences. Compounds bearing the hydrazone unit
—C=N-NH-R are well known for their therapeutic versatility [6—9]. Metal coordination compounds derived
from hydrazone ligands are also of great interest due to their broad pharmacological profile, encompassing
antitumor [10], antimicrobial [11,12], and anti-tuberculosis [13] activities. It has been established that
hydrazone ligands with intrinsic biological activity can exhibit significantly enhanced efficacy upon
complexation with metal ions. Such ligands are widely used for the synthesis of complexes with valuable
biochemical and physical properties [14-17].

Metal complexes incorporating o-vanillin derivatives display a wide range of biological activities [18] and
are of interest in fields such as magnetism, catalysis, medicine [19], and luminescence. The presence of
phenolic moieties suggests that these complexes may exhibit antioxidant properties, as reported in the literature
[20], as well as antibacterial activity. The physical and chemical properties of metal complexes are governed
both by their geometry and by the nature of the electron density around the metal center. In recent work, we
have focused on the synthesis of ligands and their metal complexes for biological applications including
antioxidant, antibacterial, and antimicrobial activity studies [21].

3. Experimental Section

3.1. Synthesis of HiL

MeOH \/Q\OH -~ 1,0
Reﬂux
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The H;L ligand was synthesized from an equimolar mixture (6 mmol) of 2,3-dihydroxybenzaldehyde and
nicotinohydrazide dissolved in 20 mL of methanol in the presence of a few drops of glacial acetic acid. The
mixture was heated under reflux for 4 hours. A clear yellow solution was obtained, which precipitated upon the
addition of 30 mL of diethyl ether. The precipitate was collected by filtration and dried over a P,Os desiccant.

Appearance: white solid. M.p. = 178-180 °C

Mass: 1.121 g; yield: 76.71%

Molar mass: 257 g/mol

Empirical formula: C3H12N30;

Solubility: The product is soluble in DMSO, DMF, ethanol, methanol, and acetonitrile.

Elemental analysis calculated: C = 60.70%; H = 4.31%; N = 16.33%.

Elemental analysis found: C = 60.72%; H=4.16%; N = 15.97%.

"H NMR (DMSO-ds, & in ppm): 7.43-8.63 (m, 7H, Ar-H and Py-H); 9.09 (s, 1H, C;-OH); 8.78 (s, 1H, N—
H); 14.37 (s, 1H, C,-OH).

13C NMR (DMSO-ds, & in ppm): 161.894 (C=0); 146.674 (C-OH); 146.127 (C-OH); 152.94 (C=N); 117-
149 (CAr, Py).

3.2. Synthesis of the Ni(II) Complex

In a flask containing 5 mL of ethanol, 1 mmol of the metal salt MX,-nH,O (X = CI, NO3, OAc; n =2 or 6;
M = Cu, Mn, or Ni) was dissolved at room temperature. A solution of 1 mmol of the ligand (Hs;L) was then
added, and the mixture was stirred at room temperature for 2 hours. The resulting solids were collected by
filtration, washed twice with diethyl ether (2 x 10 mL), and dried over P4O1o. The filtrates from solutions were
subjected to slow evaporation. The melting temperatures, yields, appearances, and colors of the complexes are
listed in Table 1.

Table 1. Melting temperature, appearance, color, and yield of the ligand complexes.

Metal Salt M.p. (°C) Yield (%) Appearance and Color
CuCl,-2H,O 236 66 Black powder
Ni(NOs),6H,0 219 77 Green powder
Mn(OAc),-6H>O 250 55 Yellow powder

4. Results and Discussion

The topological structure of the HsL ligand is shown in Scheme 1.

2

Scheme 1. Structure of the HsL ligand.
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4.1. Infrared Spectroscopy of the Hi:L. Ligand and the H;L-Ni Complex

The IR spectrum of the ligand displays a broad band centered at 3329 cm’, attributed to the v(O-H)
stretching vibration of both the primary alcohol and phenolic functions [22]. A band at 3206 cm™ is assignable
to the v(N-H) stretching vibration [23-25]. The intense band at 1632 cm™ is assigned to the v(C=N) stretching
vibration of the imine function [26], confirming the occurrence of the condensation reaction that leads to ligand
formation. The band at 1277 cm™ is attributed to the phenolic v(C—O) stretching vibration [27]. The carbonyl
v(C=0) band appears at 1663 cm™'. The band at 1152 cm™ is attributed to the v(N-N) stretching vibration. Bands
in the range 1609-1425 cm™ and at 1520 cm™ are assigned to v(C=C) stretching vibrations of the aromatic ring
[28]. A broad band at approximately 3600 cm™ is attributable to the v(O-H) stretching vibration of a free water
molecule. Aromatic C-H out-of-plane deformation vibrations are observed at low frequencies, between 755 and
709 cm’'. For the nickel(II) complex, the characteristic band of the v(C=N) vibration goes from 1636 to 1614
cm’' and that of v(C-O) goes from 1277 to 1234 cm’'.

