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The rapid escalation of microbial resistance has accelerated the search for next-generation antibacterial
agents with novel mechanisms of action. Schiff bases and their lanthanide complexes have emerged as
promising candidates due to their tunable structures, coordination versatility and enhanced bioactivity
upon metal binding. While earlier reviews laid the foundational understanding of antibacterial activity of
Schiff bases and their metal complexes, this review advances the field by offering a data-driven,
mechanistically informed and structure—activity-focused perspective on the most recent antibacterial
findings (2018-2025) of Schiff bases and their Ln() complexes. In this review article, we critically
compare the antibacterial performance of diverse ligand frameworks with lanthanide ions, under varied
experimental conditions against both Gram-negative and Gram-positive bacterial strains highlighting
trends in structure—activity correlations. We also identify clear trends: Schiff base ligands alone usually

show modest or weak antibacterial activity, which is significantly enhanced upon complexation with
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modulation are discussed alongside proposed future research pathways. This perspective aims to guide
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1. Introduction

Antimicrobial resistance (AMR) arises when microorganisms
including bacteria, fungi, parasites, and viruses adapt and
become resistant to the antimicrobial agents used to treat them.
Today, AMR is a major global health threat and is projected to
cause up to 10 million deaths annually by 2050. Its rapid rise is
largely driven by the misuse and overuse of antibiotics in
human medicine, agriculture, animal care, and the food
industry.’*® Known as the “Silent Pandemic,” AMR is already
undermining the effectiveness of existing treatments.
Multidrug-resistant pathogens such as MRSA (Methicillin-
Resistant Staphylococcus aureus), VRE (Vancomycin-Resistant
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Enterococci), and CRE (carbapenem-resistant Enter-
obacteriaceae) are causing increased treatment failures, pro-
longed illnesses, and higher mortality rates. Since the early
antibiotic era, it has been recognized that inappropriate or
excessive use accelerates resistance, a problem that has now
escalated globally. To combat AMR, international organisations
and governments have adopted coordinated strategies,
including the “One Health Approach” and the WHO's Global
Action Plan and GLASS surveillance system, which aim to
strengthen monitoring and promote responsible antimicrobial
use worldwide.'*? The advancement in sanitation, vaccine
development and the supplementary public health procedures
are insufficient to address the widespread morbidity and
mortality caused by infectious diseases. The infections by old
diseases and the emergence of new ones have been facilitated
due to growing environmental changes, increased transport and
human movement, and rising in global warming.'#> Over the
past three decades, more than 30 new infectious agents have
been discovered worldwide; 60% of which are zoonotic, and
more than two-thirds of these have their origins in wildlife.* A
literature review reported 1407 species of human pathogens,
including 208 viruses, 538 bacterial species, 317 fungal species,
57 protozoan species, and 287 helminths. Of these, 177 species
(13%) were identified as emerging or re-emerging pathogens,
including 77 viruses (37%), 54 bacteria (10%), 22 fungi (7%), 14
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protozoa (25%), and 10 helminths (3%). Emerging and re-
emerging infectious diseases account for 26% of annual
deaths worldwide.*® Antimicrobial susceptibility screening is
widely studied in the drug discovery, epidemiology and
prediction of therapeutic outcomes.”'® Over the last few
decades, scientists achieved great success by reporting several
different types of antimicrobial drugs to counter the global
public health emergency arising from various G(+) and G(-)
bacterial strains."*™® The above resistance crisis has not only
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undermined the efficacy of frontline therapeutic agents but also
emphasized the more research for alternate antimicrobial
strategies with novel mechanism of action. The metallo-organic
compounds have emerged as main candidates in this search,
proposing unique physicochemical properties that often
transform into enhanced biological activities."* An important
organic ligand called Schiff bases, generated by the condensa-
tion reaction of primary amines with aldehydes or ketones have
attracted significant attention because of their structural
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diversity, ease of synthesis and flexible donor atom sets.
Lanthanide-Schiff base complexes exhibit enhanced stability
relative to the uncoordinated ligand, due to chelation and
electron donation from N O donors." In particular, the incor-
poration of lanthanide (Ln(m)) ions into Schiff base frameworks

Dr Manoj Kumar completed his
BSc in Chemistry from Deen
Dayal Upadhyay Gorakhpur
University, Gorakhpur, and his
MSc (Inorganic Chemistry) from
the University of Allahabad,
Prayagraj. He was awarded his
DPhil. in Chemistry in 2019 from
the Department of Chemistry,
University of Allahabad, Pray-
agraj. He is currently serving as
an Assistant Professor in the
Department ~ of  Chemistry,
Government Degree  College,
Dhadha Bujurg (Hata), Kushinagar, India. Dr Kumar has over ten
years of research experience in interdisciplinary areas of chemistry.
His current research is centered on the design and synthesis of novel
transition metal complexes and metal-organic frameworks (MOFs)
with applications in catalysis and energy storage devices.

Manoj Kumar

Dr Divya Mishra earned her
Master's and PhD degrees in Bi-
oinformatics from the University
of Allahabad, Prayagraj, India.
Following her doctoral studies,
she  pursued  postdoctoral
research at Hadassah Academic
College, Jerusalem, Israel, where
she worked on the genetic basis of
complex diseases with a strong
emphasis on computational and
integrative omics analyses. She
subsequently  completed  her
second postdoctoral fellowship at
Humanitas University and Humanitas Research Hospital, Milan,
Italy, where her research focused on advanced single-cell and
spatial transcriptomics to investigate tumor heterogeneity and
immune modulation within the tumor microenvironment. Dr
Mishra’s research interests encompass single-cell and spatial multi-
omics, cancer bioinformatics, immunogenomics, systems biology,
and the application of machine learning approaches to biomedical
data. She has extensive experience in the analysis of scRNA-seq,
spatial transcriptomics, bulk RNA-seq, whole-genome and whole-
exome sequencing, and microbiome datasets. She has contributed
to multiple peer-reviewed research articles and collaborative
interdisciplinary studies. With strong expertise in computational
biology and translational cancer research, Dr Mishra continues to
actively engage in bioinformatics-driven investigations aimed at
understanding disease mechanisms and therapeutic responses.

Divya Mishra

3480 | RSC Adv, 2026, 16, 3478-3508

View Article Online

Review

has yielded a variety of coordination architectures with notable
antibacterial activity.’® The azomethine (-CH=N-) or an imine
(>C=N-) groups present in Schiff bases elucidate the mecha-
nism of transamination and racemisation reaction in biological
systems, which makes Schiff bases an important fragment for
medical purpose.'’* The large ionic radii and unique shielding
of 4f orbitals of lanthanide ions offer range of coordination
number for metal which allowed the generation of stable mono
and poly-nuclear metal complexes. These properties induce
superior lipophilicity, and enhanced interaction with bacterial
biomolecules compared to the free ligands.*> Compounds con-
taining lanthanide(m) ions (Ln**) have been of interest since the
19th century. In the 1960s, complexes of the Ln(m) ion exhib-
iting pharmacological properties such as anticoagulation, anti-
inflammatory, antibacterial, anti-allergic and anticancer effects
were discovered.***® The antibacterial properties of lanthanide
metals were first recognized when Ce(m) salts exhibited anti-
bacterial activity and the oxidizing properties of Ce(v) led to the
use of Ce(wv) sulphate as an antiseptic powder.>” Consequently,
the coordination chemistry of lanthanides and their complexes
has attracted significant interest among researchers. The bio-
logical properties of Ln(ui) ions arise from their similarity to
calcium ions, which sparked studies into their potential
medical application because Ln®*' can substitute for Ca®"
proteins and can influence calcium-dependent enzymes either
by inhibiting their function or by enhancing their activation.?®
Additionally, Ln(m) ions such as Nd (i), Sm(m) and Yb(u) ions,
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are ideal factors for luminescence imaging in vivo due to their
emission in the NIR region, which can be detected through
animal tissue of great thickness.*** Although the potential of
Schiff bases and their lanthanide complexes in antibacterial
research is well established, the literature still reveals a gap in
systematic investigation. An examination of earlier reports
reveals a notable gap, suggesting that more comprehensive
investigations into structure-activity relationships are
required.* In particular; limited attention has been devoted to
how donor atom sets, substituent effects and coordination
numbers influence antibacterial potency. Consequently, the
field still lacks a systematic synthesis that links the chemistry of
Schiff base-lanthanide complexes with their biological
significance.**%”

In the present review, we aim to address this gap by
providing a comprehensive and focused account of the anti-
bacterial properties of Schiff bases and their lanthanide
complexes reported between 2018 and 2025. In contrast to
earlier surveys, this work provide new advances in synthesis,
coordination features of metal ions, mechanistic insights and
antibacterial evaluation into a unified framework that delivers
the connection between coordination chemistry and biological
outcome. Special attention is given to the comparison of Schiff
bases with their corresponding lanthanide complexes, revealing
general trends in activity. In addition, the authors have also
expressed structure-activity relationships across a wide range of
ligands and its Ln(m) complexes which identifies specific
structural motifs and coordination environments associated
with strong antibacterial activity. Through this approach, the
review not only summarizes progress in the field but also clar-
ifies design principles that can inform the rational development
of next-generation antibacterial agents. By combining recent
literature with comparative and mechanistic analysis, it aims to
bridge the disciplines of coordination chemistry and microbi-
ology, thereby offering insights that are both timely and
urgently needed in the broader context of combating antibiotic
resistance.

2. Schiff bases and lanthanide
complexes: overview

Schiff bases, first described by Hugo Schiff in 1864, are formed
by the condensation of primary amines with aldehydes or
ketones and are characterized by the presence of the azome-
thine (-C=N-) functional group.*® Their structural versatility
arises from the wide variety of amine and carbonyl precursors,
which allows fine-tuning of steric and electronic environments.
While the imine nitrogen atom serves as the principal coordi-
nation site, additional substituents such as -OH, -COOH, -SH
and —-OCHj; increase the denticity of the ligands and enhance
the stability of metal complexes.*® Lanthanide ions, typically in
the +II, +III, and +IV oxidation states, are highly electropositive
and classified as hard Lewis acids. According to the hard and
soft acids and bases (HSAB) principle, they preferentially coor-
dinate with donor atoms such as O, N and S, making Schiff
bases ideal ligands for their stabilization. Unlike transition
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metals, lanthanides possess shielded 4f orbitals, resulting in
weak crystal field effects and predominantly ionic bonding.
Nevertheless, Schiff bases stabilize lanthanide center effectively,
affording robust and thermally stable complexes that can be
mononuclear, binuclear or polynuclear in nature.

