Open Access Article. Published on 17 February 2026. Downloaded on 4/7/2026 7:05:56 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Materials
Advances

ROYAL SOCIETY

»
PP OF CHEMISTRY

View Article Online

View Journal

’ '.) Check for updates ‘

Cite this: DOI: 10.1039/d5ma00502g

Received 16th May 2025,
Accepted 13th February 2026

DOI: 10.1039/d5ma00502g

rsc.li/materials-advances

1. Introduction

Harnessing the zinc(i) bis-terpyridine complex to
overcome drug resistance: mechanistic insights
into antibacterial activity

1+ Saurabh Gupta,® Parnashabari Sarkar,? Dipankar Das,?
*°¢ and Biswa Nath Ghosh () *2

Sourav Sutradhar,
Kamaldeep Paul

The increasing prevalence of drug-resistant bacteria represents a serious global health challenge,
prompting scientists to develop innovative antibacterial compounds. An example of such a compound
with significant potential as an antibacterial agent is zinc(il) complex ZnL; of a terpyridine-based ligand
4'-(3,4-diethoxyphenyl)-2,2":6',2"-terpyridine L. The single crystal X-ray diffraction analysis of
[ZnL,](ClO,4),-CH3CN-H,0 confirms distorted octahedral coordination geometry around zinc(i) in which
zinc is coordinated by two terpyridine ligands L. The preliminary investigations identified ZnL, as a
potent antibacterial compound, outperforming widely used antibiotics like amoxicillin, tetracycline, and
chloromycin in its action against Bacillus subtilis and Salmonella enterica. The complex ZnL, efficiently
inhibits the development of drug resistance, with 20 passages for B. subtilis and 23 passages for
S. enterica, and showed low toxicity towards normal cell lines of Hek293. As part of the extended
investigation, biofilm inhibition, membrane disruption, leakage, and intracellular oxidative stress assays
were done. Further analysis of the complex’s interactions with DNA was conducted to assess its
potential for targeting bacterial DNA as a therapeutic agent. The interaction of the complex with
transport proteins such as serum albumin was evaluated to gain an initial understanding of the drug's
ADME characteristics. The findings of this study emphasise the substantial antibacterial potential of the
developed zinc terpyridine complex. Its promising activity could form the basis for future advancement
in the treatment of bacterial infections.

are one such category of nitrogen-based heterocyclic ligands,
which have been used extensively as anticancer,® antioxidant’

Nitrogen-based heterocyclic compounds have received signifi-
cant attention due to their extensive range of applications in
pharmacology.”” Nitrogen-containing heterocycles, including
pyridine, pyrimidine, quinoline, and pyrazine, are fundamental
structural elements in many phytochemical drugs like codeine,
morphine, vinblastine, reserpine, procaine, papaverine, eme-
tine, and digitalis-derived cardiac glycosides.> These hetero-
cycles are also extensively found in synthetic drugs such as
diazepam, isoniazid, chlorpromazine, metronidazole, chloro-
quine, azidothymidine, antipyrine, etc.>> In addition, most
enzymes, co-enzymes, hormones, vitamins, nucleic acids and
alkaloids have N-heterocyclic skeletons.” 2,2":6/,2"-Terpyridines
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and antimicrobial agents.® These ligands have high affinity for
binding with biomolecules like serum albumin and DNA. In
addition, 2,2:6’,2"-terpyridines also possess strong binding
affinity towards transition metals, due to the presence of
three pyridine ring nitrogen atoms. The metal complexes
of 2,2:6',2"-terpyridines have significant applications in
anion and amino acid sensing,”' halogen bonding,'*"?
gelation,"*™"” dye-sensitised solar cells,’®'® catalytic fields,""
etc. Among the various transition metal complexes, zinc com-
plexes are of significant interest. Zinc is the second most
abundant trace element in the human body, playing a crucial
role in maintaining health across all life stages and catalyzes
over 300 enzymes, facilitating critical biochemical processes.>
The zinc(un) ion does not participate in oxidation-reduction
reactions but its role in metalloenzymes is attributed to its
ability to act as a Lewis acid.>' Zinc complexes have been
studied for various applications in radioprotection, tumor
photosensitizers, antidiabetic agents, anticonvulsants, and
anti-inflammatory agents.* Zinc complexes can also bind with
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serum albumins and DNA, and thus have potential anticancer
activity. In the development of newer antibiotics to overcome
the resistance of microbes, zinc complexes have shown promis-
ing results against bacteria and fungi, demonstrating potential
antimicrobial activity.>®> The escalating prevalence of multi-
drug-resistant microorganisms, a direct consequence of anti-
biotic overuse and misuse, poses a significant threat to global
health and socioeconomic stability.>* The inability of current
antibiotics to effectively combat these infections underscores
the importance of developing novel antibacterial agents.>®
Despite decades of research, the development of such agents
remains a pressing challenge. Among all bacteria accountable
for deadly diseases, the treatment of infections caused by
Bacillus subtilis and Salmonella enterica has caused a major
challenge. B. subtilis is generally considered non-pathogenic
and is widely utilized in industrial and probiotic applications.
However, certain strains can pose health risks, particularly to
immunocompromised individuals. In rare instances, B. subtilis
has been associated with serious infections such as bacteremia,
meningitis, and cerebral abscesses.?® Similarly, S. enterica is a
major cause of foodborne illnesses worldwide. It is divided into
numerous serotypes, many of which are associated with various
health issues in humans and animals.”” Salmonellosis is the
most common illness caused by S. enterica. Typhoid fever,
paratyphoid fever, and chronic carrier state are also caused by
S. enterica.”® Considering the urgency for innovative therapeu-
tic approaches and to address this critical public health con-
cern in the form of antibiotic resistance, a zinc(ir) complex of
the terpyridine ligand has been examined against bacterial
strains in search of a drug as an antibacterial agent.

1.1 Designing of the work

Limited work has been done on antibacterial activity against B.
subtilis and S. enterica, and a comprehensive mechanistic
evaluation has not been done with any antibacterial agent
against both bacterial strains. Over the past few years, research-
ers have developed many zinc complexes of different ligands.
These reported complexes exhibited antibacterial activity
against B. subtilis with MIC value >10 pg mL™"; also they
showed their antibacterial potential towards other bacterial
strains such as E. coli, S. aureus, E. faecalis, and P. aeruginosa,