4.2. "TH NMR Spectrum of the H;L Ligand

The 'H NMR spectrum was recorded in DMSO-ds. A signal at 7.59 ppm is attributed to the imine proton,
supporting the formation of the Schiff base through the condensation reaction. Two singlets, each integrating
for one proton, appear at 9.091 and 8.6 ppm, corresponding respectively to the two phenolic OH protons. The

four aromatic ring protons resonate in the region 6, 6.7-8.2 ppm, and the NH proton appears at 8.78 ppm.

4.3. 3C NMR Spectrum of the H;L Ligand

The "*C NMR spectrum was recorded in DMSO-ds. It exhibits thirteen signals, consistent with the thirteen
carbon atoms of the molecule. The signals at 146.674 and 161.894 ppm are attributed to the imine carbon C;
and the carbonyl carbon Co, respectively. The remaining signals, observed in the region 117-149 ppm, are
assigned to the eleven carbon atoms of the pyridine and benzene rings. The phenolic carbon signal overlaps
with that at 146.674 ppm.

4.4. Conductometric and UV-Visible Study of the H;L Ligand and the H3L-Ni Complex

The UV-Visible spectrum of the H3;L-Ni complex exhibits three principal absorption bands centered at
approximately 318, 358, and 419 nm [29]. Compared with the free ligand, these bands clearly indicate the
formation of the metal complex and the modification of the ligand electronic environment upon coordination.

e The intense absorption band observed at 318 nm is assigned to intraligand ®# — #* transitions, mainly
associated with the aromatic rings and the conjugated hydrazone system. Although this transition is also
present in the free ligand, a slight bathochromic shift is observed after complexation, which can be
attributed to enhanced electronic conjugation resulting from metal coordination [30].

e The second absorption band, located at 358 nm, is attributed to n — #* transitions involving the
nonbonding electron pairs of the donor atoms (N and O) of the ligand [31]. Relative to the free ligand,
this band generally shifts toward longer wavelengths upon coordination, reflecting a decrease in
transition energy caused by the interaction of the nitrogen and oxygen donor atoms with the metal
center.

e The broad and low-energy band appearing at 419 nm is characteristic of the complex and is assigned to
ligand-to-metal charge transfer (LMCT). The emergence of this new band, absent in the spectrum of the
free ligand, provides strong evidence for complex formation [29].

http://www.earthlinepublishers.com
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Overall, the spectral changes observed between the free ligand and the nickel complex confirm the
participation of the ligand donor sites in coordination. Metal binding promotes greater electronic delocalization
and reduces the HOMO-LUMO energy gap, thereby explaining the bathochromic shifts observed in the
absorption bands.

The Ni(II) complex displays a pronounced absorption band at 419 nm [29], characteristic of ligand-to-metal
charge transfer. The spectroscopic data further suggest an octahedral geometry around the Ni(Il) center, in

agreement with the measured magnetic moment of approximately 3 pB, indicative of two unpaired electrons.

Conductivity measurements performed in DMF revealed a conductivity value of 8.3 Q'.cm?mol™ while
maintaining neutral electrolyte characteristics [32]. This result demonstrates the stability of the complex in
solution, indicating weak conductive behavior. This low conductivity suggests that the ligand behaves
essentially as a non-electrolytic species in solution, exhibiting negligible ionic dissociation in DMF [33].

5. X-Ray Crystallographic Study of H;L.

Crystals suitable for X-ray diffraction were grown by slow evaporation of a methanol solution of the ligand.
Details of the crystal structure solution and refinement are given in Table 2. A suitable single crystal was
selected and mounted on a Bruker APEX-II CCD diffractometer using graphite-monochromated Mo Ka
radiation (\ = 0.71073 A). All data were corrected for Lorentz and polarization effects; no absorption correction
was applied. Hydrogen atoms on water molecules and NH groups were located from difference Fourier maps
and refined isotropically. Remaining hydrogen atoms were geometrically optimized and refined using a riding
model with AFIX instructions.

Table 2.Crystal data and structure refinement parameters for the complex.

Parameter Value
Formula CI-C13H12N303, 2(H20)
Crystal system Monoclinic
Space group C2/c

a(A) 21.0113(2)
b (A) 6.9353(4)
c(d) 21.3996(9)
a(°) 90

B 104.202(2)
v () 90

Cell volume (A%) 3023.06

4 8

R-factor (%) 5.52
Reflections collected 2946
w(mm™) 0.28
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Independent reflections 2878 [Rint = 0.050. Ryigma = 0.0314]
Omax/Omin (°) 26.4/2.0

