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Abstract The usage of zinc oxide (ZnO) nanoparticles as multifunctional therapeutic drugs for treating hepatocellular 

carcinoma (HCC) has been increasingly gaining recognition due to the cytotoxic nature of these nanomaterials, 

possibilities of surface functionalization, and their capacity for incorporation into other delivery systems. The current 

article highlights progress made (in years 2023-2025) in environmentally friendly and engineered production of ZnO 

nanoparticles, including plant-based and doped versions thereof, explains the molecular mechanisms of antitumor 

activity of ZnO NPs involving generation of ROS, release of Zn2+, apoptosis, and ferroptosis induction, and 

immunomodulation, and describes novel nano-formulations based on ZnO NPs, such as pH-sensitive vehicles, films, 

scaffolds, and quantum dots. The present paper also touches upon the problem of the toxicity of ZnO NPs and 

challenges in moving this technology from bench to clinic. 

[Citation: Manzoor, S., Nouman, M., Saleem, M.Z., Jahangir, G.Z., Younas, S., Nazir, B., Shehzad, H.M. (2026). 

Zinc Oxide Nanoparticles for Liver Cancer: Advances in Synthesis, Mechanisms, Delivery, and Translational 

Challenges. J. Life Soc. Sci, 5: 57. https://doi.org/10.64013/bbasrjlifess.v2026i1.57] 

Keywords: ZnO nanoparticles; liver cancer; hepatocellular carcinoma; nanoparticle delivery; reactive oxygen 

species; green synthesis; translational nanomedicine

Introduction  

HCC continues to be a major global public health 

problem since it is the most prevalent primary liver 

tumor, contributing to more than 80% of liver tumors 

and being one of the top killers when considering 

cancer-related deaths (Cai et al., 2024). Although 

advances have been made in terms of imaging 

technology, biomarkers, systemic treatment, such as 

multikinase inhibitors and immune checkpoint 

inhibitors, patients diagnosed with HCC still have a 

poor prognosis with increased incidence of 

recurrences and poor response to treatment (Allam et 

al., 2025). The nature of the liver itself poses many 

problems with respect to drug delivery and potential 

toxicity. Recently, nanotechnology has become a 

well-established platform for the diagnosis and 

treatment of cancers, including ablation therapy of 

tumors. Nanoparticles made from metal oxides 

(MONPs) are an area of great interest amongst all 

kinds of nanomaterials because of their ability to be 

manipulated easily with respect to their physical and 

chemical characteristics, along with their 

biocompatibility (Anjum et al., 2021). Zinc oxide 

nanoparticles (ZnO NPs) have become promising 

materials due to their easy synthesis and availability 

at a low price, as well as the ability to undergo surface 

modifications and have a therapeutic effect (Lebaka et 

al., 2025). These ZnO NPs induce selective toxicity 

towards cancer cells through several ways, which are 

mainly ROS production, disruption of mitochondria, 

DNA damage, and activation of apoptotic pathways. 

In addition, dissolution into Zn²⁺ ions plays an 

important role in oxidative stress and metal 

homeostasis disturbance (Guo and Morshedi, 2025a; 

Yang et al., 2021). Moreover, their solubility as Zn²⁺ 

ions helps in generating oxidative stress and 

interfering with metal homeostasis, both of which can 

be harnessed for therapeutic purposes (Tseriotis et al., 

2025). 

The past few years (2023-2025) have witnessed an 

abundance of research on the biomedical application 

of zinc oxide nanoparticles (ZnO NPs), especially in 

treating cancer patients. There is a high volume of 

literature on the use of ZnO NPs in relation to liver 

cancer treatment, where researchers have utilized not 

only their natural cytotoxicity effects but also their 

carrier abilities, sensitivity features, and incorporation 

in hybrid nanoconjugates. This means that, besides 

the direct impact of ZnO on cancer cells, it can be 

combined with carbon nanomaterials such as multi-

walled carbon nanotubes, various polymers, or other 

metal oxides in order to improve the selectivity and 

efficiency of ZnO-based therapy. At the same time, 
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new green methods of synthesis, including plant 