i. Zn(NO3),, MeOH
ii. NaClO,, H,0

Scheme 1 Schematic diagram for synthesis of zinc complex ZnL,.
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but up to now no zinc complexes have been reported that
exhibit excellent antibacterial activity against B. subtilis and S.
enterica with low MIC values (Table S1). Moreover, the anti-
bacterial activity of terpyridine zinc complexes has not been
explored in depth so far. To address the limited exploration of
the antibacterial activity of terpyridine zinc complexes and to
fill up this gap, we have synthesised a more drug resistant and
less toxic zinc terpyridine complex. Here, in this work, we have
synthesized zinc(u) complex ZnL, of 4'-(3,4-diethoxyphenyl)-
2,2":6’,2"-terpyridine ligand L in a 1:2 ratio (Scheme 1). The
zinc complex ZnL, has been characterized by NMR, UV-vis,
HRMS, and SC-XRD studies. The prepared ZnL, has been
examined for antibacterial potential against four Gram-
positive and four Gram-negative bacterial strains. It showed
good antibacterial activity against B. subtilis and S. enterica with
low MIC values of 1.56 pg mL ™' and outperformed the mar-
keted drugs and was further assessed for its mode of action via
membrane disruption, protein leakage, biofilm inhibition,
metabolic dysfunction, oxidative stress damage, and lipid
peroxidation. The interaction of ZnL, with calf thymus (ct)-
DNA was also studied with spectroscopic techniques to build
DNA-targeting antibacterial agents. Furthermore, the binding
behavior of ZnL, with human serum albumin (HSA), a trans-
portation protein, was explored to obtain initial information
about the drug’s ADME (absorption, distribution, metabolism,
and excretion) properties.

2. Results and discussion
2.1 Chemistry

The ligand 4'-(3,4-diethoxyphenyl)-2,2':6’,2"-terpyridine L was
synthesized by the reaction of two equivalents of 2-acetyl-
pyridine and one equivalent of 3,4-diethoxybenzaldehyde in
ammonia and methanolic KOH medium, according to the
literature method.?® The addition of NaClO, to a stirred reac-
tion mixture of Zn(NO;),-6H,0 (1 equivalent) and L (2 equiva-
lents) in MeOH afforded the yellow coloured zinc complex ZnL,
(Scheme 1). L and the complex ZnL, were characterized by
NMR, UV-visible, HRMS and FTIR analyses (Fig. S1-S7 in SI).
The UV-visible absorption spectra of the zinc complex in
acetonitrile show absorption peaks at 230 nm, 277 nm

(ClOy),
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(r —» m* transition), and 322 nm (attributed to metal-induced
intra-ligand charge transfer).”® In HRMS, the molecular ion
peak at m/z 959.2336 corresponds to [ZnL,](ClO,)". The zinc
complex has also been characterized by X-ray single crystal
diffraction study. The stability of ZnL, was measured by UV-
visible spectroscopy in PB buffer at pH 7.4. The ZnL, spectral
peaks remained unchanged, apart from a slight variation in
intensity after 48 hours at room temperature (Fig. S8).

2.2 Crystal structure of the zinc(u) complex

Yellow-coloured single crystals of the zinc complex were
obtained by slow diffusion of di-isopropyl ether into an acet-
onitrile-methanol (1:1) solution of the complex. The complex
was crystallized in the monoclinic (P2,/n) space group. X-ray
crystallographic data and structural refinement parameters for
the complex are reported in Table S2. The crystal structure of
the complex consists of a [Zn(L),]*" cation (Fig. 1), two per-
chlorate anions, one solvated water molecule, and one solvated
acetonitrile molecule. The crystal structure of the zinc complex
confirms the anticipated 1:2 metal to ligand stoichiometry in
the cation. The dicationic charge on the complex is balanced by
the presence of two perchlorates as counter anions. The zinc
ion in the crystal structure shows a distorted octahedral geo-
metry, bound by six pyridine nitrogen atoms of two ligands to
give a ZnNg type coordinated complex with meridional configu-
ration. The central Zn-N bond distances [2.069(5)-2.082(5) A]
are shorter than terminal Zn-N bond distances [2.161(5)-
2.204(5) A] due to the restricted bite angle of the terpyridine
core moiety. There is a slight deviation from the ideal octahe-
dral geometry, as evidenced by the bond angle around the zinc
ion [N2-Zn1-N5 171.8(2)°]. Selected bond distances and angles
are presented in Table S3. Similar bond distances were
observed in the previously reported zinc-terpyridine
complexes.>™*' The central pyridine ring is attached to diethoxy-
phenyl showing a slight deviation from planarity with dihedral
angles in the range of 7.9(10)-14.2(11)°. In ZnL, it is observed
that on one side of the ligand L, the central pyridine ring
remains coplanar with both the terminal pyridine rings,
while the other side of the ligand L is slightly tilted by a
dihedral angle range of 5.9(11)-12.7(10)°. Three of the ethoxy
groups remain coplanar with the phenyl, but one ethoxy
group 03-C47-C48 is out of plane. The dihedral angles
around the zinc ions for ZnL, are N1-C5-C6-N2 = 3.6(8)°%,
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N2-C16-C17-N3 = 1.4(8)°, N4-C30-C31-N5 = 6.8(8)°, and N5-
C41-C42-N6 = 7.9(8)".

2.3 Quantum chemical studies

Quantum chemical studies are used to forecast the important
pharmacokinetic features and the feasibility of building
important interactions with target molecules.**** FMO (fron-
tier molecular orbitals) control the interactions between mole-
cules and target sites, and the energy difference between
HOMO and LUMO aids in determining a compound’s bioactiv-
ity. The HOMO and LUMO exert a positive influence on the
ligand-receptor interaction process.*® The ligand and ZnL,
displayed energy gaps of 4.221 and 0.556 eV, respectively,
indicating that both can exert good bioactivity (Table 1). The
HOMO of the ligand is located on the phenyl ring attached with
two ethoxy groups, manifesting that it interacts via electrostatic
interactions with positively charged biological ions, and the
LUMO of the ligand is located over the whole of the ligand,
indicating that it binds with negatively charged residues. In the
case of ZnL,, both HOMO and LUMO are located over the whole
complex, indicating that the whole complex binds with negative
as well as positively charged biological ions. The Cartesian
coordinates of L and ZnL, are given in Tables S4 and S5,
respectively.