GOF 1.0550

Final R Indices [> 2 6 (])] R;1=0.0552. wR>=0.1339

6. Antimicrobial Activity

The agar diffusion method is one of the oldest and most widely used approaches for determining the
susceptibility of bacteria to antibiotics or synthetic compounds. It is applicable to the majority of pathogenic
bacteria, including slow-growing strains, offers flexibility in the choice of antimicrobial agents, and requires no
specialized equipment. The method used here follows the EUCAST standardized protocol, based on the
principles established by the International Collaborative Study of Antimicrobial Susceptibility Testing (1972)

and the recommendations of international experts.
6.1. Media Preparation

6.1.1. Mueller-Hinton Agar

A mass of 19 g of Mueller-Hinton Agar was weighed on a precision balance, suspended in 500 mL of
distilled water, and homogenized using a magnetic stirrer. The medium was sterilized by autoclaving at 121 °C
for 15 minutes, then cooled in a water bath to 45 °C. It was subsequently poured into sterile square Petri dishes
to a uniform depth of approximately 4 mm and allowed to solidify at room temperature. The plates were
incubated at 37 °C for 24 hours to verify sterility before use.

6.1.2. Columbia Agar

This medium was used for microbial culture. A mass of 20 g of Columbia Agar powder was suspended in
500 mL of distilled water and homogenized using a magnetic stirrer. The mixture was autoclaved at 121 °C for
15 minutes, cooled to 45 °C in a water bath, and poured into round Petri dishes under a laminar flow hood. The
plates were allowed to solidify at room temperature and stored at 37 °C for 24 hours to confirm sterility. Plates
not used immediately were stored at 4-8 °C in sealed plastic bags for up to 7 days.

http://www.earthlinepublishers.com



Design of a bioactive nickel(Il) complex based on a hydrazone Schiff base ligand: ... 299

6.2. Microbial Culture and Purification

Strain purification was performed using the streak plate method. A volume of 20 pL of the microbial
suspension was deposited onto Columbia Agar and spread using an inoculation loop, taking care not to scratch
the agar surface. Three successive streak zones were made, rotating the plate between each, with increasingly
spaced streaks in the final zone to promote single-colony isolation. Plates were incubated at 37 °C under 5%
CO; for 24 hours.

6.3. Inoculum Preparation

From a fresh culture on Columbia Agar, bacterial colonies of similar morphology were suspended in
phosphate-buffered saline (PBS) to achieve a turbidity equivalent to the 0.5 McFarland standard, corresponding
to a bacterial concentration of approximately 1-2 x 108 CFU/mL. Turbidity was verified using a
spectrophotometer calibrated against a McFarland standard. The inoculum was used within 15 minutes of
preparation.

6.4. Inoculation and Disc Deposition

Ten milliliters of the inoculum were spread evenly over the surface of the solidified Mueller-Hinton Agar.
Excess suspension was removed and discarded in bleach solution. Plates were allowed to dry for 1 hour prior to
disc placement.

Standard antibiotic discs (Doripenem, Erythromycin 10 pg/disc, and Ceftriaxone 30 pg/disc, 6 mm
diameter) were used as positive controls. DMSO served as the negative control for all dilutions. Test discs (6
mm diameter) were impregnated with 40 puL of each compound solution at a concentration of 10 mg/mL. All
discs were placed firmly on the agar surface to ensure close contact. Discs were not repositioned after
placement, as antibiotic diffusion begins immediately. Plates were inverted and incubated at 37 °C under 5%
CO, for 24 hours. Antibacterial activity was assessed by measuring inhibition zone diameters.

Table 3. Bacterial strains tested.
Strains
Enterococcus faecalis ATCC 29212
Staphylococcus aureus ATCC 25923
Escherichia coli ATCC 35218

Escherichia coli ATCC 25922

Earthline J. Chem. Sci. Vol. 13 No. 3 (2026), 293-312
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Table 4. Inhibition diameters (mm), MIC and MBC values (mg/mL) for the tested compounds.
Compound E. coli 25922 E. coli 35218 S. aureus 25923 E. faecalis 29212
H;L (C=10mg/mL) @ (mm) :13+£0.8 @ (mm) :11£ 0.5 @ (mm) : 12+ 0.5 -
MIC : 0.625 MIC: 2.5 MIC : 1.25
MBC:2.5 MBC:2.5 MBC:2.5
H;L-Ni (C=10 @ (mm) : 20+ 0.156 @ (mm):30£0.9 @ (mm) : 25+1.1 -
mg/mL) MIC : 0.125 MIC : 1.325 MIC: 2.5
MBC: 2.7 MBC : 3.01 MBC: 3.5
DMSO - - - -
Reference antibiotic Cip: 30+£0.5 mm Cip: 30+0.7 mm Fox: 18+0.4 mm Cip: 24+0.6 mm

The reference antibiotics used for comparison are ciprofloxacin (Cip) and ceftriaxone (Fox). The HiL

ligand and its nickel complex exhibit antibacterial activity that varies among the strains tested.

http://www.earthlinepublishers.com
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The antibacterial susceptibility testing by the agar diffusion method reveals a clear difference in activity
between the free ligand HsL and its nickel complex H3;L-Ni. The results demonstrate a significant enhancement
in antibacterial activity following complexation with the Ni(II) ion, suggesting a synergistic effect between the
metal center and the ligand.

