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Abstract

Metal oxide nanocomposites have gained significant attention due to their unique physico-
chemical properties and applications in biomedicine, catalysis, sensing, and environmental
remediation. Among them, zinc oxide (ZnO) nanoparticles (NPs) are widely studied, and
functionalization with thiosemicarbazide (TSC) derivatives enhances their stability, reac-
tivity, solubility, and biocompatibility. Ultrasonic-assisted synthesis offers an eco-friendly
approach, enabling rapid nucleation, uniform dispersion, and controlled particle size
while promoting efficient ligand coordination. Nanocomposites are typically character-
ized using various spectroscopic techniques, which confirm successful functionalization.
This review highlights synthesis strategies, characterization techniques, and applications
of ligand-functionalized metal oxide nanocomposites in environmental, catalytic, and
biological fields.

Keywords: ZnO NPs; thiosemicarbazide; ultrasonication; biological activity; environmental
remediation; human health

1. Introduction
Metal-oxide-based nanocomposites have gained immense scientific and technological

interest due to their exceptional physicochemical characteristics and their various applica-
tions [1]. These materials often exhibit enhanced surface reactivity, high mechanical stability,
and tunable electronic structures that make them suitable for a broad spectrum of functional
uses [2,3]. Among the wide range of metal oxides explored, ZnO NPs stand out as one of
the most extensively studied materials. ZnO, an n-type semiconductor with a wide band
gap of 3.37 eV and a high exciton binding energy of 60 meV, belongs to the family of metal
oxide semiconductors [4]. At the nanoscale, ZnO exhibits outstanding physicochemical
characteristics that enhance its suitability for various industrial applications. Owing to its
high surface-to-volume ratio, ZnO nanostructures have been extensively investigated for
their potential in photocatalytic [5–8], photovoltaic [9,10], biomedical [11–14], and sensing
technologies [15–17]. Several methods have been explored for synthesizing ZnO nanos-
tructures, including electrochemical deposition [18], solvothermal/hydrothermal routes,
and conventional precipitation techniques [19,20]. Among these, chemical precipitation
has become popular due to its simplicity, low cost, and ability to control particle size
and morphology. It typically involves reacting aqueous zinc salts such as Zn(NO3)2 or
ZnSO4 with alkaline solutions. Despite these advantages, the method often suffers from
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strong particle agglomeration, reliance on environmentally harmful surfactants, and the
need for high-temperature calcination to obtain crystalline ZnO [21]. As an alternative,
sonochemical precipitation offers a more efficient pathway by using ultrasonic irradiation
to promote reactions between zinc salts and basic solutions. This approach reduces energy
input, operates at lower temperatures, avoids toxic reagents, and eliminates post-synthesis
heat treatment. Therefore, developing such one-step, low-energy, and environmentally
friendly processes represents a promising route for producing ZnO nanostructures [22]. To
further improve their physicochemical properties and expand their applicability, surface
modification of ZnO NPs with organic ligands, such as TSC and its derivatives, has proven
to be a highly effective strategy [23]. TSCs represent a versatile class of compounds exhibit-
ing a wide range of biological activities [24]. Among these, their antimicrobial potential is
particularly noteworthy, while numerous derivatives have also demonstrated significant
antiviral, antimalarial [25] and anticancer effects [26]. The general structure of substituted
thiosemicarbazone is given in Figure 1.
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Figure 1. Structure of substituted thiosemicarbazide.

These TSC moieties can coordinate with the ZnO surface through donor atoms, thereby
enhancing the nanoparticles’ dispersion stability, solubility, and surface functionality [27].
Such conjugation not only provides better control over surface chemistry but also introduces
additional reactive sites that are beneficial for catalytic and biological interactions.

Ultrasonic-assisted synthesis has found use as a sustainable, energy-efficient, and
environmentally friendly approach for the fabrication of ZnO/TSC nanocomposites. The
process is based on acoustic cavitation, where the formation and collapse of microscopic
bubbles generate localized high temperatures and pressures, leading to accelerated reaction
kinetics. This phenomenon promotes rapid nucleation, homogeneous particle distribu-
tion, and effective coordination between ZnO and organic ligands [28]. As a result, the
ultrasound-assisted route offers controlled particle size, crystallinity, and morphology com-
pared to conventional chemical or thermal synthesis techniques. Despite a growing number
of studies on ZnO NPs and separate literature on TSC derivatives, TSC functionalization
with ultrasonication-assisted ZnO NP synthesis is underexplored in the literature. This pro-
ceeding provides a focused mini-review of the recent progress in the synthesis, structural
modification, and diverse applications of ZnO–ZnO-thiosemicarbazide nanocomposites.
Special attention is given to the advantages of ultrasonic-assisted fabrication methods,
which offer greener, faster, and more controllable pathways for producing highly functional
hybrid nanomaterials compared to traditional synthetic approaches.