2.4 In vitro antibacterial activity

Using a two-fold serial dilution procedure as recommended by
CLSI (Clinical and Laboratory Standards Institute), the ligand L
and its zinc metal complexes in 1:1 (ZnL) and 1:2 (ZnL,) ratio
were evaluated for their ability to suppress bacterial growth.**°
The ligand and complexes were tested against Gram-positive
and Gram-negative bacterial strains, including Bacillus subtilis,
Enterococcus faecalis, Listeria species, and Staphylococcus aureus,
as well as Salmonella enterica, Escherichia coli, Serratia marces-
cens, and Acinetobacter calcoaceticus. As represented in Table 2,
the ligand displayed moderate activity in inhibiting the growth
of most of the tested bacterial strains. When the ligand was
complexed with the zinc salt in the form of mono-complex ZnL,
it exhibited better activity in suppressing the growth of most of
the tested bacterial strains. This might be due to the change in
the electron density of the ligand when complexed with
Zn(NO;),. The free nitrate group helped to increase the water
solubility of the complex due to which it was able to exhibit

Fig. 1 Crystal structures of the zinc complex ZnL,. Hydrogen atoms, counter anions and solvent molecules are omitted for clarity.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Atomic orbital HOMO-LUMO compositions of the ligand and the ZnL, complex

Compound LUMO (eV) AE (eV)
Ligand 4.221
ZnL, 0.556

Table 2 Antibacterial activity data as MIC (ug mL™?) for ligand L and complexes ZnL and ZnL,

Gram-positive bacterial strains

Gram-negative bacterial strains

Comp. E. faecalis B. subtilis L. species S. aureus E. coli S. enterica A. calcoaceticus S. marcescens
Ligand 50 25 50 12.5 50 100 12.5 25
ZnL 12.5 3.12 12.5 1.56 25 12.5 25 6.25
[ZnL,] (ClO,), 3.12 1.56 6.25 3.12 6.25 1.56 3.12 3.12
[ZnL,] Cl, 3.12 1.56 6.25 3.12 6.25 1.56 3.12 3.12
[ZnL,] (NO3), 3.12 1.56 6.25 3.12 6.25 1.56 3.12 3.12
[ZnL,]SO, 3.12 1.56 6.25 3.12 6.25 1.56 3.12 3.12
A 6.25 50 50 25 100 200 50 1.56
B 3.12 1.56 6.25 1.56 1.56 100 1.56 1.56
C 3.12 1.56 1.56 3.12 3.12 50 3.12 1.56
D 50 6.25 6.25 100 12.5 50 6.25 25
A - amoxicillin; B - tetracycline; C — chloromycin; D - colistin.

better antibacterial properties than the ligand itself. Complex
ZnL inhibited the growth of all the tested bacterial strains with
MIC values ranging from 3.12 to 25 ug mL ™. The activity of ZnL
was enhanced further when the free nitrate group was replaced
with the same ligand, thus forming a complex of zinc and the
ligand in 1: 2 ratio. ZnL, with perchlorate ion as the counter ion
exhibited excellent activity in suppressing the growth of the
tested bacterial strains, with MIC values ranging from 1.56 to
6.25 pg mL ", which were far superior to those of ZnL. The
enhanced antibacterial activity of ZnL, may be attributed to the
presence of two electron-donating ligands attached to Zn,
which increases the overall electron density of [ZnL,] (ClO,),.
Thus, it has been found that the free ligand exhibited moderate
activity, ZnL displayed better activity than the ligand, whereas
[ZnL,] (ClO,), exhibited excellent activity in inhibiting the
growth of bacterial strains. The results were also compared to
marketed drugs amoxicillin, tetracycline, chloromycin, and
colistin, where [ZnL,] (ClO,), outperformed these marketed
drugs. Comparison of the results of [ZnL,] (ClO,), with those
of the modern membrane-targeting drug colistin showed that
[ZnL,] (ClO,), remarkably outperformed colistin in inhibiting
the growth of all the tested strains. Furthermore, to determine
whether the antibacterial activity of the [ZnL,] (ClO,), complex

Mater. Adv.

arises primarily from the metal-ligand framework and is inde-
pendent of the counterion, the ZnL, complex was also evalu-
ated with clinically accepted counterions, including C1™, NO;~
and SO4>". The results showed no significant change in anti-
bacterial activity upon replacement of the perchlorate ion with
these alternative anions, indicating that the observed antibac-
terial effect is intrinsic to the ZnL, complex and not influenced
by the nature of the counterion. Based on this counterion-
independent antibacterial performance, [ZnL,] (ClO4), was
selected for further detailed investigations. Subsequent studies
focused on evaluating its antibacterial efficacy and elucidating
its preliminary mechanism of action against Bacillus subtilis
and Salmonella enterica, in view of its potent ability to inhibit
bacterial growth.

2.5 Bactericidal or bacteriostatic action

To ascertain whether the mode of action displayed by active
ZnL, towards B. subtilis and S. enterica is bacteriostatic or
bactericidal, minimal bacterial concentrations (MBCs) were
investigated following the completion of preliminary experi-
ments. The active ZnL, displayed MBC/MIC values of 2 and 1
against B. subtilis and S. enterica, respectively (Fig. 2a),

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2

(a) Evaluation of MBC and MIC values of ZnL,; bacterial susceptibility evaluation of ZnL,, tetracycline, amoxicillin, and chloromycin towards

(b) B. subtilis and (c) S. enterica; (d) cytotoxicity of ZnL, towards normal cell line Hek293 and (e) hemolysis rate of compounds 8e and 8h against red

blood cells. *P < 0.05; **P < 0.01; ***P < 0.001.n = 3.

suggesting that the complex is bactericidal to both the tested
bacterial strains.

2.6 Bacterial susceptibility evaluation

Antibiotic abuse has made treating bacterial illnesses extremely
difficult since it has led to the development of bacterial
resistance, which has reduced the effectiveness of present
drugs and increased their dosage.**® Using tetracycline,
amoxicillin, and chloromycin as positive controls, the drug
resistance of ZnL, was investigated at the MIC value against
B. subtilis and S. enterica in up to 25 passages. According to the
data shown in Fig. 2b and ¢, ZnL, was found to be more
effective than commercial antibiotics at delaying the onset of
drug resistance against both the tested strains. The MIC values
of tetracycline, amoxicillin, and chloromycin increased signifi-
cantly after 9, 11, and 15 passages, respectively, whereas ZnL,
did not show any discernible change in MIC values until
20 passages against B. subtilis. Compared to this, in the case
of S. enterica, ZnL, delayed the occurrence of drug resistance up
to 23 passages, while the MIC of marketed drugs tetracycline,
amoxicillin, and chloromycin enhanced dramatically after 7,
10, and 13 passages, respectively. These results suggest that
ZnL, can overcome resistance in treating infections due to its

© 2026 The Author(s). Published by the Royal Society of Chemistry

low potential for generating drug resistance in B. subtilis and
S. enterica.

2.7 Cytotoxic studies of the complex

A key component of the drug candidate to develop as an
antibacterial agent is its biosafety, which is evaluated by
determining the cytotoxicity of the active drug candidates
towards normal cell lines.** Thus, MTT assay was employed
to evaluate the cytotoxic effect of active drug candidate ZnL,
against normal cell line Hek293. At several doses ranging from
0.78 to 12.5 pg mL™ ", ZnL, exhibited only 2.81, 3.85, 4.53, 5.63
and 6.57% cytotoxicity towards normal cell line Hek293
(Fig. 2d). Also, we have evaluated the cytotoxicity of the free
ligand towards normal cell lines to understand whether Zn(u)
coordination improves the properties compared to the free
ligand. The result suggested that the free ligand at various
concentrations exhibited 15.2 to 35.4% cytotoxicity towards
Hek293, indicating the decreased therapeutic value of the free
ligand. Comparing the cytotoxicity results of the free ligand and
ZnL,, the complex displayed very low toxicity to normal cell
lines compared to the free ligand. The low cytotoxicity of ZnL,
to normal cells over bacterial cells suggested the biosafety of
the complex and its potential for further research and

Mater. Adv.
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development into antibacterial drugs. The cytotoxic experiment
was conducted in triplicate.