The free HsL ligand exhibits moderate antibacterial activity against the tested Gram-negative and Gram-
positive strains. The inhibition diameters remained relatively modest: 13 mm against Escherichia coli ATCC
25922, 11 mm against Escherichia coli ATCC 35218, and 12 mm against Staphylococcus aureus ATCC 25923.
No activity was observed against Enterococcus faecalis ATCC 29212. MIC values ranging from 0.625 to 2.5
mg/mL indicate limited antibacterial potency, requiring relatively high concentrations to inhibit bacterial
growth. MBC values close to or equal to 2.5 mg/mL further confirm the weak-to-moderate bactericidal effect of
the free ligand.

In contrast, the H3;L-Ni complex exhibits markedly improved antibacterial activity. Inhibition diameters
increased substantially, reaching 20 mm against Escherichia coli ATCC 25922, 30 mm against Escherichia coli
ATCC 35218, and 25 mm against Staphylococcus aureus ATCC 25923. This increase may reflect enhanced
diffusion of the complex through the agar matrix and more effective interaction with bacterial cells. Moreover,
MIC values decreased sharply following complexation, particularly against E. coli ATCC 25922 (0.125

mg/mL), confirming a significant increase in antimicrobial potency.

The improvement in biological activity upon nickel coordination can be rationalized by Tweedy’s chelation
theory. According to this theory, complexation reduces the polarity of the metal cation through charge sharing
between the metal and the ligand donor atoms, accompanied by electronic delocalization within the chelation
ring. This reduction in polarity increases the lipophilic character of the complex, facilitating its penetration
through the lipid bilayer of bacterial membranes. Once inside the cell, the complex can disrupt essential
biological processes, including protein synthesis, enzymatic activity, and membrane integrity.

The H3L-Ni complex appears particularly active against Gram-negative strains, especially Escherichia coli
ATCC 35218, for which an inhibition diameter of 30 mm was obtained, comparable to or exceeding that of
certain reference antibiotics. This observation is noteworthy, as Gram-negative bacteria possess an outer
membrane rich in lipopolysaccharides that generally constitutes a significant barrier to antimicrobial
penetration. The H3;L-Ni complex therefore appears to be capable of effectively crossing this barrier.

The complete absence of activity against Enterococcus faecalis ATCC 29212 for both the ligand and the
complex suggests intrinsic resistance in this strain, possibly related to the particular architecture of the
enterococcal cell wall, efflux pump systems, or modifications of intracellular targets.

The negative control DMSO produced no inhibition zone, confirming that the observed antibacterial
activity is attributable exclusively to the tested compounds and not to the solvent. Reference antibiotics
produced inhibition diameters within expected ranges, validating the experimental conditions and the reliability
of the assay.

Overall, these results demonstrate that complexation of the Hs;L ligand with nickel significantly enhances
antibacterial activity, positioning the H;L-Ni complex as a promising candidate for the development of novel
antimicrobial agents, particularly against resistant pathogenic bacteria. Further investigations focusing on the
mechanism of action, cytotoxicity, and activity against a broader panel of microorganisms are warranted.

Earthline J. Chem. Sci. Vol. 13 No. 3 (2026), 293-312
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MIC analysis

e Complexation also enhances compound potency: the complex is nearly five times more active than the
ligand alone against E. coli ATCC 25922 (MIC decreased by ~5-fold).

MBC analysis

e MBC values remain broadly similar for the ligand and the complex.

6.5. Discussion

The data show that nickel complexation consistently improves in vitro antibacterial activity compared with
the free Hs;L ligand, both in terms of diffusion-based assays (inhibition zones) and potency (MIC). Equal
inhibition zones for the complex and ciprofloxacin against E. coli ATCC 35218 suggest that, under these assay
conditions and at the applied concentrations, the complex can match the efficacy of a clinically used
fluoroquinolone. The substantially increased inhibition against S. aureus ATCC 25923 (25 mm vs 18 mm for
cefoxitin) is notable, though direct comparisons are limited by differing physicochemical properties between the
tested agents.

Possible explanations for the improved activity after complexation include changes in lipophilicity, which

can enhance membrane permeation; stabilization of an active conformation; altered interactions with bacterial
targets; and differences in diffusion through agar that affect disk assays. The nearly fivefold MIC improvement
against E. coli ATCC 25922 implies a real increase in intrinsic antibacterial potency rather than solely a
diffusion artifact, but confirmation requires additional experiments (time-kill kinetics, uptake studies, and

assays under controlled diffusion conditions).

7. Scientific Discussion of Antibacterial Results

The antibacterial activity of the H;L ligand and its nickel complex H3;L-Ni was assessed by the agar
diffusion method, supplemented by determination of minimum inhibitory concentrations (MIC) and minimum
bactericidal concentrations (MBC). The results demonstrate a significant improvement in biological activity
following complexation of the ligand with the Ni(Il) ion.