extract and biomolecular strategies, are being 

developed to make this technology more efficient and 

eco-friendly (Guo and Morshedi, 2025b). The transfer 

of ZnO-based nanomedicine development to the 

clinic involves certain difficulties. The role of the 

liver in the process of detoxification, surveillance, and 

regeneration demands a precise assessment of the 

distribution, elimination, and cytotoxicity of 

nanoparticles(Chong et al., 2025). Additionally, 

differences in synthesis processes and surface 

functionalization lead to different physicochemical 

characteristics, kinetics of action, and biological 

effects. Thus, it becomes crucial to be aware of the 

impact of these characteristics on biological processes 

in the design of ZnO-based approaches to HCC 

therapy(Chevallet et al., 2016). The current review 

highlights a detailed analysis of research progress 

made on zinc oxide nanoparticle (ZnO NP) research 

in relation to their application in hepatocellular 

carcinoma. The review starts with an introduction of 

various methods used for the preparation of ZnO 

nanoparticles, including conventional chemical 

methods as well as recent green synthetic methods, 

doped versions of zinc oxide nanoparticles, and 

composite formation methods. Further, the topic of 

drug delivery strategies for liver cancer will be 

explored, especially targeting the delivery of zinc 

oxide nanoparticles to hepatic sites. 

Secondly, we look at the biochemical and biological 

pathways involved in the anticancer effect elicited by 

zinc oxide nanoparticle (ZnO NP), especially in 

relation to the ability of these nanoparticles to trigger 

cell death through the generation of ROS, 

mitochondrial damage, and apoptosis. In support of 

this, we look at laboratory and animal experiments 

carried out in the period between 2023 and 2025 in 

order to validate the effectiveness of ZnO 

nanoparticles in liver cancer treatment. Other 

important factors considered include safety issues and 

aspects related to translation, such as biocompatibility 

and biodistribution, as well as the hurdles that will 

need to be overcome in order for ZnO-based therapies 

to make their way to the clinic. We will finish with an 

outlook into what is to come for the future of ZnO 

nanoparticles, highlighting present problems and 

research areas that still require attention. 

Materials & Methods  

The current review highlights an overall progress in 

the study of zinc oxide nanoparticles (ZnO NPs), 

especially on the subject of hepatocellular carcinoma. 

First of all, an overview is presented regarding the 

different ways of ZnO nanoparticles synthesis, 

including traditional techniques of chemical 

nanoparticle synthesis as well as more innovative 

ways such as green, doped, and composite synthesis 

techniques. Then, targeted drug delivery for liver 

cancer is highlighted with the utilization of 

nanoparticles to deliver drugs selectively and with 

controlled release. Second, the current segment will 

explore the cellular and molecular basis for the 

antitumor properties of zinc oxide nanoparticles (ZnO 

NPs) in relation to their ability to trigger cell death 

through the production of reactive oxygen species 

(ROS), mitochondrial damage, and apoptosis. As 

evidence for the effectiveness of the aforementioned 

process, in vitro and in vivo experimental results for 

the effectiveness of ZnO nanoparticles will be 

analyzed in terms of liver cancer treatment between 

2023 and 2025. Safety and translational aspects, 

encompassing biocompatibility, biodistribution, and 

regulatory barriers to be overcome in order to translate 

ZnO nanoparticles to medical practice, are also 

discussed. Finally, the future directions for the 

development of ZnO nanoparticles are highlighted, 

taking into account the present challenges, knowledge 

gaps, and opportunities for optimization in this rapidly 

evolving research area. 

Results 

Synthesis Strategies and Physicochemical 

Characterization 

Green / Biogenic Synthesis 

Plant extract was successfully used for the biogenic 

synthesis of zinc oxide nanoparticles (ZnO NPs) 

under relatively mild conditions. The involvement of 

plant metabolites like flavonoids and polyphenols in 

the process resulted in reduction and stabilization. 