2. Methodology
In preparing this review, the relevant literature was collected from databases such as

ScienceDirect, Scopus, Web of Science, SpringerLink, PubMed, and Google Scholar, cover-
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ing publications from 2015 to 2025. Keywords including “metal oxide nanocomposites,”
“ZnO NPs,” “thiosemicarbazide conjugates,” “sonochemical synthesis,” “ultrasonication-
assisted synthesis”, and “biomedical applications” were used for the search. Articles were
screened to include original research papers, review articles, and recent advances focusing
on the synthesis, functionalization, and application of ZnO-based nanocomposites with
thiosemicarbazide derivatives.

3. Synthesis of ZnO/TSC Conjugates by Ultrasonication
There are mainly two approaches used for the synthesis of ZnO/TSC conjugates,

which are discussed below.

3.1. One-Pot Synthesis with In Situ Ligand Presence

Adding thiosemicarbazide/thiosemicarbazone during ZnO nucleation can lead to
adsorption, chelation to surface Zn (II) ions, or partial capping. Ultrasonication offers a
fast, energy-efficient, and environmentally friendly route for synthesizing ZnO nanopar-
ticles. The intense cavitation generated during sonication promotes rapid nucleation,
yielding smaller, uniformly dispersed particles with reduced agglomeration and improved
crystallinity [29].

3.2. Two-Step Post-Synthesis Functionalization with TSC

In this method, ZnO NPs are functionalized by the ultrasonication method using
suitable linkers, such as amino acids, silanes, thiols, etc. After that, ligands are attached
through adsorption, electrostatic interaction, or covalent coupling. This gives greater
control of ligand stoichiometry and orientation [30]. Generally, the mixture is sonicated for
around 45–60 min and then stirred for around 14–16 h at a pH of 7–8. The ultrasonication-
assisted synthesis of ZnO/TSC conjugates is represented in Figure 2.
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Figure 2. (a,b) Schematic representation of synthesis of ZnO/TSC conjugates by ultrasonication.

4. Biological and Photocatalytic Application of ZnO/TSC
Nanocomposites

ZnO/TSC nanocomposites are attracting increasing attention because of the coopera-
tive effects between the ZnO NPs and the attached organic ligands. The functionalization
of ZnO with TSC derivatives not only enhances its surface activity and compatibility with
biological systems. Recent research has revealed that these nanocomposites possess notable
cytotoxic, antibacterial, antioxidant, and photocatalytic properties, making them valuable
materials for biomedical applications and environmental purification [31]. Some of the
following nanocomposites have been reviewed in the literature.