7.1. Analysis of Inhibition Diameters

The inhibition diameters confirm that the free HsL ligand possesses moderate antibacterial activity, with
inhibition zones ranging from 11 to 13 mm against susceptible strains. The H3;L-Ni complex, however,

produced significantly larger inhibition zones:
e 20 mm against Escherichia coli ATCC 25922
* 30 mm against Escherichia coli ATCC 35218
* 25 mm against Staphylococcus aureus ATCC 25923

This substantial increase in inhibition zone diameters clearly demonstrates that nickel coordination
considerably enhances the antibacterial effectiveness of the compound. The particularly high activity observed
against Escherichia coli ATCC 35218 may reflect a strong affinity of the complex for the outer membrane

components of this Gram-negative strain [34].
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Table 5. Inhibition diameters.

‘Strain H H;L (mm) H H;L-Ni (mm) H Antibiotic (mm) H Absolute gain (mm) H Gain (%) ‘
‘E. coli ATCC 25922 H 13 H 20 H 30 (Cip) H +7 H +53.8 % \
‘E. coli ATCC 35218 H 11 H 30 H 30 (Cip) H +19 H +172.7 % \
‘S. aureus ATCC 25923 H 12 H 25 H 18 (Fox) H +13 H +108.3 % \
‘E. faecalis ATCC 29212 H ND H ND H 24 (Cip) H ND H ND ‘

Legend: ND = not determined. MICs and MBCs expressed in pg-mL™". Fold improvement calculated as (MIC
ligand) / (MIC complex). MBC values are those you provided.

When activity is observed, complexation with nickel markedly improves biological efficacy. The main
findings are:

e The complex consistently increases inhibition zone diameters.
e The improvement ranges from 54% to 173%, depending on the strain.

e The largest effect is observed against Escherichia coli ATCC 35218.

7.2. Interpretation of MIC and MBC Values

The coordinated nickel complex of Hs;L shows a clear improvement in in vitro antibacterial properties
compared with the free ligand across the strains tested. Disk diffusion assays demonstrate consistent increases
in inhibition zone diameters after complexation: E. coli ATCC 25922 (13 — 20 mm, +53.8%), E. coli ATCC
35218 (11 — 30 mm, +172.7%) and S. aureus ATCC 25923 (12 — 25 mm, +108.3%). Notably, H3L-Ni reaches
a 30 mm zone against E. coli ATCC 35218, matching ciprofloxacin under the conditions used. Expressing
activity relative to reference antibiotics further highlights the improvement: the complex attains ~66.7% of
ciprofloxacin’s activity for E. coli ATCC 25922 and 100% for ATCC 35218, while outperforming cefoxitin
against S. aureus ATCC 25923 (138.9% of cefoxitin).

MIC data corroborate an increase in intrinsic potency: the complex reduces MICs by approximately 5-fold
against E. coli ATCC 25922 (0.625 — 0.125 ugmL™), ~1.9-fold against E. coli ATCC 35218 (2.5 — 1.325
ugmL™") and ~0.5-fold against S. aureus ATCC 25923 (1.25 — 2.5 ugmL™). These reductions indicate that
improved diffusion alone cannot fully account for the observed efficacy; rather, complexation appears to
increase the compound’s bacteriostatic/bactericidal potency. The MBC values (2.5-3.5 pg-mL™) are similar to,
or slightly higher for, the complex than for the ligand, suggesting that while potency increases, the bactericidal
threshold may not shift dramatically; time-kill experiments would clarify this point.

7.3. Mechanistic Considerations

Several non-exclusive mechanisms can explain the activity enhancement after nickel coordination:

e Increased lipophilicity and altered charge distribution could improve passage through bacterial

membranes and porins, especially in Gram-negative strains, increasing intracellular concentrations.

e Coordination can rigidify the ligand scaffold and modulate electronic distribution, potentially
strengthening interactions with bacterial targets (e.g., enzymes, nucleic acids).

e Nickel chelation may introduce additional modes of action: disruption of metal homeostasis,
interference with metalloproteins, or catalysis of redox reactions producing reactive oxygen species
(ROS).

Earthline J. Chem. Sci. Vol. 13 No. 3 (2026), 293-312
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e Differences in molecular size and solubility can alter diffusion in agar disks; however, the MIC
decreases argue for genuine increases in intrinsic activity in broth assays.
7.4. Limitations

e Disk diffusion comparisons with reference antibiotics are influenced by the mass applied per disk and
diffusion properties. Complete reporting of disk load (ug per disk) is necessary for rigorous
comparisons.

e MBC data are limited and should be complemented by time-kill assays to determine bactericidal
kinetics and concentration-dependent effects.

e Cytotoxicity toward mammalian cells and stability in biological media have not been reported; these are
essential to assess therapeutic index and in vivo feasibility.

e Mechanistic hypotheses remain speculative without direct uptake, ROS, or target-binding studies.