An essential parameter in evaluating the biosafety of synthe-
sized ZnL, is its propensity to induce hemolysis. In view of this,
we examined the hemolytic activity of complex ZnL, against
goat red blood cells (RBCs) at various concentrations (MIC, 2 X
MIC, 4 x MIC, and 8 x MIC), with Triton X-100 serving as the
positive control. As depicted in Fig. 2e, ZnL, maintained
remarkably low hemolysis rates, which remained below 7%
even after 3 h of exposure. Notably, at the highest tested
concentration of 8 x MIC, complex ZnL, induced hemolysis
of only 6.2%. These values are well within the acceptable
threshold for hemocompatible agents, underscoring its biosaf-
ety profile. The absence of significant RBC lysis in the presence
of active complex ZnL, highlights its therapeutic potential. This
assay was conducted in triplicate to ensure reproducibility and
statistical reliability.

2.8 Kinetics of bactericidal activity

The strong bactericidal effects of antibiotics inhibit the
development of bacterial resistance. Therefore, a key test for
determining the drug’s bactericidal qualities at various con-
centrations is the time-kill kinetic study.*®*' Within three
hours, B. subtilis and S. enterica in the control inoculum entered
their exponential phase (Fig. 3a and b), whereas the growth of
bacteria was inhibited and cells were destroyed upon treatment
with ZnL, inoculum. Within 4.5 and 3.5 h at MIC, ZnL, began
to exhibit its bactericidal activity against B. subtilis and
S. enterica, respectively. At higher concentrations of ZnL,, such
as 2 x MIC, 4 x MIC, and 8 x MIC, the time needed to kill
bacteria in the inoculum decreased from 4.5 h to 3 h in the case
of B. subtilis and from 3.5 to 1.5 h in the case of S. enterica.
Consequently, ZnL, had outstanding bactericidal activities in
addition to good antibacterial properties, which shortened the
treatment period.

2.9 Biofilm inhibition assay

The development of biofilm on the surface of bacteria increases
their pathogenicity and virulence and aids in developing bac-
terial resistance. Hence, bacteria are protected from antibiotic
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attack, reducing the bactericidal efficacy of antibacterial
agents.*>"* These biofilms promote bacterial absorption and
reproduction on the surface of medical equipment, making it
more difficult to use it clinically.** Using the crystal violet assay,
we evaluated the ability of ZnL, to suppress biofilm formation
by B. subtilis and S. enterica. The inhibition of biofilm by active
ZnL, increases with the increase in concentration. ZnL, was
able to suppress the formation of biofilm of B. subtilis and
S. enterica up to 24.3% and 30.2%, respectively, at the MIC
value. As the concentration reached 8 x MIC, the complex
inhibited biofilm formation by B. subtilis and S. enterica up to
75.2% and 87.1%, respectively (Fig. 4a). On the other hand,
colistin inhibited the biofilm of B. subtilis and S. enterica 53.2%
and 60.2%, respectively, at 8 x MIC (Fig. S9a). Comparing the
biofilm inhibition ability of ZnL, and colistin, the Zn complex
displayed better biofilm inhibition properties than colistin
towards both the tested strains. According to these findings,
ZnL, may prevent B. subtilis and S. enterica from forming
biofilms, thus delaying the emergence of bacterial resistance.
The same experiment was conducted in triplicate.

2.10 Biofilm virulence factor

2.10.1 Auto-aggregation. Bacterial adhesion to surfaces
and self-aggregation promote the formation of biofilms, which
act as protective barriers against antibiotics. This reduces drug
penetration, lowers treatment effectiveness and contributes to
the development of antimicrobial resistance.*® Therefore, it is
worthwhile to investigate the ability of the ZnL, complex to
reduce bacterial auto-aggregation. When B. subtilis and
S. enterica were treated with ZnL, as shown in Fig. 4b, the
absorbance value of the supernatant at 600 nm increased
gradually with the increasing concentration of the complex.
On treating B. subtilis and S. enterica with colistin, the increase
in the absorption value of the supernatant was less (Fig. S9b) as
compared to ZnL,, indicating that the ZnL, complex has greater
ability for self-auto aggregation in a concentration-dependent
manner than colistin, thereby postponing the development of
drug resistance. The same experiment was conducted in
triplicate.

0.7
—&— Control —&—MIC (a)
0.6 2MIC 4MIC
" —&—8MIC
0.5
0.4

Absorbance

700

Time (min)

0.7
—e—Control —&—MIC (b)
0.6 2MIC 4MIC
—o—8MIC
0.5

Absorbance

Time (min)

Fig. 3 Time-killing kinetics of (a) B. subtilis and (b) S. enterica treated with ZnL, at various concentrations.
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Fig. 4
in the presence of ZnL,. *P < 0.05; **P < 0.01; ***P < 0.001. n = 3.

2.10.2 Surface hydrophobicity inhibition assay. The hydro-
phobicity of the cell surface, a critical virulence component that
creates a robust biofilm, strengthens bacterial cell adhesion
and subsequent colonization on the solid surface.’® By using
the microbial adhesion to hydrocarbon assay, it was possible to
determine whether ZnL, could reduce the hydrophobicity of B.
subtilis and S. enterica surfaces. Interestingly, the complex ZnL,
significantly decreased the hydrophobicity of the tested bacter-
ial strains. ZnL, exhibited a concentration-dependent increase
in suppressing the surface hydrophobicity of bacteria (Fig. 4c).
At 8 x MIC concentration, ZnL, reduced the hydrophobicity of
B. subtilis and S. enterica by 78.6% and 91.2%, respectively. On
the other hand, upon treating B. subtilis and S. enterica with
colistin, the hydrophobicity reduced to 45.3% and 49.4%,
respectively, at 8 x MIC (Fig. S9c). These findings suggested
that ZnL, could effectively decrease the hydrophobicity of both
bacterial surfaces in comparison to colistin, thus preventing
the biofilm virulence factor, which is the main cause of strong
biofilm formation. The experiment was performed in triplicate.