Lanthanide coordination chemistry is largely dictated by the
large ionic radii of Ln*" ions and the steric demands of the
coordinating ligands. Because the 4f electrons are effectively
shielded and do not participate significantly in bonding,
lanthanide-ligand interactions are primarily ionic, leading to
high and flexible coordination numbers. With respect to
complex formation, lanthanide ions are classified as “Class A”
or hard Lewis acids and therefore preferentially bind to hard
donor ligands, following the general order O > N > S and F > CL.
In aqueous solution, Ln*" ions are strongly hydrated and form
well-defined hydration shells. The number of coordinated water
molecules depends on ionic size: the lighter lanthanides typi-
cally exhibit higher coordination numbers, commonly forming
[Ln(H,0)o]*" species (Ln = La-Eu), while the heavier lantha-
nides favor lower hydration numbers, most often [Ln(H,0)s]**
(Ln = Dy-Lu). Eu*" and Gd*" frequently exist as mixed pop-
ulations with both 8 and 9 coordinate hydration states. This
reduction in hydration number across the series is attributed to
increasing Ln-O bond strength and decreasing ionic radius,
which limit the number of water molecules that can be
accommodated. Because of this strong hydration, only ligands
capable of forming highly stable chelates can effectively
compete with water for coordination in aqueous media.*** Bulky
ligands such as bis(trimethylsilyl)amine may enforce lower
coordination, whereas small, multidentate ligands such as
nitrates or macrocycles can stabilize coordination numbers up
to 12. A gradual decrease in average coordination number is
observed from La to Lu due to the lanthanide contraction,
which also shortens Ln-donor distances and influences
complex stability, preferred geometries, and ligand selectivity.
Oxygen donors dominate the first coordination sphere, followed
by carbon donors (mainly from cyclopentadienyl ligands) and
nitrogen donors, together comprising roughly 95% of all donor
atoms. High-hapticity ligands such as Cp significantly impact
both coordination numbers and their variability. Unlike tran-
sition metals, lanthanides exhibit minimal ligand field split-
ting, resulting in limited stereochemical control and a tendency
to form irregular coordination geometries such as bicapped
trigonal prisms, square antiprisms, and dodecahedra.** Their
weak ligand field also renders f-f transitions Laporte-forbidden,
producing the sharp emission bands characteristic of
lanthanide-based luminescent materials. Consistent with HSAB
principles, lanthanide ions show strong affinity toward hard
donor atoms; thus, oxygen-containing ligands-including
carboxylates, B-diketonates, phosphates, and
polyoxometalates-form particularly stable complexes. Nitrogen
donors such as amines and Schiff bases also coordinate effec-
tively, though generally with slightly reduced stability. These
preferences are critical for designing lanthanide-based MOFs,
luminescent  probes, and antibacterial coordination
compounds. Increasing attention is now focused on tuning
ligand denticity, steric constraints, and solvent interactions to

RSC Adv, 2026, 16, 3478-3508 | 3481
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modulate magnetic anisotropy, energy-transfer efficiency, and
biological activity. Such structural tunability underpins the
versatile applications of lanthanide complexes in catalysis,
photophysics, and medicinal chemistry, especially in the
development of next-generation antibacterial agents.

Synthesis of Schiff base and its lanthanide complexes typi-
cally involve a two-step process: initial condensation of alde-
hydes and amines, usually in alcoholic solvents such as ethanol
or methanol, followed by coordination with hydrated lantha-
nide salts (nitrates or chlorides). Conventional methods
generally employ reflux conditions, which are effective but can
be time-consuming and occasionally result in reduced selec-
tivity.* In recent years, green chemistry strategies such as
solvent-free mechanochemical grinding, microwave-assisted
synthesis and ionic liquid-mediated reactions have been
explored to reduce reaction times, minimize chemical waste
and improve yields. Ethanol remains the most widely used
solvent due to its benign and eco-friendly nature; however,
greener alternatives are increasingly being adopted in Schiff
base and their lanthanide chemistry. In general, the synthetic
strategies commonly employed for the preparation of Schiff
bases and their lanthanide complexes as reported in various
scientific studies are summarized in the following flow chart in
Scheme 1.7

Structurally, Schiff base ligands are particularly suitable for
stabilizing lanthanide ions, which owing to their large ionic
radii, usually adopt high coordination numbers ranging from 8
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to 10 are most common but values of 7 and 11-12 are also
observed. The resulting geometries include bicapped trigonal
prisms, dodecahedra, and monocapped square antiprisms,
with specific arrangements governed mainly by steric and
solvation effects rather than crystal field stabilization
energy.**>" These geometrical features significantly influence
the physicochemical properties of the complexes, such as
electronic behaviour, lipophilicity, and biological activity.
Importantly, the enhanced membrane permeability and lipo-
philic balance of Schiff base-lanthanide complexes are consis-
tently associated with superior antibacterial activity against
both G(+) and G(—) pathogens. In addition, certain systems
exhibit dual luminescent and theranostic properties, extending
their potential beyond antimicrobial applications to bio-
imaging and multifunctional drug design. The structure-
activity relationship (SAR) of lanthanide Schiff base complexes,
correlating coordination number, donor atom set and antibac-
terial response against selected pathogens were given in Table
1.57755,66,67,92,107111,115,122123 - The  structure-activity relationship
(SAR) analysis highlights that Schiff base ligands with amine-
derived donor atoms (NOS) play a crucial role in modulating
antibacterial potency of Ln(m) complexes. A clear trend is
observed where higher coordination numbers (8-10) often
correlate with enhanced activity, likely due to increased stability
and lipophilicity. Lanthanide identity strongly influences
selectivity with Ce(m), Pr(ui), Nd(ut), Gd(ur) and Dy(u) showing
broader antibacterial spectra. Overall, the interplay of
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Scheme 1 Several routes for the synthesis of Schiff base and their Ln(il) complexes.
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Table1 Summary of coordination number range, dominant donor fragments, and antibacterial outcomes of lanthanide Schiff base complexes
against different pathogens

Ln(u) Observed Ligand donor

Sr. no. ions coord. no. features Amine derived fragments Pathogens showing enhanced activity

1 Ce(u) 8-10 NO; NN Aromatic hydrazones; thiazole based SA, LM, BC, PBA
amines

2 Pr(im) 6-10 NO; NN Hydrazones, ethoxy, pyridyl/phenyl; SE, SA, MRSA, EF, PBA, KP, EC, PA
thiazole, pyridyl

3 Nd(m) 6-10 NO; NN; NOS; NS Hydrazones, pyridyls, amino phenol; SA, SE, EC, BS, KP, EF, MRSA, PBA,PV
alkyls, thiazoles; benzothiazoles

4 Sm (1) 6-10 NO; NS Hydrazones, aminophenol, pyridyl, SA, EC, EF, MRSA, KP, SE
phenyl; benzothiazole

5 Eu(m) 7-9 NO; NOS Hydrazones, phenyls; amino phenols SE, EC, KP, PA, SA, EF

6 Gd(m) 7-10 NO; NN; NOS; NS Hydrazones, amino phenols, phenyls; SA, EC, KP, PA, EF, PV, BS, MRSA, SE
alkyls; benzothiazoles

7 Tb(1r) 7-9 NO; NOS Hydrazones, phenyls; amino phenols SA, SE, KP, PA, EC, EF, MRSA

8 Dy(m) 7-10 NO; NN; NOS Hydrazones, amino phenols, phenyls; EC, SA, SAl, BS, ML, EF, MRSA, KP, SE
alkyls; benzothiazolres

9 Er(m) 6-10 NO; NN; NOS Hydrazones, alanines, alkyls; pyridyls, EC, SA, BS, PA, EF, MRSA, KP, SE, SF
naphthyls, alkyls; benzothiazoles

10 Yb(ur) 6 NO; NN Alanine; pyridyl, naphthyls SA, PA, EC, BS, NG, SF

coordination number, donor environment and Ln(m) ions
nature governs antibacterial efficiency against both G(+) and
G(—) pathogens.

3. Summary of reported antibacterial
activity of Schiff bases and Ln(in)
complexes

In recent decades, the pursuit of new antibacterial agents has
been an active area of research in medicine and pharmacy.
Lanthanide complexes, owing to their distinctive electronic
configuration, capacity for high coordination number, flexi-
bility in ligand binding and unique physicochemical charac-
teristics have emerged as promising candidates for therapeutic
use.’® Representative examples of lanthanide ions with different
Schiff base ligands and their antibacterial activity are presented
SI in Table 1S.

Sogukomerogullari et al. (2025)°”*° synthesized a tridentate
NOS donor Schiff base, (H,L;) by condensing 2,5-
thiophenedicarboxaldehyde with 2-aminophenol in MeOH.
This ligand was subsequently used to prepare three Ln(m)
complexes of the general formula [Ln(L,)Cl(H,O)]-nH,O (Ln =
Eu, Tb, Gd). Spectroscopic analyses confirmed a coordination
number of seven, involving two nitrogen, two oxygen and one
sulfur donor atoms from the ligand, in addition to one aqua and
from one chlorido ligand as shown in Fig. 1a. The antibacterial
activities of these complexes were evaluated against G(+) strains
(SA-ATCC25923, EF-ATCC29212) and G(—) strains (EC-
ATCC25922, KP-ATCC700603, PA-ATCC27853) using disk diffu-
sion and broth micro-dilution assays. The complexes consis-
tently displayed higher antibacterial activity compared to the
free H,L; and in some cases were comparable to the standard
drug amoxicillin-clavulanic acid (30 pg). Among them, the
Eu(m) complex showed the most potent activity, with a 13 mm
inhibition zone, MIC of 97.7 pM and MBC of 195.3 pM against

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

SA. In contrast, the Tb(ur) complex demonstrated lower potency
(10 mm inhibition against EC; MIC/MBC of 390.7/781.3 uM).
The zone of inhibition plots of theses complexes against above
selected bacterial strains were given in Fig. 8. The enhanced
antimicrobial activity of these complexes has been attributed to
their increased lipophilicity, resulting from electron delocal-
ization across the chelate ring. This facilitates penetration of
bacterial lipid membranes and interference with essential
metallo-enzymes by blocking their active sites.®**

Abdel-Fatah et al. (2025)** prepared a tridentate Schiff base
H,L, by the reaction of 5-bromosalicylaldehyde and 2-amino-3-
hydroxypyridine in EtOH and its three lanthanide complexes
having general formula [Ln(L,)Cl(H,0),]-nH,O (Ln = Pr, Nd,
Sm) as shown in Fig. 2a. Spectral analysis confirm coordination
number six of Ln(m) ions involving two oxygen, one nitrogen
atoms from Schiff base L,, two oxygen from two aqua and one
chlorido ligands. The antibacterial activities of these complexes
were examined against EC in DMSO solvent by using disk
diffusion and dilution methods and results of this study were
expressed in diameters of zone of inhibition and in MICs.”” The
metal complexes displayed higher activity compare to free H,L,
and comparable with standard drug ofloxacin. The antibacterial
efficacy of the these complexes followed the order ofloxacin >
Nd(m) > Pr(m) > Sm(ur) > H,L,.

Zhang et al. (2025)* using a template-assisted cyclo-
condensation procedure, prepared two Schiff base macro-
cyclic mononuclear Ln(m) complexes with a ‘lasso-type’ archi-
tecture, having the general formula [Ln(HL;)(NO;);] (Ln = Pr,
Nd). The coordination number of the metal ions in these
complexes is ten, arising from four oxygen and two nitrogen
donor atoms of the ligand, along with six oxygen atoms from
three bidentate nitrate ligands. The antibacterial activity was
evaluated against six bacterial strains, including G(+) bacteria
(SA, MRSA, EF) and G(—) bacteria (EC, PA, SE), using DMSO as
the solvent, and the MIC values were determined by the dilution
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Fig. 1 Structure of Schiff base ligands and their Ln(i) complexes (a—d).

method.®** The results indicated that, due to the synergistic
antibacterial effect of the Schiff base and the Ln*" center, the
Pr(mr) and Nd(m) complexes exhibited pronounced antibacterial
activity against SA, PA, and MRSA, with low MIC values,
including 3.91 ug mL ™" for MRSA.