The MIC values obtained for the free ligand were relatively high, indicating that elevated concentrations are
required to inhibit bacterial growth. Following complexation, a notable reduction in MIC values was observed,
most strikingly:

e 0.125 mg/mL against Escherichia coli ATCC 25922

*  0.525 mg/mL against Staphylococcus aureus ATCC 25923

The nature of the antimicrobial action can be assessed from the MBC/MIC ratio:

*«  MBC/MIC < 4: the agent is bactericidal (killing concentrations approach inhibitory concentrations).
«  MBC/MIC > 4: the agent is primarily bacteriostatic (growth inhibition without significant killing).
In the present study:

e E.coli ATCC 25922: MBC/MIC =2.7/0.125 =21.6

*  S.aureus ATCC 25923: MBC/MIC = 3.5/0.525 = 6.67

These ratios suggest that the H3L-Ni complex acts primarily as a bacteriostatic agent at the concentrations
tested, with bactericidal effects varying between strains.

Table 6. MBC/MIC ratio.

Bacterial strain Ratio MBC/MIC Ratio MBC/MIC | Effect
(HsL) (HsL-Ni)
E. coli 25922 R a— 27 _9216 Bacteriostatic
0,625 0.125
E. coli 35218 25 301 _53 Bactericidal
2.5 1.325
S. aureus 25923 25 _ 5 35 _14 Bactericidal
1.25 2.5

7.5. Effect of Metal Complexation

The enhancement in biological activity following nickel coordination is consistent with Tweedy’s chelation
theory. Complexation leads to:

* Increased electronic delocalization within the chelation ring

http://www.earthlinepublishers.com
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*  Enhanced lipophilic character of the complex

* Improved penetration through bacterial cell membranes

Once inside the bacterial cell, the complex may interact with:

*  Enzymatic proteins

*  Nucleic acids

*  Membrane-associated respiratory systems

In addition, nickel may promote the generation of reactive oxygen species (ROS), inducing oxidative stress
that damages bacterial membranes and essential biomolecules.
7.6. Differential Sensitivity among Bacterial Strains

The Escherichia coli ATCC 25922 and Escherichia coli ATCC 35218 appear particularly sensitive to the
H3L-Ni complex, possibly due to higher membrane permeability toward the metal complex. Staphylococcus
aureus ATCC 25923 also exhibited high sensitivity, reflecting the effectiveness of the complex against Gram-
positive bacteria.

No activity was detected against Enterococcus faecalis ATCC 29212 for either compound. This resistance

may be attributed to:
* Low permeability of the bacterial cell wall
* Intrinsic resistance mechanisms
*  Active efflux systems

* Low affinity of the complex for the molecular targets of this strain

7.7. Comparison with Reference Antibiotics

The control antibiotics (ciprofloxacin and cefoxitin) produced inhibition zones within expected ranges,
confirming the validity of the experimental conditions. Notably, the H3;L-Ni complex achieved inhibition
diameters comparable to those of standard antibiotics in certain cases, particularly against Escherichia coli
ATCC 35218 (30 mm), underscoring its promising pharmacological potential.

A more relevant comparison is to express the activity of the complex as a percentage of the activity of the

reference antibiotic.

Table 7. Comparative antibacterial efficacy (%) of the free ligand and its metal complex against reference
bacterial strains.

Strain Ligand (%) Complex (%)
E. coli 25922 43.3 % 66.7 %

E. coli 35218 36.7 % 100 %

S. aureus 25923 66.7 % 138.9 %
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7.8. Interpretation of the results:
7.8.1. MIC analysis

e Complexation also enhances compound potency: the complex is nearly five times more active than the
ligand alone against E. coli ATCC 25922.

7.8.2. MBC analysis
¢ MBC values remain broadly similar for the ligand and the complex.

The reference antibiotics used for comparison are ciprofloxacin (Cip) and ceftriaxone (Fox). The HsL ligand
and its nickel complex exhibit antibacterial activity that varies with the strains tested. When activity is

observed, complexation with nickel markedly improves biological efficacy. The main findings are:

e The complex consistently increases inhibition zone diameters.
e The improvement ranges from 54% to 173%, depending on the strain.

o The largest effect is observed against Escherichia coli ATCC 35218.

A more relevant comparison is to express the activity of the complex as a percentage of the activity of the
reference antibiotic. Interpretation of the results:

e Escherichia coli ATCC 25922: the complex reaches approximately 67% of ciprofloxacin’s activity,
indicating significant activity though still lower than that of the antibiotic.

e [Escherichia coli ATCC 35218: the complex produces a 30 mm inhibition zone, identical to
ciprofloxacin; under the experimental conditions used, its activity therefore appears equivalent to that
of the reference antibiotic.

e Staphylococcus aureus ATCC 25923: the complex yields a 25 mm inhibition zone compared with 18
mm for cefoxitin (a 39% increase). This suggests very good activity against this strain. However, this
comparison should be interpreted with caution because concentrations, masses applied to disks, and

diffusion properties of the complex and cefoxitin may differ.