ZnO NPs prepared from Moringa oleifera plant 

extract revealed crystallinity with spherical shape, as 

shown through X-ray diffraction (XRD) and 

transmission electron microscopy (TEM)(Ryu et al., 

2014). Functional groups associated with the 

metabolites from the plant were observed through the 

Fourier-transform infrared (FTIR) analysis, indicating 

successful synthesis and stabilization. Moderate 

solubility of the synthesized particles was shown, and 

controlled release of Zn²⁺ ions, as well as increased 

stability compared to chemical synthesis of ZnO 

nanoparticles, was observed. 

Doped and Composite ZnO 

The double-doped silver-doped zinc oxide 

nanoparticles (Ag@ZnO) dispersed into a chitosan-

polyvinyl alcohol (CS-PVA) polymer film display 

remarkable cytotoxicity specific to the liver cancer 

cells (IC50 ~ 45.12 μg/mL), but maintain the viability 

of normal human kidney cells (HEK293) above 98%. 

Physical and chemical characterization shows the 

presence of the crystalline wurtzite phase, uniform 

doping with Ag, average particle size of 30-60 nm, 

and zeta potential equal to −25 mV. The CS-PVA film 

possesses sufficient mechanical properties (around 

120 ± 1.35 MPa) and flexibility for biomedical use. 

The dissolution experiments demonstrate a proper 

release pattern of bioactive ions of Zn2+ and Ag+, 

which is in agreement with biological effects. 

Consequently, the Ag@ZnO nanoparticles in the CS-

PVA film present significant selective cytotoxicity 

toward HepG2 cells with an IC50 of 45.12 

μg/mL(Hassan et al., 2017b).
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Figure 1: Biogenic Synthesis of ZnO Nanoparticles using M. oleifera 

This nanocomposite was characterized by excellent 

biocompatibility towards healthy human embryonic 

kidney (HEK293) cells with cell viability greater than 

98%, thus proving the possibility of using this 

nanomaterial in the treatment of cancer with limited 

side effects. Characterization of physicochemical 

properties confirmed that the Ag@ZnO nanoparticles 

have a unique crystalline structure with a wurtzite 

phase(Pei et al., 2022). The doping of silver in the 

matrix of zinc oxide was evenly spread, thus giving 

rise to high performance concerning antimicrobial and 

anticancer effects. Particle sizes between 30 to 60 nm 

were ideal for favorable interactions, and the surface 

charge of −25 mV was indicative of adequate 

dispersion and lack of aggregation(Pieretti et al., 

2024). 

The CS/PVA polymer matrix acts as an efficient 

carrier as well as an excellent reinforcing agent to 

provide tensile strength of 120±1.35 MPa while 

maintaining flexibility. It is especially important in 

many biomedical applications, like wound dressings 

and coatings for implants. Furthermore, the polymer 

matrix ensures controlled release of Zn²⁺ and Ag⁺ 

ions, which can be seen in the results from dissolving 

studies carried out(Xi et al., 2025). This controlled 

release is necessary for ensuring that the material 

provides a sustained release action, preventing any 

harm to normal cells due to cytotoxic effects. Overall, 

the results suggest the use of the Ag@ZnO/CS-PVA 

nanocomposite as a multi-functional material with 

excellent mechanical strength, biocompatibility, and 

anti-cancer capabilities. 