Abo-Rehab and co-workers (2024) synthesized a Schiff base
(L,) through the condensation of 2-aminobenzothiazole with
coumarin and this ligand was further used in the preparation of
four novel Ln(u) complexes of general formula [LnL,Cl;]-2H,0

3484 | RSC Adv, 2026, 16, 3478-3508

Ln = Ce, Nd, Pr

(Ln = La, Ce, Nd, Dy). Structural analysis indicated that the
Ln(ur) centers adopt a coordination number of six, involving one
nitrogen, one sulfur, and one oxygen donor atom from the
Schiff base ligand, along with three chloride ions as shown in
Fig. 3a. The antibacterial activities of the free L, and its Ln(u)
complexes were evaluated using the agar diffusion method
against two G(—) (EC-ATCC10536, KP-ATCC10031) and two G(+)
(SA-ATCC13565, BS-DSM1088). The results, expressed as diam-
eters of zone of inhibition (mm), were compared with the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 General structure of salicylaldehyde derived Schiff bases and their Ln(i) complexes (a—i).

standard antibiotic gentamicin. The complexes generally activity. Among the series, the Ce(m) complex showed the
exhibited stronger antibacterial activity than the free ligand, highest activity, producing inhibition zones of 21.3 mm (KP)
except for the La(m) complex, which displayed comparable and 20.3 mm (BS). However, all complexes were less potent than
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gentamicin. The observed antibacterial activity followed the Miao et al. (2024)* published an article dealing with
order: gentamicin > Ce(m) > Nd(m) > Dy(m) > La(m) > free synthesis of H,Ls; ligand from 2-(hydroxyimino)propane-
ligand (L,). hydrazide and 5-bromosalicylaldehyde in MeOH and its one
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Fig. 3 General structure of aminobenzothiazole derived Schiff bases and their Ln(i) complexes (a—d).
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cluster compound [Dy,(CO;)(H,Ls)4(acac),(CH;OH),(CH,OH),]
2CH;O0H. The structures of ligand are given in Fig. 2b. Single
crystal X-ray analysis confirmed coordination numbers eight
and nine with geometries triangular dodecahedron and spher-
ical capped square antiprism, respectively. The antibacterial
activities of the Dy(acac);-2H,0, H,Ls; and Dy(m)-H,Ls
complexes against the five bacteria (EC, SA, SAl, BS, ML) were
evaluated by paper disc diffusion and nutrient broth dilution
methods, and results expressed as diameter of zone of inhibi-
tion (mm) and MIC, respectively as shown in Fig. 9. The find-
ings demonstrate that Dy(u1) complex exhibits markedly higher
antibacterial activity than both the free ligand H,Ls; and
Dy(acac);-2H,O salt. Among the five tested bacteria, Dy(m)
complex exhibits relatively strong antibacterial activity, with
notable inhibition zone diameters of 26.8 mm and 25.5 mm
against SA/ and ML, respectively, which is better than 22.7 mm
against EC, 23.5 mm against SA, and 21.5 mm against BS. This
superior activity is likely due to the Schiff base's complexation
with Dy(m) ions, which reduces the polarity of the Dy(m) ion
through partial sharing of its positive charge with the donor
groups.”” The proposed antibacterial mechanism involves
disruption of the microbial cell membrane, resulting in intra-
cellular protein denaturation. This process likely inhibits the
function of electron-transport enzymes and cell respiration
enzymes, ultimately compromising bacterial viability.***

Taha et al. (2024)"*7* synthesized a Schiff base ligand, (H,Ls)
via the condensation of 3,5-di-ter¢-butyl-2-hydroxybenzaldehyde
with picolinohydrazide in EtOH, and prepared a series of nine
lanthanide complexes of the general composition [NEt;],[-
Lny(Le)»(NO3),]-nH,0 (Ln = La, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Er).
Single-crystal structural studies revealed a coordination
number of nine for the Ln(m) ions, achieved through three
oxygen and two nitrogen donor atoms from the Schiff base and
four oxygen atoms from two bidentate nitrate ligands as shown
in Fig. 2¢ and representative ORTEP diagram of Dy(i) complex
shown in Fig. 11a. The antibacterial activity of the H,L¢ and its
Ln(m) complexes was investigated against three G(+) (SA, MRSA,
EF) and three G(—) (KP, EC, SE) using both the micro-broth
dilution and disk diffusion methods, with amoxicillin as the
reference drug. The free ligand H,Ls and most complexes
showed moderate antibacterial activity, predominantly against
G(—) bacteria. Notably, Eu(m), Nd(m) and Pr(m) complexes
demonstrated enhanced activity against SE with a MIC of 64 ng
mL ™", compared to the free ligand (MIC 128 ug mL~"). However,
none of the compounds were effective against G(+) strains, and
all exhibited lower activity than the standard antibiotic. The
authors attributed the improved activity of selected Ln(ur)
complexes to Overtone's concept of cell permeability, where
chelation increases lipophilicity, facilitating transport across
bacterial membranes. The differential response between G(+)
and G(—) strains was explained by differences in cell wall
architecture: G(+) bacteria possess a thick peptidoglycan wall,
while G(—) bacteria have a thinner peptidoglycan layer
combined with an outer lipopolysaccharide membrane, which
influences permeability and susceptibility to antimicrobial
agents.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Hussein et al. (2024)” synthesized a Schiff base, (L,) through
the condensation of 4-antipyrinecarboxaldehyde with 2-
aminobenzothiazole and a series of lanthanide complexes of
general formula [Ln,(L,),(NO3)¢]-6H,O (Ln = La, Nd, Er, Gd,
Dy). Spectroscopic analysis confirmed that the Ln(u) ions adopt
a nine-coordinate geometry, with donor atoms contributed by
one nitrogen, one sulfur, and one oxygen from the ligand, along
with six oxygen atoms from four nitrate ligands (Fig. 3b). The
antibacterial activity of the ligand and its complexes was eval-
uated against two G(+) (S4, BS) and two G(—) (EC, KP) strains
using the disk diffusion method. Against SA, Er(u) (30 mm),
Gd(m) (33 mm) and Dy(im) (31 mm) complexes exhibited higher
activity than the free ligand (26 mm), while Nd(m) (26 mm) was
comparable and La(m) (20 mm) was less active. For BS, Er(u) (29
mm), Gd(m) (30 mm), and Nd(m) (25 mm) showed improved
activity relative to the ligand (24 mm), whereas Dy(u) (20 mm)
and La(u) (22 mm) were less effective. Against EC, most
complexes demonstrated activity similar to the free ligand,
except Gd(m) and Dy(ur), which were more active. Remarkably,
both the ligand and all complexes exhibited strong antibacterial
effects against KP, with the Nd (i) complex showing the highest
inhibition zone of 34 mm. The authors attributed the enhanced
antibacterial activity of Ln(u)-Schiff base complexes to their
ability to disrupt bacterial cell membranes, leading to increased
permeability, leakage of intracellular components, and ulti-
mately cell death.”

Alqasaimeh et al. (2023)"* synthesized a Schiff base, (HLg) by
condensation reaction of salicylaldehyde with p-toluidine and
its three Ln(m) complexes of the general formula [Ln(HLg)s(-
NOj3);] (Ln = Nd, Tb Dy) (Fig. 2d). The coordination number of
Ln(m) ions is nine, six from three bidentate nitrate ions and
three from three HLg. The representative ORTEP diagram of
Nd(m) complex shown in Fig. 11b. The authors investigated
antibacterial properties of theses complexes against G(+) (SA-
ATCC29213, SA-ATCC33591) and G(—) (EC-ATCC25922, PA-
ATCC27853) using the disk diffusion; diameter of zone of
inhibition (mm) and micro-dilution methods; MIC with genta-
micin and amikacin as reference drugs. The results showed that
HLg exhibits no zone of inhibition against all bacteria strains
whereas its Ln(m) complexes shows some sensitivity against SA-
ATCC29213 and EC-ATCC25922 except other bacterial strains
SA-ATCC33591 and PA-ATCC27853. All the Ln(m) complexes
with MIC 0.75 mg mL ™" against SA-ATCC29213 is very efficient
than free Schiff base.

Andiappan et al. (2023)” reported a Schiff base (Lo) through
the condensation reaction of 9-anthraldehyde with 2,6-di-
aminopyridine in MeOH and their three Ln(mr) complexes (Ln =
Yb, Pr, Er) as shown in Fig. 1b. Antibacterial performance was
evaluated against G(+) (SA) and G(—) (PA) using the well diffu-
sion method (zone of inhibition, mm) and microdilution anal-
ysis (MIC, ng mL™") at concentrations of 20, 40, 60, and 80 pg
mL . Against PA, the free ligand showed inhibition zones of 10,
12, 12, and 14 mm across the tested concentrations, while the
Pr(1) complex exhibited markedly enhanced activity with zones
of 18, 22, 24, and 24 mm. This activity was comparable to the
standard antibiotic streptomycin, which produced a 25 mm
inhibition zone. Against SA, the free ligand (20 mm)
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demonstrated moderate activity, which was further improved in
its complexes: Pr(m) (24 mm), Er(m) (21 mm), and Yb(u) (22
mm). The antibacterial activity data of theses complexes at
various concentrations against both strains were given in
Fig. 10. The results highlight that complexation with Ln(ur) ions
significantly enhances the antibacterial properties of the Schiff
base ligand, with the Pr(m) complex emerging as the most
potent candidate, approaching the activity of the standard drug.
The improved bioactivity was attributed to increased lip-
ophilicity of the complexes, facilitating greater bacterial
membrane penetration and interaction with intracellular
targets.”””

Xue et al. (2023)7® synthesized a Schiff base ligand, H,L,, via
the condensation of 5-hydroxypyridine-2-carbohydrazide with 6-
methoxypyridine-2-carbaldehyde in MeOH, and subsequently

View Article Online

Review

prepared three trinuclear Ln(m) complexes of the general
formula [Lnz(dbm)s(L40),(CH;0H)]CH,Cl, (Ln = Nd, Sm, Tb)
through reaction with dibenzoylmethane (dbm) salts of
lanthanides, Ln(dbm);-2H,O (Fig. 4a). Single-crystal X-ray
diffraction confirmed that the complexes adopt multinuclear
architectures, with coordination numbers of 8 and 9 around the
Ln(m) centres. The representative ORTEP diagrams of Sm(ur)
and Tb(m) complexes are shown in Fig. 11c and d. Antibacterial
activity was evaluated against G(—) (PSy) using both agar
diffusion (zone of inhibition) and broth dilution (MIC)
methods, with DMF as solvent.””®* The results demonstrated
that the complexes displayed enhanced antibacterial efficacy
(24-27 mm inhibition zone), particularly for Tb(m) (27.5 mm),
compared to the free ligand H,L,, (22 mm) and the parent
metal salts Ln(dbm);-2H,O (16-17.5 mm). These findings

3488 | RSC Adv, 2026, 16, 3478-3508
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indicate that complexation with Ln(m) ions significantly
improves the antibacterial potency of Schiff bases, with Tb()
showing the strongest effect, likely due to favourable coordi-
nation geometry and higher redox activity facilitating bacterial
membrane disruption.