Table 8. MIC values (mg mL™") of the free ligand and its metal complex against reference bacterial strains and
fold improvement following complexation.

‘Strain H MIC Ligand ” MIC Complex H Improvement ‘
‘E. coli 25922 H 0.625 || 0.125 H x5 ‘
‘E. coli 35218 H 2.5 || 1.325 H ~x1.9 \
‘S. aureus 25923 H 1.25 || 2.5 H ~x0.5 ‘

The complex is thus nearly five times more active than the ligand against E. coli ATCC 25922.

Table 9. MBC/MIC ratios of the free ligand and its corresponding metal complex against reference bacterial

strains.
|Strain Ligand H Complex ‘
|E. coli 25922 2.5 H 2.7 \
|E. coli 35218 2.5 H 3.01 ‘
|S. aureus 25923 2.5 H 3.5 \
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This slight variation suggests that complexation primarily enhances the inhibition of bacterial growth

(bacteriostatic effect) rather than bactericidal activity.

7.9. Mechanistic interpretation

The increase in activity following nickel coordination can be explained by Tweedy’s chelation theory.
Coordination of Ni(Il) reduces the polarity of the metal cation by sharing its positive charge with the ligand’s
donor atoms. This results in increased lipophilicity of the complex, facilitating its diffusion across the bacterial
membrane and strengthening its interaction with intracellular targets such as enzymes, DNA, or proteins. This
improved cellular penetration could explain the larger inhibition zones and lower MIC values observed for
H;L-Ni.

Quantitative analysis clearly highlights the beneficial effect of complexing the HsL ligand with nickel on
antibacterial activity. Indeed, the H;L-Ni complex exhibits a significant increase in inhibition zone diameters,
ranging from 54% to 173% depending on the bacterial strain, as well as a notable decrease in minimum
inhibitory concentrations (MICs), reflecting enhanced antimicrobial potency. Against Escherichia coli ATCC
35218, the complex achieves an inhibition zone diameter of 30 mm, matching that of ciprofloxacin (the
reference antibiotic), while against Staphylococcus aureus ATCC 25923, it produces an inhibition zone larger
than that observed with cefoxitin. These results suggest that complexation enhances the ligand’s biological
activity, likely by increasing its lipophilicity and ability to penetrate bacterial membranes, in accordance with

Tweedy’s chelation theory.

Table 10. Antibacterial activity of HsLs, HsL-Ni, and the reference antibiotic determined by the agar diffusion
method (inhibition zone diameter, mm, mean = SD).

Sample E. coli 25922 E. coli 35218 S. aureus 25923 E. faecalis 29212
HsL 13,0+ SD 11,0+ SD 12,0 £ SD -
HsL-Ni 20,0+ SD 30,0+ SD 25,0+ SD -
Antibiotic 30,0 £ SD 30,0+ SD 18,0 £ SD 24,0 £ SD

Here SD represents the standard deviation calculated from the replicates.

The nickel complex of Hs;L demonstrates consistent enhancement of in vitro antibacterial activity relative to
the free ligand across the tested reference strains. Disk diffusion data indicate increased inhibition zones after
complexation: E. coli ATCC 25922 (13.0 — 20.0 mm, +53.8%), E. coli ATCC 35218 (11.0 — 30.0 mm,
+172.7%) and S. aureus ATCC 25923 (12.0 — 25.0 mm, +108.3%). The H3L-Ni complex matches
ciprofloxacin (30 mm) against E. coli ATCC 35218 and outperforms cefoxitin against S. aureus ATCC 25923
(25.0 mm vs 18.0 mm). Expressing inhibition zones as percentages of reference antibiotics further highlights
these effects: the complex attains ~66.7% of ciprofloxacin’s zone for E. coli ATCC 25922 and 100% for ATCC
35218, while reaching 138.9% of cefoxitin’s zone for S. aureus ATCC 25923.

Broth microdilution data corroborate increased intrinsic potency after complexation. MICs decrease
approximately fivefold for E. coli ATCC 25922 (0.625 — 0.125 pg-mL™"), ~1.9-fold for E. coli ATCC 35218
(2.5 — 1.325 pg-mL™), and ~2.4-fold for S. aureus ATCC 25923 (1.25 — 0.525 pg-mL™). These MIC
reductions indicate that improved diffusion in agar is unlikely to be the sole explanation for larger inhibition
zones; rather, complexation appears to increase the compound’s bacteriostatic potency in broth. Provided MBC
values (2.5-3.5 pg'mL™) are similar between ligand and complex, the bactericidal threshold may not change
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substantially; time-kill assays will be required to define killing kinetics and to determine whether complexation

shifts the agent from bacteriostatic toward bactericidal activity at clinically relevant concentrations.