In a recent study, ZnO@Gln-TSC NPs were synthesized by using ZnO NPs and glu-
tamic acid, and conjugated with thiosemicarbazide. ZnO@Gln-TSC nanoparticles with a
size range of 20–70 nm (DLS: 374 nm; zeta potential: −31.7 mV) exhibited strong cytotoxi-
city against AGS cells, with an IC50 of 9.8 µg/mL, which was markedly lower than that
of ZnO (130 µg/mL), TSC (80.5 µg/mL), and oxaliplatin (67.7 µg/mL), while in HEK293
cells the IC50 was 150.5 µg/mL, compared to 215 µg/mL for ZnO [32]. In another recent
study, plant-derived ZnO NPs were conjugated with salicylaldehyde thiosemicarbazone
(STSC), vanillin thiosemicarbazone (VTSC), and 3-acetylpyridine thiosemicarbazone (3-
APTSC) using an ultrasonication-assisted method, and the resulting nanoconjugates were
characterized by spectral and surface analyses, including UV–Vis, FT–IR, W–H plots, and
BET studies. ZnO/3-APTSC showed an increased surface area (32.188 m2/g) compared
to pure ZnO (26.687 m2/g) and exhibited the highest antioxidant activity (59.89% scav-
enging). Antibacterial assays revealed effective inhibition, while photocatalytic studies
demonstrated significant malachite green dye degradation efficiencies of 61.6%, 90.6%,
and 94% for ZnO/STSC, ZnO/VTSC, and ZnO/3-APTSC, respectively, within 90 min,
highlighting their potential as effective photocatalysts [33]. In a similar study, CuO NPs
were conjugated with TSC, and the CuO/TSC conjugates exhibited notably improved func-
tional properties. CuO/3-APTSC achieved the highest DPPH radical-scavenging activity
(59.02%), surpassing the bare CuO NPs. A similar trend was observed in photocatalysis:
while pure CuO NPs degraded only about 57% of malachite green in 90 min, the conjugated
systems showed markedly higher efficiencies—75% for CuO/STSC, 73% for CuO/VTSC,
and 84% for CuO/3-APTSC—demonstrating the superior performance of the nanocon-
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jugates over bare CuO NPs [34]. Nejabatdoust et al. reported the synthesis of ZnO NPs
functionalized with glutamic acid and subsequently conjugated with thiosemicarbazide
(ZnO@Glu–TSC). The resulting nanoconjugates were tested against multidrug-resistant
Staphylococcus aureus and demonstrated antibacterial activity that was 2–8 times stronger
than that of ciprofloxacin [35]. In another study, ZnO NPs were synthesized and sub-
sequently functionalized with Cu (II) and Pd (II) complexes of 4-hydroxybenzaldehyde
thiosemicarbazone to obtain ZnONPs@Cu-BTSC and ZnONPs@Pd-BTSC nanocomposites.
XRD analysis confirmed the crystalline hexagonal wurtzite phase of ZnO, while UV–Vis
and FT–IR spectra evidenced successful coordination of the metal–ligand complexes onto
the ZnO surface. SEM–EDX observations showed uniform particle morphology and the
presence of Cu and Pd elements, verifying effective surface modification. In catalytic
reduction of 4-nitrophenol, the ZnONPs@Pd-BTSC nanocomposite displayed the high-
est activity, followed by ZnONPs@Cu-BTSC and bare ZnO NPs, indicating that metal
functionalization significantly enhanced the catalytic efficiency [36]. Recently, ZnO NPs
modified with a glutamine-linked TSC ligand (ZnO@Glu-TSC) have displayed distinct op-
tical and structural characteristics, such as an absorption peak near 380 nm and a nanoscale
wurtzite crystal framework. The functionalized material shows improved antibacterial
activity against P. aeruginosa strains, which show MIC values typically ranging from 128
to 512 µg/mL and frequent synergistic responses among clinical isolates. In addition to
inhibiting bacterial growth, the nanoconjugate markedly diminishes key virulence mecha-
nisms, reducing biofilm mass by almost 80% and lowering pyocyanin synthesis by more
than 75%. These findings show promising multifunctional nano-antimicrobials capable of
weakening both the survival and pathogenic behaviour of persistent bacterial strains [37].
Similarly, Danisman-Kalindemirtaş and co-workers reported the successful incorporation of
two Zn(II)–thiosemicarbazone derivatives (ZnTcA and ZnTcB) into bovine serum albumin
nanocarriers through UV-assisted crosslinking, a strategy used to stabilize these otherwise
unstable therapeutic agents. Their characterization studies showed that Alb-ZnTcA formed
nanoparticles with an average size of about 32 nm, whereas Alb-ZnTcB produced slightly
larger particles around 43 nm. When evaluated against MCF-7 breast cancer cells, both
albumin-bound formulations demonstrated markedly greater cytotoxicity than the free
compounds, with enhanced activity observed even at lower concentrations, highlighting
the advantages of albumin-mediated delivery. Among the two, Alb-ZnTcA exhibited the
most pronounced anticancer effect, likely due to its smaller size enabling more efficient
cellular internalization. Mechanistic analyses further revealed that both nanoformulations
predominantly induced apoptosis rather than necrosis, suggesting activation of intrinsic
apoptotic pathways and thereby effectively suppressing the uncontrolled proliferation of
cancer cells [38].

5. Mechanistic Insight of ZnO/TSC Nanoconjugates
Ultrasonication produces acoustic cavitation, where bubbles collapse violently, gener-

ating localized hot spots that enhance ZnO nucleation and promote smaller particle sizes
and high defect density. These defects significantly affect photocatalytic and antibacterial
activity by modulating ROS yield [39]. Thiosemicarbazide ligands coordinate ZnO through
the C=S and –NH2 groups, forming Zn–S and Zn–N interactions that stabilize surface
states and modulate electron density. Electron-donating substituents (–CH3, –OCH3) on
TSC improve charge transfer, while electron-withdrawing groups (–Cl, –NO2) may reduce
electron density and alter ROS pathways [40–42]. Enhanced cytotoxicity or antibacterial
performance in many studies arises from synergistic effects: (i) smaller sonochemically
produced ZnO NPs with high defect density; (ii) TSC ligands promoting stronger ROS pro-
duction and membrane interactions. Comparative trends from recent studies have shown
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that TSC-functionalized ZnO NPs often exhibit higher photocatalytic degradation efficiency
(e.g., of malachite green, methylene blue), likely due to improved charge separation at the
ZnO–TSC ligand interface.