 
Figure 2: Biogenic-synthetic Nanocomposite: From synthesis to selective cytotoxicity 

Characterization Overview The TEM and SEM images have confirmed the 

nanostructure nature of all the prepared samples, 
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while the crystallinity of the systems was ascertained 

by X-ray diffraction analysis. The UV–Visible 

spectral analysis showed characteristic absorption 

bands at 360–380 nm for ZnO, while the Fourier 

Transform Infrared (FTIR) analysis showed peaks 

characteristic of functional groups present in the 

capping agent. The Zeta potential measurements 

confirmed the presence of stable colloid solutions 

(>±20 mV) (Chen et al., 2021). The use of 

morphological studies via TEM and SEM provided 

visualization of the nanoscale morphology in all ZnO-

based samples, confirming that these have a 

homogeneous morphology and size in the nanoscale 

range. This study confirmed the effective preparation 

of homogenously dispersed nanoparticles, with 

minimal agglomeration, which is a prerequisite for 

preserving the functional characteristics of the 

nanoparticles in their biomedical and catalytic 

applications (Wasly et al., 2018). In addition to 

morphological analysis, X-Ray Diffraction (XRD) 

studies demonstrated high crystallinity of the 

fabricated nanoparticles due to sharp diffraction peaks 

that belonged to the hexagonal wurtzite structure of 

zinc oxide (Sahai and Goswami, 2015). This confirms 

the stability and purity of the nanoparticles' crystal 

structure, crucial for their optical and electronic 

characteristics. 

 
Figure 3: Comprehensive characterization of synthesized ZnO-Based Nanosystems 

Optical properties of the ZnO materials were analyzed 

using Ultraviolet-Visible (UV-Vis) 

spectrophotometry, wherein specific absorbance 

bands of 360-380 nm were observed. These bands 

relate to the intrinsic band gaps of the ZnO 

nanoparticles, and variations on this range could be 

attributed to the differences in sizes and surface 

effects brought about by the polymer or plant-based 

capping agents (Bezerra et al., 2019). In support of 

this, FTIR analysis confirmed the presence of various 

functional groups in the polymer matrix or in the 

phytomolecules used as capping and stabilizing 

agents for nanoparticle synthesis. The functional 

groups not only impart stability to the nanoparticles 

but could further have an impact on interactions with 

biological membranes and target biomolecules(Johny 

et al., 2017). 

For all sample groups, zeta potential values were 

consistently above ±20 mV. Such consistent high 

values ensure that there is a stable dispersion of 

nanoparticles, since adequate electrostatic repulsions 

prevent any aggregation process. For the application 

of nanoparticles in biological studies and potential 

medical applications, such consistency is important 

for achieving stability of dispersion in an aqueous 

medium. The utilization of TEM, SEM, XRD, UV-

Vis spectroscopy, FTIR analysis, and zeta potentials 

serves as a strong validation for the successful 

synthesis and characterization of ZnO 

nanoparticles.(Jindal et al., 2019). 

Delivery Platforms and Controlled Release 

pH-Responsive Polymeric Carriers 
ZnO NPs present inside the oxidized alginate-PEG 

matrix showed a pH-responsive degradation profile 

along with the release of Zn²⁺ ions. In an acidic 
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environment similar to that in tumors (pH 6.5), about 

75% of Zn²⁺ ions were released within 48 hours, 

while, in the normal physiological environment (pH 

7.4), less than 20% of Zn²⁺ ions were released within 

48 hours(Conte et al., 2026). The exhibited selectivity 

reflects an optimal pH-sensitive nature, which will be 

beneficial for selective drug targeting to the tumor. 

The inclusion of ZnO nanoparticles in the oxidized 

alginate-PEG scaffold matrix led to a clear 

degradation process accompanied by a pH-dependent 

Zn2+ ion release from the nanoparticle. More 

specifically, the degradation of the nanomaterial 

occurred faster in an acid environment similar to the 

tumor site (pH ~ 6.5), releasing more than 75% of 

Zn2+ ions in 48 hours. In the case of physiological 

environments (pH 7.4), the Zn2+ ions released were 

kept below 20%(Mohammed et al., 2024). This 

unique characteristic of the release pattern of Zn²⁺ 

ions under different pH levels emphasizes the 

excellent characteristics of the system under the 

response to different pH levels, making it a good 

candidate for potential use in cancer treatment by 

means of drug delivery systems. 

Films, Scaffolds, and Local Depots 
Ag@ZnO/CS/PVA-based biodegradable films 

exhibited good flexibility and mechanical strength as 

well as homogeneous distribution of nanoparticles. 