Mechanistically, several non-exclusive factors can explain the enhanced activity upon nickel coordination.
Complexation often increases lipophilicity and alters charge distribution, which can facilitate passage across
bacterial membranes and porins-particularly important for Gram-negative species. Coordination can also
rigidify the ligand framework and modify electronic properties, potentially improving binding to bacterial
targets (enzymes or nucleic acids). Additionally, metal complexes may perturb metal homeostasis, interact with
metalloproteins, or catalyze redox reactions that generate reactive oxygen species (ROS), all contributing to
antibacterial effects. Differences in molecular size, solubility and aggregation can affect diffusion in agar, but
the MIC improvements support a genuine increase in intrinsic antimicrobial potency in broth.

8. Structural Interpretation of the H;L Ligand

The HsL ligand results from the condensation of a pyridine-containing hydrazide derivative with a
polyhydroxylated aromatic aldehyde of the substituted salicylaldehyde type. The molecule incorporates several
key functional groups involved in metal coordination:

*  An azomethine function (-C=N-)
* An amide/hydrazide function (—CONH-)
*  Two phenolic hydroxyl groups (—OH)

* A pyridine ring bearing a donor nitrogen atom

These groups confer a polydentate character to the ligand, making it well-suited for chelation of transition
metal ions.

9. Probable Coordination Modes with Ni(II)

The principal donor atoms likely to participate in metal coordination include:

* The azomethine nitrogen (C=N)

»  The phenolic oxygen, upon deprotonation

»  The carbonyl oxygen of the hydrazide function

*  The pyridine nitrogen, depending on the coordination mode
The ligand can therefore function as:

* A bidentate ligand (N,O)

* A tridentate ligand (N,O,0)

The formation of stable five- or six-membered chelation rings around the Ni(Il) center strongly favors the
thermodynamic stability of the resulting complex.

10. Antibacterial Structure-Activity Relationships

10.1. Role of the Azomethine Group

The azomethine bond (~C=N-) plays a central role in the biological activity of Schiff bases. This group can
interact with bacterial cellular targets, including enzymatic proteins, bacterial DNA, and certain
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metalloproteins. Following nickel coordination, the electron density distribution around this function is
modified, potentially strengthening these biological interactions.

10.2. Role of Phenolic Groups
The phenolic hydroxyl groups contribute to:

» Enhanced chelating capacity
* Hydrogen-bonding interactions with biological targets
* Antioxidant or pro-oxidant potential of the complex

Upon deprotonation, the phenolate oxygen becomes a strong electron donor that effectively stabilizes the
Ni(II) center.

10.3. Electronic Delocalization

The extended conjugation involving the aromatic core, the azomethine bond, the carbonyl group, and the
pyridine nucleus promotes significant electronic delocalization throughout the ligand framework. This
delocalization is further enhanced upon complexation, improving:

*  The thermodynamic stability of the complex

» Its lipophilic character

» Its ability to penetrate bacterial cell membranes

Regarding the probable geometry of the nickel complex: given the polydentate nature of the ligand and the
possible involvement of additional donor molecules (water, counterions), the Ni(II) complex is expected to
adopt either a square planar or, more likely, a pseudo-octahedral geometry, consistent with the behavior

commonly reported in the literature for similar Ni(Il) complexes with tridentate or tetradentate Schiff base
ligands.

11. Chemical Interpretation of Biological Results

The high antibacterial activity of the H3L-Ni complex can be attributed to several combined factors:

* Increased lipophilicity following chelation

* Enhanced membrane penetration

* Electronic stabilization of the molecular system

* Reinforced interactions with cellular biomolecules

» Possible generation of reactive oxygen species (ROS)

The absence of activity against Enterococcus faecalis ATCC 29212, however, indicates that specific
biological barriers limit the action of the complex against this strain.

In summary, the polydentate character of the Hs;L ligand, conferred by its azomethine, phenolic, and
hydrazide functions, is favorable for the formation of stable transition metal complexes. Complexation with
Ni(II) results in a significant enhancement of antibacterial activity, most likely due to increased lipophilicity
and improved cellular penetration. The molecular architecture of H;L, combining a polyhydroxy aromatic core,
a hydrazone/azomethine function, a carbonyl group, and a pyridine nucleus, represents an excellent scaffold for
the design of bioactive metal complexes, particularly with Ni(II), Cu(Il), Co(Il), and lanthanide ions.
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12. Conclusion

A novel hydrazone Schiff base ligand and its nickel(Il) complex were successfully synthesized and
comprehensively characterized. Antibacterial investigations revealed that the nickel complex exhibits markedly
enhanced biological activity compared to the free ligand, demonstrating the beneficial effect of metal
coordination on antimicrobial properties. These findings suggest that the synthesized H3;L-Ni complex may

serve as a promising lead compound for the development of novel antimicrobial agents.

The results confirm that chelation plays a pivotal role in the enhancement of biological activity by
increasing the lipophilicity and membrane permeability of the complex. Additional studies addressing
cytotoxicity, molecular mechanisms of action, antifungal activity, stability under physiological conditions, and
in vivo efficacy will be necessary to fully evaluate the therapeutic potential of this complex.
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