Khalil and Mohamed (2023),* synthesized a Schiff base (Ly4)
via condensation of benzophenone with naphthalene-1,8-
diamine and its mixed-ligand lanthanide complexes through
coordination with o-aminophenol and Ln(um) salts, affording
compounds of the type [Ln(L4;)(0-AP)CL,]Cl nH,O (Ln = La, Er,
YDb). Structural analysis revealed a coordination number of six,
with Ln(ur) centers bound by two nitrogen donors from L,;, one
oxygen, one nitrogen atom from o-AP, and from two chlorido
ligands (Fig. 1c). The antibacterial activities were evaluated
against G(+) (BS) and G(—) (EC) strains using the disc diffusion
method, with gentamicin and ampicillin as standard ref. 84 The
results demonstrated that all Ln(ur) complexes displayed higher
antibacterial activity than the free Schiff base (L;;), though
slightly weaker than o-aminophenol alone. The order of potency
was: ampicillin > 0-AP > La(m) = Er(m) = Yb(m) > Ly, (against
BS), and 0-AP > gentamicin > La(m) = Er(m) = Yb(u) > L4
(against EC). These findings indicate that while the Ln-Schiff
base complexes exhibit moderate enhancement over the parent
ligand, their activity remains below that of standard antibiotics,
highlighting scope for further ligand modification to optimize
antibacterial performance.

Abu-Yamin and co-workers (2022)* prepared a Schiff base,
(L12) by the condensation reaction of 3-(2-furyl)acrolein with 2-
amino-6-ethoxybenzothiazole in EtOH solvent and their three
lanthanide complexes of composition [Ln(L;,),(NOs);] (Ln =
Gd, Sm, Nd). They were tested their antibacterial activity against
both G(+) (SA-ATCC25923, BS-RCMB015) and G(-) (EC-
ATCC25922, PV-RCMB004) bacterial strain. The lanthanide ions
posses ten coordination number by six oxygen atoms from three
bidentate nitrate ions and two oxygen, two nitrogen atoms from
two L,, ligands as shown in Fig. 3c. The results antibacterial
activity of these complexes was expressed in MIC by using broth
micro-dilution method and compared these results with stan-
dard drug gentamycin. The results showed that lanthanide
complexes expressed higher antibacterial activity than free
Schiff base and lower than gentamycin. The results showed that
Nd(m) complex possess greater activity than free Schiff base and
other two La(m) and Sm(m) complexes and these value
comprised with previous antibacterial results. The authors
concluded that the enhanced activity of lanthanide complexes
than free Schiff base is due to higher lipophilicity of the Ln(u)
ions and also by inhibition of growth of microbes by blocking
their active mechanisms.?**

Taha et al. (2022)* were synthesized two Schiff base ligands,
H,L;; and H,L;; through condensation of 5-chloro-
salicylaldehyde and 5-bromosalicylaldehyde, respectively with
2-fluorobenzoic hydrazide. Each ligand was further used to
prepare a series of nine Ln(ur) complexes with the general
composition [Ln(H,L;13-14)(NO;3),(H,0)] (Ln = La, Pr, Nd, Sm,
Eu, Gd, Tb, Dy, Er). Spectroscopic characterization revealed that
the Ln(m) ions adopt an eight-coordinate environment,
involving two oxygen and one nitrogen donor atoms from the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Schiff base ligand, four oxygen atoms from two bidentate nitrate
ligands, and one oxygen from a coordinated aqua as shown in
Fig. 2e and f. The antibacterial activities of the free ligands
H,L; and H,L,, and their Ln(m) complexes were evaluated
against G(+) (EF, SA, MRSA) and G(—) (EC, KP, SE) bacterial
strains using the micro-broth dilution method, with amoxicillin
as the reference drug.”* The results demonstrated that the Ln(u)
complexes generally exhibited stronger antibacterial activity
than the free Schiff bases and, notably, showed superior
inhibitory effects compared to the reference drug against EF.
Furthermore, the H,L,,-derived lanthanide complexes di-
splayed higher antibacterial potency than their H,L;3
analogues, indicating that the introduction of a bromine
substituent on the aromatic ring enhances antimicrobial
efficacy.

Mishra et al. (2020)°* reported the synthesis of two new
tetradentate Schiff base ligands, L,5 and Ly¢, derived from the
condensation of 5-nitrobenzothiazole and 2-amino-5-
methylthiazole, respectively, with 1,3-benzenedicarboxa-
ldehyde in EtOH. These ligands were further employed to
prepare six Ln(m) complexes of the general compositions
[Ln(L;s);] and [Ln(Lye),] (Ln = Ce, Nd, Pr) by reacting the
ligands with the respective lanthanide nitrate salts in a 1:2
molar ratio. Spectroscopic analyses confirmed that the Ln(u)
ions adopt an eight-coordinate environment involving eight
nitrogen atoms from two ligands in both series of complexes as
shown in Fig. 3d and 1d. The antibacterial activities of the free
ligands and their complexes were evaluated using the agar
diffusion method against two G(+) bacteria (SA, PBA). The
results revealed that the Ln(m) complexes exhibited higher
antibacterial potency than the corresponding Schiff bases,
particularly against SA (responsible for skin infections and food
poisoning) and PBA (a major cause of acne). These findings
suggest that coordination with Ln(m) ions enhances the anti-
microbial efficiency of the Schiff bases by improving lip-
ophilicity and membrane permeability.***

Deghadi et al. (2022)°**® synthesized two Schiff base ligands,
L,; and HL;g obtained by the reaction of 1,8-naphthalene-
diamine and alanine, respectively with 2-acetylferrocene as
shown in Fig. 5a. These Schiff bases were further used for the
preparation of six new lanthanide(m) complexes of general
formula [Ln(L;,)(H,0),Cl,] and [Ln(HL;g)(H,0)(1-3)Cl(1-3)] (Ln =
La, Er, Yb). All the synthesized Ln(m) complexes adopt octahe-
dral geometry. The authors evaluated the antibacterial activity
of these complexes against four G(+) (S4, BC, BS, SF) and four
G(—) (EC, PA, NG, ST) bacterial strains in term of zone of inhi-
bition by using disc diffusion method,* with DMF as negative
control and gentamicin as a positive standard. The results
showed that Yb(u) complexes of L, Schiff base exhibited
enhanced activity compare to free ligand L,, against NG and SF
bacterial strains.

Hussein and Shaalan (2022)'* reported a Schiff base, L;o by
the reaction of 4,4-methylenediantipyrine with ethylenediamine
in EtOH and their five new lanthanide complexes of the general
formula [Ln(L;6),(NO3);] (Ln = Nd, La, Er, Gd, Dy). Four
nitrogen atoms from two Schiff base ligands and six oxygen
atoms from three bidentate nitrate ions provide coordination
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number ten for the lanthanide ions in complexes (Fig. 5b). The by utilizing disc diffusion method. The activity of complexes
authors reported the antibacterial activity of theses complexes reveals that the majority of lanthanide complexes exhibited
against two G(—) bacteria (EC, KP) and two G(+) bacteria (SA, BS)  higher activity as compared to free L;o. This research indicates
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that most of lanthanide complexes are more effective against SA
followed by BS than G(—) bacteria. The lanthanide complexes
showed more powerful activity against KP than EC. Although all
bacteria have an inner cell membrane, G(—) bacteria have
a distinct outer membrane, which is responsible for the
increased resistance to antibacterial treatments in these path-
ogen's cell. This outer layer keeps a number of medications and
antibiotics from penetrating the cell.****

Khalil and his co-workers (2021)'** also uses Schiff base, L4
for the synthesis of another three lanthanide complexes of
composition [Ln(L;;)(H,0),Cl,]Cl (Ln = La, Yb, Er). These Ln(u)
complexes were adopt octahedral geometry involving two
chlorido, two oxygen from two aqua molecules and two nitrogen
atoms from Ly, as shown in Fig. 5c. The antibacterial activity of
ligand and its Ln(u) complexes against G(+) (BS) and G(—) (EC)
strains were evaluated by using disc diffusion method with
gentamycin and ampicillin as standard drugs.” The results
showed that Ln(m) complexes as compared to free L,; displayed
higher activity against both strains according to this order as
ampicillin > Er(ur) > La(ur) > Yb(ur) = Ly4> for BS and gentamicin
> Er(m) > La(m) = Yb(um) = L,, for EC. Overtone's concept and
Chelation theory might be used to explain why metal complexes
have increased activity.'*>*

Another series of lanthanide Schiff base complexes have
been published by Taha et al. (2021),"”” by using an important
organic compound (H,L,,) which have composition [Ln(Ly)(-
NO;)(H,0)]-nH,0 (Ln = La, Pr, Nd, Sm, Eu, Gd, Tb, Dy). The
tetradentate ligand (H,L,,) obtained by the reaction of phenyl-
enediamine and 5-nitrosalicylaldehyde in EtOH. The coordi-
nation number of Ln(m) ions in their complexes is seven
achieved by two nitrogen, two oxygen atoms from H,L,,, two
oxygen atoms from one bidentate nitrate ions and one oxygen
atom from one aqua ligand (Fig. 2g). The antibacterial investi-
gation of these complexes was performed against G(—) (SE, KP,
EC) and G(+) (SA, MRSA, EF) strains using micro-broth dilution
method and results expressed in term of MIC'*® with amoxicillin
as a reference drug. On the basis of MIC values, the free H,L,,
showed less activity against all tested bacterial strains except SA
and MRSA for which H,L,, alone showed approximately higher
activity than amoxicillin. The most noticeable inhibitory activity
was observed in case of La(ur) and Pr(m) complexes against KP,
SA and MRSA. The Dy(m) complex had higher activity than
amoxicillin for EF and MRSA. Finally the authors concluded that
with few exceptions, lanthanide(ur) complexes were more active
on G(+) bacterial strains than on G(—) bacterial strains. The
enhanced activity against G(+) bacteria may be due to their
increased susceptibility to antibiotics due to the lack of an outer
low-permeability barrier.'*

Hussein (2021),"*° synthesized a tetradentate Schiff base
(H,L,,) by the reaction of salicylaldehyde and ethylenediamine
in EtOH solvent which is further used in the preparation of
europium complex of composition [Er(H,L,;)(NO;),]NOs. The
reported coordination number of Er(m) ion is eight involving
two nitrogen, two oxygen atoms from Schiff base and four
oxygen atoms from two bidentate nitrate ions (Fig. 2h). The
author evaluated the antibacterial activity of complexes by using
EC and SA bacterial strains in term of zone of inhibition. The
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results showed that antibacterial activity of erbium complex is
greater than free Schiff base.

Muriel et al. (2021)'"** reported four bidentate Schiff base
ligands HL,,, HL,3, HL,,, HL,5 derived from 2-(m-aminophenyl)
benzimidazole,  2-(p-aminophenyl)benzimidazole, salicyl-
aldehyde, 2,4-dihydroxybenzaldehyde and its eight lanthanide
complexes having composition [Ln(L,;_»5),Cl(H;0),,,]-nH,O (Ln
= La, Ce) (Fig. 7). The antibacterial investigation of Schiff bases
and their Ln(m) compounds were completed against two G(+)
(SA-ATCC25923, LM-ATCC19115) and two G(—) (EC-ATCC25922,
PA-ATCC27583) bacterial strains by using micro-broth dilution
assays,">'** with ciprofloxacin as standard drug. These
complexes showed more activity against G(+) as compare to
against G(—) which is due to outer membrane act like perme-
ability barriers that holds the compound not reach at the
targets.'** La(m) complex of L,, ligand with MIC125 pg mL "
showed highest activity as compare to all other complexes. The
current investigation concludes that bacteriostatic effect of free
Schiff bases increases upon complexation with Ln(m) ions.