2.10.3 Reduction in exopolysaccharides (EPS). The
presence of EPS promotes the formation of a biofilm network
and cell aggregation, which results in the emergence of drug
resistance.”” Therefore, a reduction in the content of exopoly-
saccharides was investigated to assess the potential of ZnL, for
preventing the formation of biofilms. The EPS content of B.
subtilis and S. enetrica was observed to be decreased by 34.4%
and 45.3% on treatment with ZnL, at MIC concentration. The
EPS content decreased more sharply as the concentration of
ZnL, increased, reaching 80.4% (B. subtilis) and 92.1%
(S. enterica) at 8 x MIC, whereas the decrease in the EPS

© 2026 The Author(s). Published by the Royal Society of Chemistry

(a) Inhibition of biofilm; (b) auto-aggregation; (c) inhibition of surface hydrophobicity; and (d) loss in the EPS content of B. subtilis and S. enterica

content of B. subtilis and S. enterica upon treating with colistin
at 8 x MIC was found to be 64% and 74.3%, respectively (Fig.
S9d). These results suggest that ZnL, might successfully lower
the exopolysaccharide content of both the tested bacteria in
comparison to colistin, preventing biofilm formation and
delaying the development of drug resistance, as shown in
Fig. 4d. The same experiment was conducted in triplicate.

Combining the findings mentioned above, it is concluded
that ZnL, may successfully block the biofilm virulence factor
that causes robust biofilm formation. It might also make it
easier to break up the established biofilm, which would be
beneficial for boosting the antibacterial activity and preventing
the emergence of drug resistance.

2.11 Membrane disruption assay

By shielding the bacteria from external materials, their mem-
branes perform a vital function in preserving the many meta-
bolic events that occur in the right order.”® The protective
barrier constructed by bacterial membranes is the primary
cause of decreased antibiotic permeability, which changes the
concentration of medications that enter the bacteria and has a
direct impact on their effectiveness and therapeutic values
leading to the development of drug resistance.*® Antibacterial
agents are increasingly being developed with a focus on the cell
membrane. We were motivated to investigate the potential of
ZnL, to disrupt the bacterial cell membrane further due to its
excellent antibacterial efficacy, limited potential for drug resis-
tance, and quick bactericidal properties.

2.11.1 Membrane depolarisation. By interfering with cells’
transmembrane potential, the majority of drugs demonstrate
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their bactericidal actions and cause cell death. Disc3,5-(dipro-
pylthiadicarbocyanine), a potentiometric dye used to measure
depolarisation, has been used to determine the capacity of ZnL,
to depolarise the bacterial cell membrane.>® The release of the
dye from cells in the presence of ZnL, increases the intensity of
fluorescence, a sign of membrane depolarization. Fig. 5 illus-
trates that the fluorescence intensity of the dye in B. subtilis and
S. enterica rises gradually in a dose- and time-dependent
manner after being incubated with ZnL,, while untreated cells
show no change. The increase in the fluorescence intensity of
the dye in B. subtilis and S. enterica treated with colistin was less
(Fig. S10a) as compared to that treated with ZnL,. According to
these findings, ZnL, was capable of effectively disrupting the
membrane potential in comparison to colistin, thus retarding
the rise of drug resistance.

2.11.2 Outer membrane permeability. Some antibiotics
cannot penetrate the cell due to the protective barrier of a thick
wall of peptidoglycan in B. subtilis and the outer membrane in
S. enterica, which lowers their therapeutic values.** The disrup-
tion of the thick cell wall of B. subtilis and permeabilization of
the outer membrane of S. enterica, incubated with ZnL,, were
evaluated using NPN (N-phenyl-1-naphthylamine), a fluores-
cent dye.”’ When NPN penetrates the damaged outer
membrane and thick cell wall of bacteria, its fluorescence
intensity increases; in contrast, when the cell membrane is
intact, only weak fluorescence is observed. On treatment
of B. subtilis and S. enterica with ZnL,, the emission intensity
increased gradually in both time-dependent and concentration-
dependent modes, as shown in Fig. 6. The increase in the
fluorescence intensity of B. subtilis and S. enterica treated with
colistin was less (Fig. S10b) as compared to that treated with
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ZnL,. These findings demonstrated that ZnL, might success-
fully damage the thick cell wall of B. subtilis and the outer
membrane of S. enterica, hence postponing the emergence of
antibiotic resistance.

2.11.3 Inner membrane permeability. An inner membrane
experiment was performed using ethidium bromide (EtBr) to
gain insight into the mechanism underlying the antibacterial
activity of ZnL,. Although EtBr is impermeable to intact cell
membranes, but it readily enters bacteria with damaged mem-
branes, where it binds to DNA and produce fluorescence.’® A
progressive increase in fluorescence intensity was seen after
inoculating B. subtilis and S. enterica cells with ZnL, at a known
concentration of EtBr, suggesting that there were more bacter-
ial cells with damaged membranes in the inoculum. The
concentration- and time-dependent increase in fluorescence
intensity indicated that ZnL, can disrupt the inner membrane
of both the tested bacterial strains (Fig. 7a—c). The increase in
the fluorescence intensity of B. subtilis and S. enterica treated
with colistin was less (Fig. S10c) as compared to that treated
with ZnL,.

B. subtilis and S. enterica, with or without ZnL,, were stained
with the EtBr dye and examined under a confocal laser scan-
ning microscope to learn more about the antibacterial mecha-
nism of the complex. When B. subtilis and S. enterica were
treated with ZnL,, a strong red fluorescence was seen, further
suggesting that ZnL, could destroy B. subtilis and S. enterica cell
membranes. In contrast, the control group in the absence of
ZnL, showed no fluorescence, as illustrated in Fig. 7d and e.

Combining the findings mentioned above, it is proposed
that ZnL, may efficiently harm the cell membrane of B. subtilis
and S. enterica and induce membrane depolarisation, which in
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Fig. 5 Membrane depolarisation of B. subtilis and S. enterica by ZnL, (a) at different concentrations and in time-dependent mode against (b) B. subtilis

and (c) S. enterica. *P <0.05; **P < 0.01; ***P < 0.001. n = 3.
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Fig. 6 Outer membrane permeability of B. subtilis and S. enterica by ZnL, (a) at different concentrations and in time-dependent mode against (b) B.

subtilis and (c) S. enterica. *P < 0.05; **P < 0.01; ***P < 0.001. n = 3.

turn may trigger cell apoptosis and, eventually, cell death,
contributing to its antibacterial function. All the above experi-
ments were performed in triplicate.

2.12 Leakage of cytoplasmic content

The integrity of their cell membranes maintains the stability
and biological activity of bacteria; any damage to these mem-
branes allows the cytoplasmic content, including protein and
nucleic acids, to escape, leading to cell death.”>® Follin’s test
was employed to measure the amount of released protein
from B. subtilis and S. enterica to verify the membrane
damage caused by the ZnL, complex. As the amount of ZnL,
increased, the concentration of leaked protein increased pro-
portionately, as shown in Fig. 8a. As a result, the data showed
conclusive evidence of membrane damage. Additionally,
the concentrations of leaked nucleic acid from B. subtilis
and S. enterica were measured to demonstrate the damage
caused to the integrity of the membrane. ZnL, exhibited a
concentration-dependent increase in nucleic acid leaking from
bacterial cells (Fig. 8b). The outcomes were consistent with
membrane degradation. Both experiments were performed in
triplicate.