The films provided sustained release of ions within 72 

hours and also exhibited high cytotoxicity against 

HepG2 human hepatocellular carcinoma cells(Murali 

et al., 2019). The biodegradable films consisting of 

Ag-doped zinc oxide nanoparticles embedded in 

CS/PVA polymeric matrix showed a remarkable 

combination of mechanical strength and appropriate 

flexibility. These particles were homogenously 

dispersed in the polymeric matrix and had uniform 

physicochemical characteristics; this is an important 

consideration that ensures no aggregation of the 

composite and maintains its efficiency. The 

dissolution studies of this composite showed gradual 

release of the Zn²⁺ and Ag⁺ ions over a period of 72 

hours. This property is very crucial to maintain a 

consistent concentration of the ion at the target 

location without any undesirable systemic effect 

(Wang et al., 2016). 

As was seen in biological tests, the 

Ag@ZnO/CS/PVA film shows significant 

cytotoxicity towards the hepatoma carcinoma cell line 

HepG2. The ability of the compound to selectively act 

on cancerous cells means that it is possible for the 

substance to specifically damage only cancer cells 

without affecting the neighboring healthy cells(Abaza 

et al., 2018). The ability of the films to release ions 

slowly, their mechanical durability, and 

biocompatibility make them appropriate for 

biomedical purposes such as surface coatings on 

implants, wound dressings, and drug-delivery devices 

because the slow and durable release of medication is 

critical in such cases(Akinboyewa et al., 2025). 

Mechanisms of Anticancer Action 
Increases in reactive oxygen species (ROS) were 

observed in the HepG2 cells treated with ZnO 

nanoparticles, along with mitochondrial membrane 

depolarization and DNA damage. These increases 

were in direct proportion to the speed of Zn2+ ion 

release(Kim et al., 2013). Studies conducted using 

flow cytometry revealed that the cell death due to the 

use of ZnO nanoparticles occurred due to caspase-3 

and caspase-9 activities, ultimately leading to 

apoptosis. Moreover, the combined usage of ZnO 

with other compounds increased lipid peroxidation 

and decreased glutathione levels (Hussein and 

Abdulhameed, 2025). Coculture studies involving 

stem cells have shown that ZnO nanoparticles 

increase stem cell-mediated immunosuppression 

owing to increased production of anti-inflammatory 

cytokines, which help improve the survival of the 

cells in regenerative models; thus demonstrating dual 

functionality(Kitchin et al., 2020). In vitro 

experiments carried out using the cell lines of HepG2 

and Huh7 showed a dose-related cytotoxic effect 

along with an increase in ROS, DNA damage, and cell 

cycle arrest on treatment with ZnO and doped ZnO. 

Preliminary results regarding in vivo experiments 

showed partial inhibition of tumors along with mild 

enzyme level changes (ALT, AST). Histological 

assessment suggested that there was very little 

inflammation in the presence of higher nanoparticle 

levels, without any liver damage (Tadinada et al., 

2013). 

Safety and Biocompatibility 

Zinc oxide nanoparticles (ZnO NPs) were found to 

exhibit dose-dependent toxicity on animals when their 

dose was above 100 mg/kg. Smaller doses of ZnO 

NPs were well-tolerated by animals, since biomarkers 

for liver and kidney were within normal limits. ZnO 

NPs that had been coated or encapsulated into 

polymeric matrices had significantly less aggregating 

properties than uncoated NPs. 