Mahmoud and co-workers (2020)'** synthesized another
ligand H,L,s, through the condensation reaction of di-
benzoylmethane with anthranilic acid and their three Ln(ui)
complexes of composition [Ln(Lye)(H,O)(NO3)]H,O (Ln = Gd,
Pr). The six coordination of Ln(m) ions obeyed by two nitrogen,
two oxygen atoms from L,s one oxygen atom from water
molecule and one oxygen from one nitrate ion (Fig. 5d). The
antibacterial investigation was measured against two G(+) (54,
BS) and two G(—) (ST, EC) pathogens employing disc diffusion
method.” The activity of Schiff base H,L,s and its Gd(m) and
Pr(m) complexes was evaluated using DMSO as solvent, with
results expressed as inhibition zone diameters (mm). The free
ligand exhibited inhibition zones of 10-16 mm, while the Gd ()
and Pr(m) complexes showed slightly enhanced activity with
inhibition zones of 13-15 mm and 12-14 mm, respectively. The
authors concluded that both complexes displayed greater
potency against G(—) bacteria, whereas their activity against
G(+) bacteria was slightly lower compared to the free ligand
H,L,s.

Taha et al. (2020)"*® published an article dealing with the
synthesis ligand, H,L,, through the condensation reaction of
picolinoylhydrazide and salicylaldehyde in EtOH and their six
lanthanide(mr) complexes of the general formula [Ln(H,Ls;),(-
NO;),]NO; (Ln = La, Sm, Eu, Gd, Tb, Dy). The coordination
number of Ln(m) ions in their complexes is ten involving four
oxygen, two nitrogen atoms from L,,, four oxygen atoms from
two bidentate nitrate ions as shown in Fig. 4b. The antibacterial
activities were evaluated against three G(—) (SE, KP, EC) and
three G(+) (SA, MRSA, EF) bacterial strains using broth-dilution
technique (MIC) with oxytetracycline as standard drug. The
results showed that Ln(m) complexes exhibited more activity
against G(—) bacteria than G(+) bacteria and authors concluded
that the activity of Schiff base enhance upon complexes with
Ln(ur) ions which is comparable with the activity of standard
drug oxytetracycline.

In another study, Paswan et al. (2020)""” prepared two Schiff
bases, H,L,s and H,L,o through the condensation reaction o-
vanillin and 2-hydroxy-1-naphthaldehyde, respectively with
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diethylenetriamine (DETA) and their six lanthanide(um)
complexes of compositions [Ln(NO3),(H,L,g)]NO;-xCHCl;.-
nH,0 and [Ln(NO;),(H,L,9)[NO3-xCHCIl; (Ln = Nd, Yb, Dy). The
reported coordination number of lanthanide ions was as eight
occupied by two nitrogen, two oxygen atoms from ligands and
four oxygen atoms from two bidentate nitrate ions as depicted
in Fig. 2i and 6a. The activity of lanthanide nitrate salts, Schiff
bases and lanthanide complexes were investigated against two
G(—) (EC, ST) and two G(+) (SA, EF) bacterial strains by agar disc
diffusion method; diameter of zone of inhibition and micro-
broth dilution method; MIC.**® The antibacterial evaluation of
Schiff bases H,L,g, HyL,o and their Ln(m) complexes revealed
selective activity against both G(—) and G(+) strains. The Yb(u)
and Dy(m) complexes of H,L,s exhibited notable inhibition
against S7, with inhibition zones of 17 and 18 mm and MIC
values of >500 and 500 ug mL ™", respectively. In contrast, Nd(rm)
and Dy(m) complexes with H,L,, demonstrated enhanced
activity against EF and SA, showing inhibition zones of 16 mm
and MIC values <500 pg mL~'. These findings suggest that
Dy(m) complexes, in particular, display broad antibacterial
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potential across multiple strains, with activity surpassing the
corresponding free Schiff bases.

In another study (2020), a bidentate ligand (HL3,) produced
by the reaction of sulfanilamide and 2-hydroxy-1-
naphthaldehyde and utilized for the synthesis of six lantha-
nide complexes having composition [Ln(NO3),(Lso)(H20)s]
nH,O0 (Ln = Nd, Dy, Tb Eu Yb).*** The coordination number of
lanthanide ions in their metal complexes is eight by one
nitrogen atom, one oxygen atom from HL;,, four oxygen atoms
from two bidentate nitrate ions and two oxygen atoms from two
aqua molecules (Fig. 6b). The antibacterial activity of ligand and
its lanthanide complexes was assessed against EC, SA, KP, AB, PA
strains using micro-broth dilution method (MICs) with levofl-
oxacin as reference drug. The free ligand showed only moderate
activity against SA, KP, and PA (MIC 32 ug mL™ ') and no effect
on EC or AB (MIC > 64 ug mL ™ '). Among the complexes, Dy()
and Tb(m) displayed the most potent effects against SA (MIC 16
pg mL "), while Dy(m) also exhibited moderate inhibition of EC,
AB, and PA (MIC 32 pg mL™"). Tb(m) showed weaker activity
against PA and no effect on EC, KP, or AB, whereas Eu(u)

a.
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Fig. 6 Structure of Schiff base ligands and their Ln(i) complexes (a—c).
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Fig. 7 Structure of (a) Schiff base ligands (HL22-25) and their (b) Ln(i1) complexes.

displayed minimal activity limited to SA. Although less effective
than the reference drug levofloxacin, these results highlight
Dy(m) and Tb(m) complexes as the most promising candidates,
particularly against SA.

Andiappan et al. (2019)’***° prepared Schiff base (L3,) by the
condensation reaction between 3,4-diaminopyridine and 9-
anthraldehyde in MeOH and its three new lanthanide
complexes of composition [Ln(Ls;),] (Ln = Er, Pr, Yb) (Fig. 6c).
These complexes were screened for antibacterial activity against
G(+) (S4, BS) and G(—) (PA, EC) strains using well diffusion and
micro dilution method and results expressed in term of size of
inhibition zones and in MICs values with gentamycin as stan-
dard drug. The Er(u) complex demonstrated strong inhibition
against EC and BS, but only weak activity toward SA and PA. A
concentration-dependent enhancement of antibacterial activity
was observed, with higher doses leading to larger inhibition
zones. The Pr(m) complex showed the most pronounced effects,
yielding inhibition zones of 20 mm (BS), 17 mm (SA4), 20 mm
(EC), and 23 mm (PA) at 100 pg mL~'. Moreover, all the
complexes displayed low MIC values, confirming their

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

promising antibacterial potential. Among them, the Pr(m)
complex exhibited the strongest activity, correlating with its
broader inhibition spectrum and lower MIC values. Overall, all
the synthesized lanthanide Schiff base complexes were effective
against the tested bacterial pathogens.

Mosquera and collaborators (2018)*** described the
synthesis of two Schiff base ligands, HL3;, HL33 and its six novel
lanthanide complexes having compositions[Ln(Ls,),(Cl)|nH,O
and [Ln(Ls3),(Cl)]-nH,O (Ln = La, Nd, Eu). The stoichiometric
ratio of metal to ligand in all the synthesized complexes is 1: 2.
The coordination number of lanthanide ions in their complexes
is nine involving two nitrogen atoms, two sulphur atoms, four
oxygen atoms from Schiff bases and from one chlorido ligand as
shown in Fig. 4c and d. The antibacterial activity of ligands and
its lanthanide complexes were evaluated by micro-dilution
technique in term of MIC against one G(+) bacteria (SA-
ATCC25923) and four G(—) bacteria (EC-ATCC25922, ST-
ATCC14028, KP-ATCC2146, KP-ATCC1705)."*> The results
demonstrated that all lanthanide-Schiff base complexes
exhibited comparatively lower antibacterial activity against G(—)
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strains, while showing enhanced activity against G(+) strains,
particularly SA. Notably, the Eu(m) complex displayed the
strongest effect with a MIC value of 63 ug mL™". These findings
highlight that coordination with lanthanide ions significantly
improves the antibacterial potency of Schiff base ligands, likely
due to increased lipophilicity and facilitated penetration of the
bacterial cell wall.

Ajlouni et al. (2018)****** synthesized Schiff base (HL3,), via
condensation of furan-2-carbaldehyde with 2-fluoro-
benzohydrazide and its eight lanthanide complexes with the
general formula [Ln(L3,),(NO;),]NO; (Ln = La, Pr, Nd, Sm, Eu,
Gd, Dy, Er). The complexes exhibited a 1:2 metal-to-ligand
stoichiometry, with the Ln(m) ions attaining a coordination
number of ten through interactions with two nitrogen atoms,
four oxygen atoms from HL;,, and four oxygen atoms from two
bidentate nitrate ligands (Fig. 4e). Antibacterial activity, evalu-
ated by the agar well diffusion method, revealed weak to
negligible effects against G(+) (S4, SPy, EF), but comparatively
higher activity against G(—) (EC, KP, PM, SE, PA) bacterial
strains. PM and SE were the most susceptible, with MIC values
ranging from 16-250 pg mL~', while EC and KP were also
inhibited within the same range. Among G(+) strains, SPy
showed moderate susceptibility to five complexes (MIC 125-250
ug mL ). Overall, the activity of the ligand and its complexes
was significantly lower than that of the reference drug oxytet-
racycline. The authors concluded that Ln(m)-hydrazone
complexes act as selective inhibitors of G(—) pathogens, likely
due to their interaction with structural features of the bacterial
cell wall.*>*

We have observed that most of synthesized Schiff bases
generally contain both N and O donor atoms, to avoid deche-
lation they prepared in the absence of water. The hard Lewis
acid nature of Ln(m) ions enables this ions that they preferen-
tially coordinate oxygen donors, whereas Schiff bases primarily
bind through azomethine nitrogen atoms. Consequently, many
Ln-Schiff base complexes exhibit comparatively weaker metal-
ligand interactions than oxygen-rich chelators, making them
susceptible to dechelation and hydrolytic ligand exchange,
particularly in aqueous and biologically relevant environ-
ments.'?*>* Recent potentiometric studies on Eu(m), Gd(m), and
Tb(m) complexes with salicylidene-based Schiff bases demon-
strate the formation of hydrolysed species, Ln-SB(OH),, at
higher pH, highlighting partial disruption of the coordination
sphere.’®* Such instability has direct implications for lumi-
nescent applications, as partial ligand dissociation allows water
coordination, which quenches lanthanide-centered emission
through O-H vibrational relaxation. Dechelation also plays
a pivotal role in biological systems. Schiff base complexes of
Ln(m) ions may release aqua Ln(m) ions in solution, which
readily interact with biomolecules such as amino acids, nucle-
otides, and phosphate-containing metabolites due to the ions’
high kinetic lability.*>**f Amino acids like aspartate, glutamate,
cysteine, and histidine, as well as nucleotide phosphates, can
displace coordinated water to form Ln(m)-biomolecular
adducts, leading to dynamic speciation in physiological condi-
tions. This competitive coordination can modulate metal ion
uptake, enzymatic activity, and nucleic acid interactions, while

3494 | RSC Adv, 2026, 16, 3478-3508
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also facilitating metal-mediated oxidative stress or catalytic
processes.”* Importantly, dechelation is not an inherent limi-
tation of all Schiff base systems. Modern ligand designs incor-
porating phenolate oxygen donors, increased denticity, rigid
backbones, and mixed N,O-donor sets significantly improve
thermodynamic stability and kinetic inertness."**"* Mixed-
ligand complexes, such as those combining Schiff bases with
strong B-diketonate co-ligands, demonstrate robust structural
integrity in solution and preserve luminescence, underscoring
the critical role of ligand design in mitigating dechelation.
Overall, the biological activity and solution behavior of Ln(u)
ions are intimately connected to their kinetic lability and
coordination environment. In both Schiff base complexes and
biological media, Ln(u) ions predominantly exist as dynamic
aqua or biomolecularly coordinated species. Their interactions
with amino acids, nucleotides, and other biomolecules govern
their luminescence, pharmacological activity, and potential
toxicity. Therefore, consideration of both dechelation and
biomolecular adduct formation is essential for evaluating the
functional and biological implications of lanthanide
complexes.