2.13 Metabolic dysfunction

Bacterial metabolism sustains both the development and sur-
vival of microorganisms. Through a variety of metabolic pro-
cesses, bacteria produce vital macromolecules, maintain
cellular homeostasis, and obtain energy.>* When cell mem-
branes are disrupted, proteins on the surface become dena-
tured, which results in metabolic dysfunction and ultimately
cell death. The intracellular metabolic activity of B. subtilis and

© 2026 The Author(s). Published by the Royal Society of Chemistry

S. enterica in the presence of ZnL, was assessed using the Almar
blue test. After incubation with ZnL,, the metabolic activity
of B. subtilis and S. enterica dropped dramatically in a
concentration-dependent manner (Fig. 9a). ZnL, reduced the
metabolic activity of B. subtilis and S. enterica by 25.4% and
19.6% at 8 x MIC, respectively, whereas in the presence of
colistin, the metabolic activities of B. subtilis and S. enterica
were reduced to 40.1% and 35.5%, respectively, at 8§ x MIC (Fig.
S11a). The result suggested that reduction in metabolic activity
in the presence of ZnL, was more as compared to colistin. The
experiment was conducted in triplicate.

2.14 Intracellular oxidative stress

2.14.1 Reactive oxygen species (ROS). Under external
stress, the ROS accumulation increases inside the bacterial
cells, disrupting their cellular structure and resulting in oxida-
tive stress. Many antibacterial agents show their activity by
generating ROS inside the cells.>>>® The ability of ZnL, to cause
oxidative stress in B. subtilis and S. enterica was assessed
fluorometrically by measuring the amount of ROS in treated
and untreated cells using the DCFH-DA fluorescent dye. The
emission intensity of B. subtilis and S. enterica treated with ZnL,
increased in a concentration-dependent manner. The increase
in the fluorescence intensity of B. subtilis and S. enterica treated
with colistin was less (Fig. S11b) as compared to that treated
with ZnL,. Thus, ZnL, can raise ROS levels, which can harm
B. subtilis and S. enterica oxidatively and result in bacterial cell
death (Fig. 9b).

2.14.2 Glutathione activity. Antioxidant glutathione (GSH),
a tripeptide containing thiol, is present in normal bacterial
cells in an excessive concentration in a reduced state, protects
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Fig. 9 (a) Loss in metabolic activity; (b) intracellular ROS production; (c) loss in GSH activity and (d) malondialdehyde production in B. subtilis and

S. enterica treated with ZnL,.

bacterial cells from damage caused due to oxidative stress, and
preserves the ability of the cell to operate normally. An excess
ROS level inside the cells makes it easier for GSH to change
from its reduced to oxidized state, which renders GSH the
ability to protect proteins, enzymes, DNA, and other materials
from oxidative damage.’” Elmann’s method was employed to
determine the decrease in GSH activity, which is a sign of
oxidative stress generation. It was found that ZnL, might lower
the amount of GSH in B. subtilis and S. enterica. When incu-
bated with ZnL,, the GSH levels of treated bacterial cells were
decreased (Fig. 9¢c). The GSH level dropped in direct proportion
to ZnL, concentration. At 8 x MIC, there was about 51% and
63% reduction in the GSH activity of B. subtilis and S. enterica,
respectively, when treated with ZnL,, whereas in the presence
of colistin, the decrease in the GSH activity of B. subtilis and
S. enterica was found to be 40% and 35.5%, respectively, at 8 x
MIC (Fig. Sl1ic). The result suggested that reduction in

© 2026 The Author(s). Published by the Royal Society of Chemistry

metabolic activity in the presence of ZnL, was more as com-
pared to colistin. These findings provided more confirmation
that the ZnL, complex produces ROS.

2.14.3 Lipid peroxidation. The formation of ROS within
cells promotes lipid peroxidation in cells. The level of malon-
dialdehyde (MDA) in cells represents the antioxidant capability
and degree of oxidative damage to cells.® A metric used to
assess the degree of lipid peroxidation is the rise in MDA levels
within cells. ZnL, considerably increased the amount of MDA
generated in B. subtilis and S. enterica (Fig. 9d). Furthermore, as
ZnL, concentration increased, MDA generation progressively
increased as well. MDA generation increased by 56.3% in the
case of B. subtilis and by 65.3% in the case of S. enterica, when
treated with ZnL, as the concentration reached 8 x MIC. These
findings indicate that ZnL, promotes lipid peroxidation thereby
contributing to bacterial cell death. The above experiments
were performed in triplicate.
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2.15 Change in the morphology of B. subtilis and S. enterica
cells

The bacterial morphological modification using scanning elec-
tron microscopic (SEM) images further validated the damage
caused to the B. subtilis and S. enterica membrane by ZnL,.
Untreated B. subtilis and S. enterica cells exhibited regular,
symmetrical, undamaged, and rod-shaped cells. Both the bac-
teria showed cell wall rupture and cytoplasmic content leakage
after being treated with ZnL, at 2 x MIC (Fig. 10). Furthermore,
ZnL, was discovered to cause B. subtilis and S. enterica cells to
shrink and break. These findings verified that ZnL, caused
membrane damage in B. subtilis and S. enterica.

2.16 Interactions with DNA

Deoxyribonucleic acid (DNA), the storehouse of genetic infor-
mation, is a frequently used molecular target for natural and
synthetic drugs such as antitumor, antibacterial, and antiviral.
Antibacterial drug development often targets bacterial DNA due
to its critical role in cellular processes.’* DNA encodes the
genetic instructions for protein synthesis, which is fundamen-
tal for bacterial metabolism and function. Thus, exploring the
binding affinity of DNA with ZnL, with the help of absorption
and emission spectroscopy can help us to build a potent
antibacterial agent.

Fig. 11a displays the UV-visible absorption spectra of the
zinc complex ZnL, upon addition of ct-DNA in aq. HEPES
buffer. The complex ZnL, shows absorption peaks at 230 nm,
277 nm and 322 nm. On incremental addition of ct-DNA to the
complex solution, the 230 nm and 277 nm peak show a

Untreated

B. Subtilis

S. enterica

S

Fig. 10 SEM images of untreated and treated B. subtilis and S. enterica with ZnL,.

Mater. Adv.