6. Conclusions
ZnO/TSC nanocomposites have emerged as a versatile class of hybrid materials ex-

hibiting superior physicochemical and biological characteristics compared to ZnO NPs. The
incorporation of thiosemicarbazide derivatives enhances their structural stability, surface
reactivity, and overall biocompatibility. Moreover, the use of ultrasonic-assisted synthesis
provides a sustainable and efficient approach for producing uniformly dispersed nanos-
tructures with well-controlled morphology. Recent investigations have demonstrated that
these nanocomposites possess remarkable cytotoxic, antibacterial, antioxidant, and photo-
catalytic activities, making them highly promising for biomedical as well as environmental
remediation applications. Ongoing research into tailored ligand design and optimized
sonochemical fabrication methods is expected to further enhance their performance and
broaden their scope of practical applications. Although interest in this area is increasing,
only a limited number of studies directly link TSC chemistry with sonochemical ZnO
NPs synthesis. This mini-review consolidates the available literature, highlights these
inconsistencies, and proposes essential reporting guidelines and experimental controls. By
connecting synthesis parameters with material properties and functional outcomes, it aims
to support more reproducible experiments, clarify mechanistic insights, and accelerate
progress in this field. Future studies should focus on establishing standardized protocols,
deeper mechanistic investigations, and long-term toxicity assessments to ensure safe and
scalable application of ZnO/TSC nanocomposites.
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38. Danişman-Kalindemirtaş, F.; Özerkan, D.; Kariper, İ.A.; Cilasun, G.E.; Ülküseven, B.; Erdem-Kuruca, S. Albumin-based nanocarri-
ers loaded with novel Zn (II)-thiosemicarbazone compounds chart a new path for precision breast cancer therapy. Anti-Cancer
Drugs 2025, 36, 208–219. [CrossRef]

39. Ahmed, M.A.; Mohamed, A.A. Advances in ultrasound-assisted synthesis of photocatalysts and sonophotocatalytic processes: A
review. Iscience 2024, 27, 108583. [CrossRef] [PubMed]

40. Islam, M.; Khan, A.; Shehzad, M.T.; Hameed, A.; Ahmed, N.; Halim, S.A.; Khiat, M.; Anwar, M.U.; Hussain, J.; Csuk, R.; et al.
Synthesis and characterization of new thiosemicarbazones, as potent urease inhibitors: In vitro and in silico studies. Bioorganic
Chem. 2019, 87, 155–162. [CrossRef]

41. Veg, E.; Hashmi, K.; Ahmad, M.I.; Joshi, S.; Khan, A.R.; Khan, T. Some Biological Applications and Mechanistic Insights of
Benzaldehyde-Substituted Thiosemicarbazones and Their Metal Complexes: A Review. Nat. Sci. 2025, 5, e70005. [CrossRef]

42. Khan, T.; Raza, S.; Hashmi, K.; Ahmad, M.I.; Khan, A.R. Structural modifications for biological activity enhancements in
thiosemicarbazone scaffolds and their metal complexes. Synlett 2025, 36, 2732–2762. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/ma13010014
https://www.ncbi.nlm.nih.gov/pubmed/31861406
https://doi.org/10.3390/foods11111656
https://www.ncbi.nlm.nih.gov/pubmed/35681406
https://doi.org/10.3390/molecules29112706
https://doi.org/10.4103/abr.abr_412_23
https://www.ncbi.nlm.nih.gov/pubmed/39434942
https://doi.org/10.1016/j.inoche.2025.115265
https://doi.org/10.1016/j.surfin.2025.107271
https://doi.org/10.1089/mdr.2018.0304
https://doi.org/10.1186/s11671-025-04385-6
https://doi.org/10.1097/CAD.0000000000001679
https://doi.org/10.1016/j.isci.2023.108583
https://www.ncbi.nlm.nih.gov/pubmed/38226158
https://doi.org/10.1016/j.bioorg.2019.03.008
https://doi.org/10.1002/ntls.70005
https://doi.org/10.1055/a-2649-7544

	Introduction 
	Methodology 
	Synthesis of ZnO/TSC Conjugates by Ultrasonication 
	One-Pot Synthesis with In Situ Ligand Presence 
	Two-Step Post-Synthesis Functionalization with TSC 

	Biological and Photocatalytic Application of ZnO/TSC Nanocomposites 
	Mechanistic Insight of ZnO/TSC Nanoconjugates 
	Conclusions 
	References