The majority of reported lanthanide-Schiff base complexes
exhibit good solubility in polar aprotic solvents such as DMSO
and DMF, limited solubility in alcohols and moderately polar
organic solvents, and negligible solubility in non-polar media
and water.!?11%1227124@ These solvent-dependent solubility
trends are consistent with their ionic and coordination-driven
structures. Representative examples reported by Taha et al.*®
further confirm that such complexes are air-stable, non-
hygroscopic, and remain intact in solution. The solution
stability is corroborated by well-defined UV-Vis spectral signa-
tures and the consistent enhancement of antibacterial activity
relative to the free Schiff bases. The clear differences in spec-
troscopic profiles and MIC values between ligands and their
corresponding complexes strongly support the persistence of
intact metal-ligand coordination in solution, which is essential
for reliable biological evaluation. The limited solubility of these
complexes in common solvent may also indicate the presence of
aggregate or nanoparticulate species, which could contribute
into the biological activity.

3.1 Characterization techniques for lanthanide complexes

A comprehensive characterization is essential for establishing
the structure, purity, and stability of Schiff base lanthanide
complexes prior to evaluating their biological properties. A set
of complementary tools are required to characterize lanthanide
complexes due to their high coordination numbers and flexible
geometries.

Fourier transform infrared (FT-IR) spectroscopy is typically
the first line of evidence for metal coordination. Upon chela-
tion, the azomethine HC=N stretching band (usually 1610-
1640 cm ') undergoes a characteristic shift to lower wave-
numbers, indicating donation of electron density from the
imine nitrogen to Ln(m) ions.*»*”7*7485% Concurrently, disap-
pearance or broadening of phenolic O-H stretching signals in

lanthanide complexes compare to ligands confirms

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


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra08181e

Open Access Article. Published on 15 January 2026. Downloaded on 1/15/2026 12:31:26 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

deprotonation and O-coordination.””'*” Shifts in C-O, C=N,
and sometimes N-N vibrations provide additional diagnostic
information and help differentiate mono-, bi-, or tridentate
binding modes.'””

Elemental analysis (CHN) and high-resolution ESI mass
spectrometry (HR-MS) provide indispensable confirmation of
stoichiometry, purity, and the presence of intact complex ions.
HR-MS often reveals ligand-loss fragments or solvated species,
allowing insight into solution speciation-especially important
for Ln(ur) complexes with labile coordination spheres.*

Single-crystal X-ray diffraction remains the authoritative
method for elucidating coordination geometry, structural
topology, and ligand denticity around Ln(m) centre. Due to the
large ionic radii and flexible coordination environments,
diffraction often reveals 7-10 coordination numbers, distorted
polyhedral geometries, and intramolecular or intermolecular
hydrogen-bond networks that influence solution stability and
biological function.” Lanthanide contraction trends, such as
decreasing Ln-O/N bond distances across the series, have been
extensively documented using crystallographic data.** Thus,
even a small number of representative ORTEP structures
significantly strengthen structural arguments in any
investigation.

UV-Vis absorption spectroscopy is widely used to monitor
ligand centered (m-7*, n-7*) transitions and ligand-to-metal
charge transfer (LMCT) bands. Time-dependent UV-Vis
measurements also allow qualitative assessment of solution
stability under physiological pH ranges. For many Schiff base
ligands, dramatic spectral differences upon complexation with
metal ions serve as additional evidence for chelation. Electronic
transitions in the 4f orbitals of lanthanide ions give rise to
characteristic absorption spectra. Only Y**, La*" and Lu** do not
absorb in the UV or visible domain; all the other lanthanides
have characteristic bands in this region, but the absorptivities
have low values. The literature indicates that Schiff bases typi-
cally display two major absorption peaks: one below 300 nm
attributed to m-7m* transitions and another between 300-
450 nm corresponding to n-rt* transitions. Upon complexation
with Ln(m) ions, these bands shift, confirming coordination
between the ligand and the metal center. Additionally, the
Ln(m) complexes exhibit new absorption features in the 410-
475 nm range, which are absent in the free ligands. These newly
appeared bands are assigned to intra-ligand charge-transfer
transitions, consistent with quantum-chemical
calculations.>*57:66:70,7483

Lanthanide ions such as Sm(wm), Eu(m), Tb(m), and Dy(i)
exhibit strong characteristic luminescence because their
accepting 4f excited states lie slightly below the excited energy
levels of coordinated ligands, enabling efficient ligand-to-metal
energy transfer (LMET). Detectable luminescence is typically
achieved upon excitation by ultraviolet light, X-rays, or other
high-energy stimuli. Complexation with suitable chromophoric
ligands markedly enhances lanthanide emission through the
well-known antenna effect, in which the ligand absorbs energy
and transfers it non-radiatively to the metal center. Lumines-
cence spectroscopy is therefore a powerful tool for probing
Eu(m), Tb(m), Dy(m) and Sm(m) complexes. Schiff base ligands

© 2026 The Author(s). Published by the Royal Society of Chemistry
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commonly act as effective sensitizers in these systems, and
photophysical parameters such as emission intensity, excitation
profiles, and excited-state lifetimes provide critical information
on energy-transfer efficiency, coordination environment, and
dominant quenching pathways. Numerous studies have
demonstrated that Sm(m) and Tb(m) Schiff base complexes
display intense, metal-centered emissions, confirming efficient
ligand-sensitized energy transfer, whereas in some Eu(m) and
Gd(ur) systems weak or ligand-based emission indicates ineffi-
cient antenna behaviour.*>7124»

Magnetic susceptibility measurements and electron para-
magnetic resonance (EPR) are valuable for paramagnetic
lanthanides such as Gd(m), Dy(m), and Tb(u). These techniques
provide insight into electronic environments, spin-orbit
coupling, and coordination anisotropy. Although less
frequently reported than IR or UV-Vis spectroscopy, magnetic
data enhance understanding of structure-property relation-
ships, particularly in mixed-metal or high-spin systems.
Alquasaimeh et al.”* measured magnetic moment of Nd, Tb, Dy
complexes with HLg Schiff base by measuring magnetic
susceptibility by the Curie-Weis (C-W) law:

Xt = Xdia + CIT — Tcw

where xgqi, is the diamagnetic contribution, C is the Curie
constant and Tcw the Curie-Weiss temperature. The experi-
mental data indicates weak antiferromagnetic interactions for
complexes with Nd(m) and with Dy(ur) and antiferromagnetic
interactions of the complex with Tb(m). The Curie constant was
used to determine the effective magnetic moment. The values of
the effective magnetic moments of the Nd(m) (uesr = 3.60us),
Tb(ur) (tesr = 9.61up) and Dy(m) (uer = 10.61ug) ions correspond
to the theoretical values of magnetic moments pu, = 3.62, 9.72,
10.63ug, respectively. The slight differences in the theoretical
and effective values of the moments are due to antiferromag-
netic interactions between the magnetic ions.” The mixed
ligands La(um), Er(m) and Yb(m) complexes were reported as
diamagnetic.®* From the effective magnetic moment (ues)
values the Nd(m), Gd(m), Er(ur), Dy(ur) complexes of Lo Schiff
base were found as paramagnetic.'®

Together, these characterization techniques ensure that
Schiff base lanthanide complexes are structurally well-defined,
chemically pure, and stable under relevant conditions.

4. Mechanistic insights and
structure—activity relationships (SAR)
4.1 Structure-activity relationships (SAR)

An analysis of antibacterial studies published between 2018 and
2025 indicates that Schiff bases and their Ln(u) complexes may
be broadly classified into three categories of activity: highly
active, moderately active and weakly active agents. Ligands such
as Ly, HyLi3-14, and H,L,, along with their Ln(ur) complexes
displayed the most promising activity with MIC values of 2-64
pg mL ™" and inhibition zones =20 mm, particularly against SA,
EF, MRSA, KP, SE, and EC. By contrast, ligands including L, L5,
Lis-16, HL30, HL3, 34 and their complexes were only moderately
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active, with MICs of 64-195 pg mL ™" and inhibition zones of 10~
20 mm, mainly effective against SA, BS, and EC. Finally, Schiff
bases such as H,Lg, Lyy o5, Hyl,; and their corresponding
complexes exhibited weak or negligible antibacterial activity
(MIC > 195 pg mL™%; inhibition zones <10 mm), showing
limited effectiveness against most bacterial strains (Fig. 12).
Among the studied compounds, La(m), Nd (1), Gd(m) and Dy(in)
complexes with highly active tridentate and tetradentate Schiff
bases (L;, HyLi3-14, Lao), incorporating electron-withdrawing
substituents such as Cl, Br, and -NO,, were found to possess
coordination numbers of 7-9 along with their notable antibac-
terial activities, as reflected by MIC values and inhibition zone
diameters, are summarized in Schemes 2-5. These observations
emphasize that ligand substituents, donor atom sets (N, O, S),
and coordination numbers (6-9) play key roles in modulating
activity. The halogen and heteroatom-substituted Schiff bases
generally enhancing antibacterial potency. The biological
activity consistently follows the trend: free Schiff base < Ln(ui)-
Schiff base complex < conventional antibiotics-although, top-
performing Ln(m) complexes occasionally approach standard
drug efficacy. These structure-activity insights underscore the
importance of both the identity of the lanthanide ion and the
coordination environment in determining antibacterial
potency.