View Article Online

Materials Advances

hyperchromic shift, whereas the 322 nm peak shows hypochro-
mic shift. In addition, a new peak around 365 nm was also
observed on incremental addition of ct-DNA. ct-DNA binding
with the ligand L was also performed to check the effectiveness
in comparison with ZnL, (Fig. S12). The binding constant
for ligand L with ct-DNA was found to be 3.04 X
10> M~' (Fig. S13). The binding constant for the interaction
of ZnL, with ct-DNA was found to be 4.05 x 10> M~ " (calculated
using the Benesi-Hildebrand equation (Fig. S14)). A fluores-
cence titration by varying the concentration of ct-DNA in a
solution of ZnL, was also performed to understand the inter-
action between ZnL, and ct-DNA (Fig. 11b). The zinc complex
exhibits weak fluorescence (Anax = 525 nm) (in HEPES buffer,
pH 7.4) and on increasing the concentration of ct-DNA, the
emission intensity of ZnL, increases, which suggests the inter-
action between ZnL, and ct-DNA (Fig. 11b). To assess the nature
of complex’s interaction with ct-DNA, a fluorescence titration was
performed by incremental addition (0 to 75 uM) of the zinc
complex to a 1: 1 solution of ct-DNA and ethidium bromide (EtBr)
(intercalating agent) in HEPES buffer (pH 7.4). The EtBr-DNA
complex exhibited emission maxima at 601 nm (1e, = 480 nm)
which decreased upon incremental addition of the zinc complex
(Fig. 11c), due to the displacement of EtBr from the EtBr-DNA
complex by the zinc complex. The results indicated that the
complex binds to ct-DNA via an intercalative mode of interaction.
The intercalation of ZnL, into ct-DNA results in reduction of the
available EtBr binding sites and further leads to a decrease in
fluorescence intensity (Fig. 11c and Fig. S15). The reduction in
fluorescence intensity indicates that ZnL, binds to DNA and
causes structural distortion at the tertiary or quaternary levels.

Treated with ZnL,

o

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11
EtBr—ct-DNA in HEPES buffer with increasing concentration of ZnL,.

2.17 HSA binding studies

The study of interaction of potential drugs with human serum
albumin (HSA) is crucial for understanding various pharmaco-
kinetic-pharmacodynamic properties, efficacy, and drug
safety.® HSA is the most abundant protein in human plasma,
and it plays a key role in the transportation and distribution of
drugs throughout the body. The extent of binding can signifi-
cantly affect the distribution of drugs in the body.®' Highly
bound drugs remain in the bloodstream longer, while those
with low binding may diffuse more freely into tissues and
organs. Spectroscopic techniques such as absorption and

(a) Absorption spectra and (b) emission spectra of ZnL; with increasing concentration of ct-DNA in HEPES buffer (pH 7.4); (c) emission spectra of

emission spectroscopy were employed to study the binding
affinities of ZnL, towards HSA.

The absorption spectrum of HSA (10 pM) in PBS buffer
shows an absorption peak at 280 nm, which is attributed to
aromatic amino acids like phenylalanine (Phen), tyrosine (Tyr),
and tryptophan (Trp).®> On gradual addition of ZnL, (0-30 puM)
to the HSA solution, a hyperchromic shift was observed at
280 nm along with a new peak at 332 nm (Fig. 12a). The
absorption maxima of HSA at 280 nm remained unchanged
even in the presence of ZnL,, suggesting that ZnL, binds with
HSA through non-covalent interactions.®® HSA binding with the
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(a) Absorption and (b) emission spectra of HSA with increasing concentration of ZnL, at 298 K in PBS buffer (pH 7.4).
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ligand L was also performed to compare the efficiency with that
of ZnL, (Fig. S16 and S17). The binding constant (K;) was
determined by the Benesi-Hildebrand plot (Fig. S18) and was
found to be 0.87 x 10° M.

A fluorescence titration experiment was further carried out
to study the mode of interaction between the complex and
ligand with HSA (Fig. S19-S23). Upon excitation at 280 nm, the
free HSA (10 uM) solution in phosphate buffer (pH = 7.4)
showed an intrinsic fluorescent band at 350 nm because of
the amino acid residues Tyr, Trp, and Phe. The fluorescence
intensity of HSA at 350 nm was decreased gradually after the
addition of ZnL, (0-30 uM) to the solution of HSA (10 uM) in
phosphate buffer (Fig. 12b). An isosbestic point was observed at
446 nm, representing the equilibrium between HSA and ZnL,
and the rise of a new peak at 507 nm. A slight red shift of 10 nm
deviation at 343 nm was observed when the concentration of
the complex was increased, which can be speculated due to the
increase in the polarity of the microenvironment around the
tryptophan residue. The emission intensity of HSA was sup-
pressed entirely at increasing ZnL, complex concentrations,
demonstrating the effective binding of ZnL, with HSA. When
HSA interacts with a foreign ligand, the microenvironment
changes, which causes quenching of the fluorescence intensity.
The Stern-Volmer equation was utilised to determine the
quenching mechanism. The quenching constant (Ky,) and the
bimolecular quenching constant (K,) (Fig. S22 and S23) were
analysed and found to be 1.71 x 10° M " and 1.71 x 10 M,
respectively. As K is greater than the maximum value for
dynamic quenching of biopolymers (2 x 10" M™" s7'), a
ground-state complex is likely to be formed from the associa-
tion of the compound with HSA, attributing to the static
quenching mechanism. Furthermore, by calculating the bind-
ing constant values, the stability of complexes for the inter-
action of ZnL, with HSA was evaluated. The binding constant
parameters were thus determined using the modified Stern-
Volmer equation and found to be 1.46 x 10° M~ " (K,), indicat-
ing the effective binding of ZnL, with HSA (Fig. S23). The
binding stoichiometry was determined to be approximately 1,
indicating that ZnL, binds with HSA at a single site with 1:1
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Table 3 Binding constants K}, of ZnL, HSA—-probe systems at 298 K in the
absence and presence of site markers

ZnL, Ky, (10° L mol ) n

Blank 1.46 1.00
Warfarin 1.40 1.21
Ibuprofen 0.54 1.10

stoichiometry. Furthermore, Gibb’s free energy was determined
and found to be —8.38 kcal mol'. The spontaneous binding
process between ZnL, and HSA was predicted by this negative
value of AG, which suggested that hydrogen bonds and van der
Waals interactions are in charge of the binding between ZnL,
and HSA. By consolidating the results from various studies, it
was concluded that ZnL, binds effectively to HSA, facilitating
its efficient transport to the target site for combating bacterial
infections.

To determine the binding site of ZnL, towards HSA, we
performed the drug displacement studies with ibuprofen and
warfarin as site markers. With incremental additions of ZnL,,
the emission bands of complexes of HSA-warfarin and HSA-
ibuprofen at 350 nm were quenched (Fig. 13). From the
modified Stern-Volmer equation, the binding constant (Kp)
for ZnL,-HSA in the presence of warfarin was found to be
1.46 x 10° L mol~" (Fig. S24). In contrast, in the presence of
drug ibuprofen, the binding constant for ZnL,-HSA was found
to be 0.54 x 10° L mol™ ' (Fig. S25) (Table 3). It has been
observed that the binding constant of ZnL, has been signifi-
cantly decreased in the presence of site marker ibuprofen.
These results demonstrated that ibuprofen prevents the bind-
ing of ZnL,, suggesting that ZnL, binds to HSA Suldow’s site II.