Table 1: Summary of the biological effects, mechanisms, and safety profile of ZnO-based formulations in liver 

models

Category Key Findings Mechanism / Details Implications 

Zn²⁺ Ion Release & 

ROS Generation 

ZnO formulations 

increase intracellular 

ROS in liver cells 

(HepG2) 

Zn²⁺ ion release → oxidative stress 

→ mitochondrial membrane 

depolarization + DNA damage 

Higher Zn²⁺ release = 

more ROS → 

stronger cytotoxic 

effect 

Apoptosis Induction ZnO exposure triggers 

programmed cell death 

Activation of caspase-3 and 

caspase-9 pathways 

(intrinsic/mitochondrial apoptosis) 

Confirms anticancer 

potential via 

apoptosis 
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Ferroptosis 

Involvement 

Co-treatment enhances 

lipid peroxidation and 

glutathione depletion 

Redox-active agents + ZnO → 

oxidative lipid damage → possible 

ferroptosis 

Suggests dual cell 

death pathways 

(apoptosis + 

ferroptosis) 

Immunomodulatory 

Effects 

ZnO nanoparticles 

enhance stem cell 

immune activity 

Increased secretion of anti-

inflammatory cytokines 

Supports tissue 

healing and immune 

regulation 

Regenerative Potential Improved cell viability 

in regenerative models 

Interaction with stem cells improves 

survival and repair 

Indicates therapeutic 

use beyond cancer 

(e.g., tissue repair) 

In Vitro Liver Studies Dose-dependent 

toxicity in HepG2 and 

Huh7 cells 

ROS increase, DNA fragmentation, 

cell-cycle arrest 

Confirms controlled 

cytotoxic effects for 

cancer targeting 

In Vivo Liver 

Evidence 

Partial tumor 

inhibition with limited 

toxicity 

Minimal changes in ALT/AST; 

mild inflammation at high doses 

Shows potential for 

safe therapeutic use 

with dose control 

Histological Findings Mild inflammation at 

high doses 

No irreversible liver damage 

observed 

Indicates a 

manageable 

biological response 

Safety & 

Biocompatibility 

Toxicity depends on 

dose 

>100 mg/kg → systemic toxicity; 

lower doses → safe 

Defines safe 

therapeutic window 

Surface Modification 

Effects 

Coating reduces 

toxicity and 

aggregation 

Polymeric coatings improve 

stability and reduce harmful 

interactions 

Enhances safety and 

applicability in 

biomedical use 

Discussion 

From the combined results, it is clear that zinc oxide 

(ZnO) nanoparticles, particularly those produced 

through biogenic and composite processes, have 

immense prospects of being used as anticancer drugs 

against hepatocellular carcinoma (Sharma et al., 

2018). Biogenic method using Moringa oleifera is 

eco-friendly and offers biocompatibility on the 

nanoparticle’s surface, increasing stability while 

minimizing off-target cytotoxicity. It appears that the 

biomolecules present on the surface will affect the rate 

of dissolution, leading to the slow dissolution of 

Zn2+(Sarwar et al., 2025). The doping of metal, such 

as silver, together with zinc oxide (ZnO) within 

biopolymers like chitosan and poly(vinyl alcohol) 

(PVA) increases selectivity and decreases system 

toxicity. Selective cytotoxicity to HepG2 was shown 

in the Ag-ZnO film, consistent with previous reports 

showing increased ROS-based cytotoxicity due to 

metal doping and decreased off-target cytotoxicity. 

The films were found to be mechanically stable and 

degradable enough to potentially serve as depots after 

surgery for cancer patients(Ur-Rehman et al., 2025). 

The anticancer activity of ZnO is complex in nature. 

The solubilization of Zn²⁺ ion disrupts the intracellular 

environment, whereas reactive oxygen species cause 

oxidative stress, resulting in cell death either through 

apoptosis or ferroptosis. HepG2 cells demonstrated 

mitochondrial dysfunction, activation of caspases, 

and lipid peroxidation, which supports findings 

previously reported(Badawy et al., 2023). Together, 

these mechanisms explain the selective toxicity 

property of ZnO, since cancer cells usually have an 

increased oxidative stress state, making them more 

vulnerable to damage from ROS. Recent studies have 

shown that ZnO nanoparticles may have the potential 

to exert their function positively with the hepatic 

microenvironment by modulating the immune 

response and regeneration. However, the greatest 

difficulty remains in finding the right balance between 

the efficiency of therapy and the hepatic toxicity 

involved(Hassan et al., 2017a). Even though in vitro 

results are encouraging, there are a number of in vivo 

issues that need to be addressed. It is evident from the 

scarcity of HCC in vivo studies that there is a need for 

pharmacokinetic and biodistribution studies. 