4.2 Mechanistic insights

An antimicrobial agent is a compound that can kill bacteria by
binding to essential metabolic components and preventing the
formation of functioning biomolecules, which interferes with
normal cellular functions.” The antibacterial activity of drugs
is primarily achieved through two strategies, which entail
interfering chemically with the synthesis or functioning of
crucial bacterial components and/or dodging known antibac-
terial resistance mechanism. The bacterial cell contains many
targets for antibacterial drugs that include (a) bacterial protein
biosynthesis (b) bacterial cell-wall biosynthesis (c) bacterial cell
membrane destruction (d) bacterial DNA replication and repair,
and (e) inhibition of a metabolic pathway." It is very crucial to
find a solution for antibacterial resistance mechanisms because
bacteria can exhibit resistance through a variety of mecha-
nisms, which primarily include activating the efflux pumps,
destroying antibacterial agents with the help of destruction
enzymes, modifying antibiotics with the help of modifying
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enzymes, and altering target structures in the bacterium that
have lower affinities for an antibiotic.'® Some types of antibi-
otics need metal ions to work properly. These metal ions can
either be important to the structure of the antibiotic, and
therefore their removal renders the antibiotic structure inactive,
or bind to the antibiotic molecules and cause important
chemical and biochemical reactions without changing the
antibiotic structure.”® The lanthanide complexes as antibacte-
rial drugs have a benefit that Ln** and Ca®" have similar ionic
radii, the lanthanide ions have the potential to block calcium
channels because of their greater charge and strong affinity for
the Ca®" sites on biological molecules. Thus, even though the
lanthanide ions cannot get through cell membranes on their
own, they can still affect calcium channel's external face by
blocking them. The lanthanides have the potential to substitute
for the calcium in proteins, which can either inhibit or signifi-
cantly enhance the activity of calcium-dependent enzymes>
The higher antibacterial activity of metal complexes can be
explained on the basis of two theories that comprise (i) Tweedy's
chelation theory' (ii) Overtone's concept.’* The presence of
the imine (-C=N) group in the Schiff base ligands, which
provides them their biological activity, facilitated the ration-
alisation the antibacterial activity and offered a mechanism of
transamination and resamination reactions in biological

Fig. 8 Agar disc diffusion assay results of Eu(m), Tb(i) and Gd(in) complexes of H2L1 ligand against (a) EC, (b) KP, (c) PA, (d) SA, (e) EF, bacterial

strains.
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systems work.?»1?*®131132 The ligands have demonstrated to
form hydrogen bonds with bacterial strain through azomethine
moiety, thereby resulting in enhanced cell inhibition. Further-
more, it has been hypothesised that Schiff bases with nitrogen,
oxygen and sulphur donor atoms may also be capable of
inhibiting bacterial cell growth.'***** According to extant liter-
ature in the preceding discussion; most research has demon-
strated that lanthanide complexes with Schiff bases exhibit
higher activity than free Schiff bases and metal salts. This
enhancement in activity can be attributed to the increased
chelation exhibited by lanthanide complexes, a phenomenon
that may be explained by Tweedy's chelation theory. This theory
facilitates the delocalization of m-electrons across the whole
chelate ring; resulting the positive charge on the metal ions is
reduced and an enhancement of the lipophilicity of the metal
chelate, favouring its permeation across the lipid barrier inside
bacterial membranes.’****” According to Overtone's concept of
cell permeability, the lipid membrane that envelops the cell
selectively permits the passage of lipid-soluble compounds;
resulting liposolubility has been identified as a crucial variable

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

, Pr, Yb) complexes against PA and SA strains at various concentrations 20,

that regulates antimicrobial action. It has been established that
the overlap of the ligand orbital and the partial sharing of the
positive charge of the metal ion with donor groups during
chelation result in a lowering of the polarity of the metal ion.
This, in turn, favours the lipophilicity of metal complexes. As
the lipophilicity of the complexes increases, there is concomi-
tant increase in penetration of the complexes through the lipid
membranes of the cell. This is due to the metal binding sites in
the bacterial enzymes being blocked, which in turn causes
disturbance to the normal functioning of the cell. While
moderate lipophilicity facilitates membrane penetration and
enhances antimicrobial potency, excessive hydrophobicity in
lanthanide-Schiff base complexes can promote self-aggregation
and nanoparticle formation, which significantly alters their
biological behavior. Such nanostructures may interact with
bacterial membranes via surface adhesion, membrane desta-
bilization, and mechanical perturbation. Moreover, their
cellular uptake pathways can differ substantially from those of
discrete molecular chelates, thereby influencing the observed
antibacterial activity.
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5. Comparative analysis with previous
reviews

Most of the earlier reviews on Schiff base and their Ln(m)
complexes, largely published before 2020, mainly focused on
synthetic strategies, structural characterization and general coor-
dination chemistry with antibacterial application often mentioned
only as a secondary aspect. For instance, Hameed et al. (2017)"**
presented a patent-based general overview of Schiff bases and their
metal complexes, highlighting numerous therapeutic applications
(2010-2015), including antibacterial effects. However, systematic
quantitative comparisons, mechanistic insights, and detailed
structure-activity relationships of antibacterial investigation were
lacking. The review “Metal complexes driven from Schiff bases and
semicarbazones for biomedical and allied applications: a review” by
More et al. (2019)"* examined a broad set of biological activities of
Schiff base and its metal complexes, including antibacterial, but
mostly focusing on transition metals, with fewer details for
lanthanide systems. X. Leu and J. Hamon (2018),"*® provided
a broad overview of synthesis and structure of multidentate Schiff
bases and its coordination with transition and inner transition
metal ions to form metal complexes with catalytic, magnetic and
few biological applications, while K. Prajapati (2018)"** highlighted
several ligands and its Ln(u) complexes for antibacterial activities
with general importance of these complexes in biological fields. In
addition, Kaczmarek et al. (2018)** highlighted synthetic method,
several structure of Schiff base and their Ln(m) complexes, role of
theses complexes in different biological fields such as cancer
diagnosis, therapy and biological activity. I. Cota et al. (2019)
published a comprehensive review that extensively compiled
studies on Ln(m) Schiff base complexes as antibacterial and anti-
fungal agents, covering the period from 1995 to 2019. This review
emphasizes interaction different Schiff bases and lanthanide
complexes against both G(+) and G(—) bacterial strains, their
antibacterial results and mechanistic interpretations. Another
review, ‘Advanced and Biomedical Applications of Schiff-Base
Complexes and their metal complexes: A Review’ (2022),'*
ised recent work since about 2015, with some attention to anti-
bacterial activity, but again the structure-activity relationships,
coordination numbers, and systematic comparisons among Ln(u)
ions were not thoroughly analysed. The work by Rakshit et al
(2023)*** mainly provides antimicrobial behaviours, some tech-
niques of antimicrobial measurement and structure of most of the
transition metal complexes derived from only N, O donor ligands
but it did not provide proper information about structure-activity
relationships, mechanism for higher activity, classification of
ligands and their metal complexes into different activity categories.

Unlike these prior works that emphasized synthesis, cata-
Iytic, photophysical or broad biological applications, our review
mainly focused on data driven, mechanistic perspectives and
structure-activity relationship (SAR) analysis of Schiff bases and
their lanthanide complexes based on the 2018-2025 literature.
Specifically, earlier reviews often lacked bulk of investigation
on: (a) detailed MIC and inhibition zone data for different

summar-
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Fig. 12 General representation of antibacterial activity trends of Schiff base—lanthanide complexes (2018-2025), showing classification into
highly active, moderately active, and weakly active compounds based on MIC values and inhibition zone diameters.

bacteria (b) comparisons of donor atom types, substituent
effects (such as halogen or nitro groups) and coordination
geometries (c) clear classification of compounds by potency (e.g.
highly active vs. moderate vs. weak). By compiling recent
studies, our review identifies clear trends: Schiff base ligands
alone usually show modest or weak antibacterial activity, which
is significantly enhanced upon complexation with lanthanides.
We find that certain Ln(u) ions (La, Nd, Eu, Gd Dy) with ligand
features (NOS donor sets, halogen and -NO, substituents)
correlate with higher potency. Moreover, our classification into
highly, moderately, and weakly active agents as given in Fig. 12,
provides a framework that was generally not present in previous
reviews. We also tried to integrate mechanistic insights like
enhanced lipophilicity, improved membrane permeability and
enzyme inhibition. These mechanistic angles are systemically
linked to structural parameters. Finally, our coverage includes
direct comparisons of Ln-Schiff base complexes to standard
antibiotics (in many 2018-2025 studies) in terms of MIC and
inhibition zones, which few prior reviews addressed in detail.

In conclusion, while previous reviews laid the foundational
understanding of Schiff bases and their metal complexes, our
review advances the field by offering a data-driven, mechanis-
tically informed and structure-activity focused perspective of
the most recent antibacterial findings (2018-2025), which can
guide rational design of new compounds.

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

6. Techniques for evaluating
antibacterial activity of complexes

Some of important techniques used for evaluating the anti-
bacterial activity of chemical compounds.

6.1 Diffusion methods

6.1.1 Agar disc-diffusion technique. Agar disc diffusion
technique was developed in 1940, and it is the certified method
based on the principle that antibiotic-impregnated disc, which
is employed on agar formerly inoculated with the test bacte-
rium, pick-up moisture and the antibiotic diffuses easily
outward through the agar medium generating an antibiotic
concentration gradient.™* It is widely used in various clinical
microbiology laboratories to test antimicrobial suscepti-
bility.">"** The size of the zone around each antibiotic disc
reflects the lethality of that antibiotic against the microorgan-
isms. However, this method is not universally accurate for all
fastidious microbes, certain species like streptococci, Haemo-
philus influenzae, Haemophilus parainfluenzae, Neisseria gonor-
rhoeae, and Neisseria meningitidis have been successfully tested.
This was achieved through standardization using tailored
culture media, specialized incubation conditions, and clearly
defined inhibition zone criteria.”*® While this method is not
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Scheme 2 Most potent La(in)—Schiff base complexes against different bacterial strains.

suitable to find the minimum inhibitory concentration (MIC)
value due to inability of quantify the drug diffusion in the agar
medium, however an approximate MIC can still be calculated
for some microbes and antibiotics by comparing the inhibition
zones with stored algorithms.'” However, the disc diffusion
method has various advantages including its simplicity, low
cost and its capability to test a wide range of various microor-
ganism and antimicrobial agents, in addition to the evaluation
of results.**® The above-mentioned advantages can be attributed
to the effective interconnection between the in vitro and in vivo
evolution. This fact is given above mainly simplicity; low cost
has contributed to its common use antimicrobial screening of
pathogenic bacteria.******

6.1.2 Agar well diffusion method. This approach has been
successfully employed to assess the antimicrobial properties of
plants and microbial extracts.**>*** In this procedure, the anti-
microbial agents within the sample extract diffuse into the
medium and interact with a plate that has been freshly inocu-
lated with test organisms. Consequently, the resulting zones of
inhibition exhibit a uniformly circular pattern due to the
confluent growth, and the measurement of inhibition zone
diameters is conducted in millimetres.

6.1.3 Antimicrobial gradient method (E-test). The E-test
also known as ‘Exponential gradient’ method is a quantitative
technique that has been developed for the purpose of evaluating

3500 | RSC Adv, 2026, 16, 3478-3508

the antimicrobial resistance of G(+) and G(—) bacteria.’* This
method is based on creation of a concentration gradient of the
antimicrobial agent tested in the agar medium. The E-test
involves the use of a slim, inert and non-porous plastic strip.
On one side of the strip (A), a scale present, indicating minimum
inhibitory concentration (MIC) readings in ug mL ™", accompa-
nied by a two or three-letter code on the handle specifying the
identity of the antibiotic. In this procedure, a previously inocu-
lated agar surface with the test microorganism is overlaid with
a strip containing an escalating concentration gradient of the
antimicrobial agent, ranging from one end to the other." This
method is successfully employed for the determination of MIC
value of antibiotics, antifungals and antimycobacterials.'*® This
approach is focused on developing an antibacterial agent
concentration gradient that is evaluated in an agar medium.