Time-resolved emission studies were also conducted to
determine the quenching mechanism responsible for the inter-
action of ZnL, with HSA. According to steady-state emission
studies, the binding interactions between HSA and ZnL, are
caused by static quenching. Time-resolved spectra of native
HSA (10 uM) with and without the progressive addition of ZnL,
(0-30 uM) were recorded (Fig. S26). On addition of ZnL,, the
native HSA’s time decay profile decreased, suggesting the

®) fibuprofen
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Fig. 13 Effect of ZnL, on the emission spectra of the (a) warfarin—HSA complex and (b) ibuprofen—HSA complex.
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Table 4 Lifetime fluorescence decay of HSA on interaction with ZnL,

System  Conc. 74 [ns] 7, [ns] t3[ns] oy ay a3 Tav 2
HSA 2.58 7.16 0.91 0.21 0.65 0.14 5.32 1.05
HSA-ZnL, 01:01 1.99 6.39 0.40 0.12 0.10 0.78 1.17 1.08
01:02 1.83 6.95 0.21 0.09 0.04 0.86 0.65 1.03
01:03 1.44 6.20 0.08 0.04 0.02 0.95 0.24 1.07
presence of dynamic quenching (Table 4). Combining the
findings from time-resolved and steady-state fluorescence

investigations, it is proposed that ZnL, interacts with HSA
through both static and dynamic quenchings.®*

3. Conclusion

As the threat of multidrug-resistant bacteria rises, the demand
for new antibacterial drugs has become critical, but developing
a drug with minimal resistance risk remains a considerable
challenge. To address this issue, we have developed a zinc
complex with 4'-(3,4-diethoxyphenyl)-2,2':6’,2"-terpyridine (L)
in 1:2 ratio (ZnL,) as a promising antibacterial agent to tackle
severe drug resistance. The synthesized ZnL, was characterized
by NMR, HRMS, FTIR, and SC-XRD studies. Initial bioactivity
tests and structure-activity relationship analysis revealed that
ZnL, exhibited remarkable effectiveness in inhibiting bacterial
growth. The complex showed excellent antibacterial activity
against most of the tested bacterial strains with low MIC values
ranging from 6.25 pg mL ™" to 1.56 pg mL ™' and outperformed
the marketed drugs. ZnL, significantly inhibited the biofilm
formation, leading to a delay in the emergence of drug resis-
tance. The complex ZnL, effectively disrupts the bacterial
membrane, reduces metabolic activity, and disrupts the biofilm
virulence factor responsible for forming a strong biofilm, thus
causing leakage of intercellular protein and nucleic acid con-
tents. Additionally, bio-functional analysis reveals that ZnL,
can generate ROS within cells, which can lead to oxidative
stress accumulation and GSH oxidation to GSSG, which in turn
causes a decrease in GSH activity and oxidative cell damage.
ZnL, can easily transport to the target region and has good
antibacterial activity because it may bind with DNA and HSA to
form supramolecular complexes. Superior efficacy against bac-
terial strains, membrane disruption, drug-likeness, biofilm
inhibition, oxidative stress damage, and metabolic dysfunction
were all demonstrated by ZnL, in comparison to marketed
drugs. The complex ZnL, can effectively overcome drug resis-
tance and can be taken further for clinical trials for its devel-
opment as a potent antibacterial agent.

4. Experimental section
4.1 Chemistry

The chemicals used for synthesis were purchased from SRL and
Sigma Aldrich and used without any further purification.
Ligand L was synthesised according to the reported method*’
and the synthetic procedure mentioned in the SI. The
"H NMR spectrum was recorded on a 400 MHz Bruker NMR

© 2026 The Author(s). Published by the Royal Society of Chemistry
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spectrometer to characterise the compounds. High resolution
mass spectrometry (HRMS) of the synthesized analogues was
performed using the Agilent 6545XT Advance Bio LC/Q-TOF.
The FT-IR spectrum was recorded with a Bruker Hyperion 3000
FT-IR spectrometer. A Biotek ELISA plate was used for conduct-
ing bacterial studies. All the absorption studies were conducted
on a Shimadzu UV-visible spectrophotometer. A HITACHI-
F4600 fluorescence spectrophotometer was used for emission
studies, and SEM was performed on a Carl Zeiss Sigma 500
FEG-SEM.

4.2 Synthesis of 1:2 Zinc complex ZnL,

A methanolic solution of ligand L (0.2 mmol, 79.6 mg) and zinc
nitrate hexahydrate (0.1 mmol, 29.7 mg) was heated at 60 °C
and stirred for 2 h at room temperature. Further, sodium
perchlorate solution (0.1 mmol, 12.20 mg) was added to it
and stirred for another 2 h to obtain yellow precipitates. The
precipitates were filtered, followed by washing with ethanol and
distilled water. Slow diffusion of di-isopropyl ether into an
acetonitrile-methanol (1:1) solution of ZnL, gave yellow-
coloured crystals. Yield (85%). HRMS [CsoH,6NO4Zn + ClO,4]"
m/z 959.2336 (caled. 959.7820); "H NMR (400 MHz, DMSO-d,)
d/ppm 9.26 (s, 4H), 9.14-9.12 (d, 4H), 8.30-8.26 (t, 4H), 8.03-
8.01 (d, 2H), 7.95-7.90 (m, 6H), 7.52-7.48 (t, 4H), 7.32-7.30 (d,
2H), 4.35-4.30 (q, 4H), 4.25-4.20 (q, 4H), 1.47-1.41 (dt, 12H).
FT-IR (vma/em™Y): 3593(H,0), 3093 (aromatic sp>-C-H str),
2982 (sp®-C-H asym str of ~CHj), 2931 (sp®>-C-H asym str of
-CH,), 2874 (sp*>-C-H sym str of -CHj,), 1602, 1523, 1474, 1434
(aromatic C—C, C=N str), 1407, 1257 (aromatic C-O asym str),
1206, 1153 (aliphatic C-O str), 1081 (aromatic C-O sym str), 859
(C-H bending, p-sub), 791 (C-H bending, m-sub), 689 (C-H
bending, m-sub), 622.

4.3 Quantum chemical studies

The 3D structures of ligand L and ZnL, were built in the
GaussView. The Gaussian 16W suite of programs was used to
execute theoretical calculations of the ligand L and ZnL,, and
these were optimized with DFT calculations using the B3LYP
level of the 6-311++G(d,p) basis set for C, O, N, and H, whereas
the LANL2DZ basis set was used for zinc atoms with no
symmetry constraints in the gas phase. The frontier molecular
orbitals, namely the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital (LUMO),
were generated using the cubegen module and visualized with
Chemcraft software. These orbital plots were used to qualita-
tively examine the electronic distribution and nature of frontier
orbitals, providing supportive insight into the electronic char-
acteristics of ligand L and the ZnL, complex.
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