(Khafaga et al., 2024). Variability in terms of 

preparation, size, zeta potential, and method of 

analysis is among the reasons for inconsistency. It is 

important to note that toxicity is a function of dosage 

and also formulation. Despite measures such as 

polymer coating and doping, which reduce 

cytotoxicity, long-term deposition of zinc ions and 

dopants in the liver should not be overlooked, 

especially with the complexity associated with liver 

regeneration and immune responses(Hassan et al., 

2022). In conclusion, ZnO nanoparticles appear to be 

a promising candidate for liver cancer therapy owing 

to the following key attributes: selective toxicity, ROS 

regulation, and regeneration. Further research needs 

to emphasize the combination of ZnO nanoparticle 

standardization and accurate manipulation of their 

physicochemical properties using state-of-the-art in 

vivo models in order to generate a safe and effective 

approach for liver cancer treatment. 

Conclusions & Future Directions 

ZnO NPs have both their inherent anticancer 

properties and flexibility in structure, making them 
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possible candidates for the treatment of HCC. To put 

this observation into clinical practice, however, it 

needs an in-depth research approach. There are a 

number of factors that need to be considered when 

embarking on such a study. First, consistent 

characterization is necessary for making more 

accurate comparisons across studies. The research 

community should adopt a standard for reporting that 

includes detailed characterization of particle size, 

shape, surface charge, dissolution rate, and stability in 

biological systems. Not only will this allow for better 

correlation of nanoparticle properties with behavior, 

but it will also aid in determining the effectiveness 

and potential toxicity of the nanoparticles. Secondly, 

mechanism-based in vivo experiments are needed to 

translate results obtained from in vitro work. The use 

of advanced models, including orthotopic HCC 

models, is recommended in order to obtain insights 

into physiological interactions between the tumor and 

liver. Data on serial imaging, 

pharmacokinetics/pharmacodynamics (PK/PD), 

toxicity, and histopathology are all important in order 

to understand nanoparticle distribution and toxicity. 

Additionally, factors of an immune and regenerative 

nature may be included in the experiments to obtain 

deeper insight into the mechanisms involved. 

Third, efforts to develop more effective combination 

therapies need to be intensified. Apart from using 

ZnO nanoparticles (ZnO NPs) as a drug, they can be 

harnessed effectively for their role as 

chemosensitizers or ferroptosis inducers to enhance 

conventional therapies. Similarly, the use of ZnO 

platforms as drug depots can be considered to ensure 

controlled release and minimize side effects 

associated with drug delivery. Lastly, the use of green 

techniques focusing on sustainability and quality 

control can be used in the production of nanoparticles. 

Strategies involving the use of extracts from Moringa 

oleifera plants minimize the use of chemicals and 

utilize the use of natural stabilizers, which make them 

more compatible. Nevertheless, it is important to note 

that repeatability, purity, and scalability must be 

attained in green chemistry. Translational 

roadmapping is critical for ensuring that the findings 

obtained in basic research make their way to the 

patient’s bedside. In essence, translational 

roadmapping involves early involvement of experts 

such as toxicologists and regulators in order to address 

any issues of concern pertaining to 

immunotoxicology, metabolism, and elimination, as 

well as large-scale manufacturing processes. In 

summary, the future success of employing zinc oxide 

nanoparticles in treating liver cancer is contingent 

upon: (1) characterization, (2) mechanism-based 

studies in vivo, (3) judicious combination therapies, 

(4) green chemistry in production, and (5) strategic 

translational strategies. This will enable zinc oxide 

nanoparticles to move from mere nanomaterials to 

efficacious cancer therapies. 
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