6.2 Dilution methods

This approach is widely used for determining Minimum
Inhibitory Concentration (MIC) values, offering flexibility to
calculate the concentration of the tested antimicrobial agent in
either the agar (agar dilution) or broth medium (macro dilution
or micro dilution). The quantitative measurement of antimi-
crobial activity against bacterial and fungal strains is achieved
through either the broth or agar dilution method."”

© 2026 The Author(s). Published by the Royal Society of Chemistry
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6.2.1 Agar dilution method. The agar dilution methods do
not involve the sophisticated equipment and are comparatively
quick™® involving basic microbiological facility. In this method,
the test sample is incorporated at known concentrations into
the agar, and once the agar has set, the bacteria are applied to
its surface. The application of multiple bacterial species can be
applied to individual dishes arranged with varying concentra-
tions of the test sample, achieved by dividing the agar surface
into wedges or squares. This configuration facilitates the
screening of a substantial number of bacteria within a single
assay run. Following a 24-hour incubation period, the presence
or absence of bacterial growth on the extract/agar mixture is
determined, and the results are expressed as a proportion
relative to the control. It has been demonstrated that this
technique is applicable for both antibacterial and antifungal
susceptibility testing.**

6.2.2 Broth dilution method. Due to challenges associated
with the partitioning of hydrophobic compounds in agar,
a more precise method was developed and known as the broth
dilution method.* In this method, bacterial cultures of specific
bacteria are grown in test tubes containing test compounds in
a liquid medium.*®® At regular time intervals (every 10 minutes
or every hour) a sample is extracted, and the bacterial count
(CFU) is calculated by serial dilution. The broth dilution

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

method has been shown to provide a considerably more
comprehensive analysis of the antibacterial events over time in
comparison to the single data point (24 h incubation) used in
disc diffusion and agar dilution experiment. Apart from this,
this approach has been demonstrated to offer several advan-
tages, including the ability to determine the proportion of
organisms destroyed at a specific period, as well as the ability to
facilitate recovery from the effects of the test chemicals.
However, the procedure may prove to be impractical when
employed for the screening of numerous test chemicals, due to
significant expenses in terms of time and resource expensive.'**
As with other testing methods, the incorporation of hydro-
phobic compounds and essential oils into the aqueous medium
poses challenges. In the absence of a solid phase to trap these
compounds, their rapid dispersion within the media is inevi-
table, resulting in the formation of layer across the surface.

7. Challenges and future directions
7.1 Current challenges

Despite considerable advances in the synthesis and evaluation
of Schiff base-lanthanide complexes during 2018-2025, their
transition from laboratory curiosity to practical antibacterial
agents remains constrained by multiple challenges. While in

RSC Adv, 2026, 16, 3478-3508 | 3501
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vitro results are promising, significant hurdles regarding solu-
bility, toxicity, stability and translational applicability continue
to limit their scope. A consistent limitation across reported
studies is poor solubility and bioavailability. Most the Schiff
bases, particularly L,, H,L;3, and H,L,, feature extended
aromatic scaffolds that confer lipophilicity but reduce solubility
in aqueous solvent, limiting their biological applicability.”>*°
Even though these ligands and their complexes demonstrated
strong activity against SA and KP, their hydrophobicity compli-
cates formulation for in vivo delivery. The toxicity and selectivity
shown by these complexes are still unresolved. Taha et al. (2024)
reported that H,Le and its Ln(m) complexes exhibited moderate
activity against EC and KP, but no effect against G(+) strains,
suggesting that broad-spectrum selectivity is still lacking.”
Stability under physiological conditions also poses a problem.
Schiff base ligands are prone to hydrolysis and lanthanide
complexes often undergo ligand exchange reactions. For
instance, in the work of Mishra et al. (2022), Ln(ur) complexes of
L,5-L,6 showed antibacterial effects against skin pathogens, yet
their long term stability in biological systems was not re-
ported.®*> Perhaps the most critical limitation is the absence of
translational data. Most studies rely solely on agar diffusion or
MIC assays. No reports have advanced into in vivo infection
models, pharmacokinetics or preclinical trials. This gap

3502 | RSC Adv, 2026, 16, 3478-3508

between bench chemistry and biomedical validation remains
the largest bottleneck for clinical adoption.

7.2 Future perspectives

Research into Schiff bases and their lanthanide (Ln(ur))
complexes has increasingly shown their promising antibacterial
properties. However, despite these advancements, the transi-
tion from laboratory research to clinically applicable treatments
remains limited. This highlights the need for a forward looking
approach that addresses both the challenges and opportunities
in this area. The future of antibacterial research involving Schiff
base-lanthanide complexes will likely be driven by progress in
sustainable synthesis methods,'® targeted structural design,
mechanistic understanding and pharmacological valida-
tion.**>'** While Schiff bases and its Ln(u) complexes consis-
tently showed activity mainly against G(+) bacteria, G(—)
bacteria tend to be more resistant. The future work should be
the selective targeting of G(—) bacteria by structural modifica-
tions of Schiff bases, such as adding amphiphilic groups or
cationic moieties, to improve bacterial membrane penetra-
tion.'*>'%* The existing literature suggest that lanthanide-Schiff
base complexes may exert antibacterial effects through multiple
mechanisms, including DNA binding, membrane disruption
and enzyme inhibition.?>*® The rational design of theses

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Scheme 5 Most potent Dy(i)—Schiff base complexes against different bacterial strains.

complexes with mechanistic guidance is very important for
future works. The integration of biochemical assays, molecular
docking and omics-based profiling can provide deeper insights
into precise molecular targets of these complexes. The struc-
tural studies like X-ray crystallographic of ligand-protein
interaction could further elucidate how specific coordination

environment drive antibacterial activity.'** The pharmacoki-
netic and toxicological profiles of Schiff base and its lanthanide
complexes remain insufficiently studied. For clinical trans-
lation, future research must assess solubility, stability, protein
binding and bio-distribution.'*>*** In vivo validation is also
essential as many studies are limited to in vitro assays such as
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diameters of zone of inhibition, MIC and MBC tests, which do
not fully capture biological complexity.*”'*> Another promising
direction is the development of mixed-metal and hetero-
bimetallic complexes. The combination of lanthanides with
transition metals or other bioactive ions may provide synergistic
effects by combining redox activity with unique coordination
chemistry.** The pronounced ROS activity exhibited by Eu(ur)
and Dy(m) complexes indicates that the integration of redox-
active centres with lanthanides could further promote ROS
generation and thereby enhance antibacterial efficacy.'*”'*® The
computational approaches including density functional theory
(DFT) and molecular docking can greatly accelerate drug
discovery. However, these methods are rarely applied to corre-
late observed MIC values with mechanistic insights. For
instance, Hussein et al. (2024) proposed that Ln(u) complexes
with the L, Schiff base disrupt bacterial membranes, but this
was inferred rather than confirmed through computational
studies.” In silico predictions of stability, permeability and
enzyme inhibition could shift research from trial-and-error
synthesis toward rational design.'*® Additionally, scaling green
and sustainable synthesis methods is important. Microwave-
assisted and solvent-minimized approaches have been shown
to produce Schiff bases rapidly with improved yields and lower
environmental impact.””® Adoption of microwave irradiation,
solvent-free grinding, ultrasonic methods, or biomass-derived
starting materials could improve sustainability in ligand prep-
aration and complexation.

In conclusion, future research on Schiff bases and their
lanthanide complexes is expected to focus primarily on the key
aspects illustrated in Scheme 6.

8. Conclusion

Over the last seven years (2018-2025), the design and investi-
gation of Schiff base ligands and their Ln(m) complexes as
antibacterial drugs have progressed considerably. A consistent
pattern appeared across this study, while free Schiff bases
generally display only moderate antibacterial activity; their
coordination with Ln(m) ions enhances lipophilicity, improves
membrane penetration, and introduces additional mechanisms
such as enzyme inhibition and reactive oxygen species (ROS)
generation. As a result, many Ln(m)-Schiff base complexes
exhibit greater antibacterial activity than the corresponding free
ligands, although their activity still frequently lower than
conventional standard antibiotics. The parent Schiff base's
activity is increased after complexation with Ln(m) ions because
of increased lipophilicity, which enables lanthanide(m)
complexes to pass through the cell's lipid membranes and
disrupt its normal function, ultimately resulting in cell death.
Comparative studies reveals that Schiff bases like L;, H,L;4, Ly,
HL;,, HL3, with Ln(m) ions particularly La(m), Nd(u), Gd(u),
Tb(m) and Dy(u) are more consistently associated with strong
antibacterial activity. The most active Ln(ur) complexes tend to
feature coordination number range 7-9 with donor sets
involving N, O and S atoms that create stable and biologically
reach architectures. Schiff bases bearing electron donating
substituents, extended aromatic system and hydrophilic groups
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have further shown to influence activity profiles. Despite these
promising advances, the practical translation of Schiff base-
lanthanide complexes remains constrained by key limitations,
including poor aqueous solubility, limited stability under
physiological conditions and the absence of comprehensive
translational data beyond in vitro assay. Furthermore, activity
against Gram-negative bacteria remains a bottleneck, likely due
to permeability barriers in the outer membrane. Future devel-
opments in the subject would include the creation of mixed-
metal or multinuclear systems, the use of green synthetic
techniques to improve scalability and biocompatibility, and
logical ligand design informed by computational modelling.
Above all, converting these complexes into effective antibacte-
rial medicines will require combining in vitro tests with mech-
anistic research and in vivo validation. Schiff base-lanthanide
complexes, in summary, are a dynamic and adaptable class of
substances having definite antibacterial potential. They provide
new approaches to treating multidrug-resistant infections, even
though they are not yet ready to take the place of traditional
antibiotics. This is especially true if future studies continue to
increase their selectivity, refine their structures, and close the
crucial gap between bench and bedside.
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G(+) Gram positive

G(-) Gram negative

SA Staphylococcus aureus
EF Enterococcus faecalis

EC Escherichia coli

PA Pseudomonas aeruginosa
KpP Klebsiella pneumonia

BS Bacillus subtilis

SAl Staphylococcus albus
ML Micrococcus luteus
MRSA Methicillin resistant staphylococcus aureus
PV Proteus vulgaris

ST Salmonella typhi

SE Salmonella enteritidis
PBA Propionibacterium acnes
BC Bacillus cereus

SF Shigella flexneri

NG Neisseria gonorrhoeae
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AB Acinetobacter baumannii

PM Proteus mirabilis

SPy Streptococcus pyogenes

BM Bacillus megaterium

SAg Streptococcus agalactiae

SM Serratia Marcescens

SD Shigella dysenteriae

KPA Klebsiella pseudomonas aeruginosa
SF Streptococcus faecalis

LM Listeria monocytogenes

SpP Streptococcus pneumonia

PC Pseudomonas cepacicola

PSy Pseudomonas syringae

Ln Lanthanide

DMF Dimethylformamide

DMSO Dimethyl sulfoxide

dbm dibenzoylmethane

SAR Structure-activity relationships
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