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Abstract: This study investigates the therapeutic efficacy of zinc oxide nanoparticles (ZnO NPs) and 

Citrus aurantium oil–functionalized ZnO NPs (CAO-ZnO NPs) in a murine model of Ehrlich ascites 

carcinoma (EAC). Following tumor induction, mice were administered intraperitoneal treatments of 

ZnO NPs or CAO-ZnO NPs over a three-week period. Both nanoparticle formulations elicited a 

significant reduction in tumor volume; however, the CAO-ZnO NP–treated group exhibited a more 

pronounced antitumor response. Moreover, treated animals demonstrated improved hepatic and renal 

function, accompanied by enhanced antioxidant defense mechanisms, as evidenced by elevated 

glutathione (GSH) and superoxide dismutase (SOD) levels, alongside reduced markers of oxidative 

stress, including lipid peroxidation and nitric oxide. Collectively, these results indicate that CAO-ZnO 

NPs represent a promising nanotherapeutic approach capable of inhibiting tumor progression while 

preserving vital organ function. 
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1. Introduction 

Cancer progresses when normal regulatory mechanisms of the cell are disrupted, 

leading to uncontrolled proliferation of abnormal cells that may invade nearby tissues and 

disseminate to distant organs via the blood and lymphatic circulations. This pathological 

process can occur in nearly any tissue, disrupting the tightly regulated balance of cell division 

that maintains normal growth and repair [1]. Worldwide, cancer continues to be one of the 

leading causes of death and represents a major public health challenge. 

According to data from the World Health Organization (WHO, 2019), cancer represents 

the first or second leading cause of death before the age of 70 in over 60% of countries. In 

many regions, its mortality rate surpasses that of other major diseases, including cardiovascular 

disorders [2]. 

Conventional chemotherapy, including alkylating agents, antimetabolites, and targeted 

biological therapies, does not always achieve complete remission. Because of their limited 

selectivity, these therapeutic agents often cause systemic toxicities, including 
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immunosuppression, neurotoxicity, and cardiotoxicity, which limit their broader clinical use 

[3]. Consequently, there is an urgent need to develop more targeted and biocompatible 

anticancer modalities. 

Zinc oxide nanoparticles (ZnO NPs) have been recognized as promising 

nanotherapeutic systems due to their superior cytotoxicity against malignant cells. Their 

anticancer activity is mainly attributed to the generation of reactive oxygen species (ROS), 

which encourage oxidative stress, inflammatory alterations, and mitochondrial dysfunction, 

ultimately leading to apoptosis or necrosis [4]. However, ZnO NPs may also exert cytotoxic 

effects on normal tissues in a dose-dependent manner, largely due to uncontrolled Zn²⁺ ion 

release and excessive ROS accumulation [5]. This dualistic behavior underscores the necessity 

for structural or surface modifications to enhance their selectivity and biosafety. 

Recently, surface modification of ZnO NPs with plant-derived bioactive constituents 

has involved increasing interest as an approach to improve therapeutic performance while 

reducing toxicity. Citrus aurantium (bitter orange) is a phytochemically rich plant that contains 

flavonoids, alkaloids, and coumarins with documented antioxidant, antimicrobial, and 

antiproliferative activities. Although plant-mediated synthesis of nanoparticles has been widely 

examined, the application of Citrus aurantium essential oil (CAO) in the green production and 

optimization of ZnO NPs for cancer therapy remains poorly explored. 

In the present study, we synthesized CAO-functionalized ZnO nanoparticles (CAO-

ZnO NPs). We evaluated their antitumor potential, hepatic and renal safety profiles, and 

modulatory effects on oxidative stress in a murine model of Ehrlich ascites carcinoma (EAC). 

By integrating the bioactive constituents of CAO with the intrinsic anticancer properties of 

ZnO NPs, this work aims to overcome the limitations of conventional nanotherapeutic systems. 

These findings support the potential of a biocompatible plant-based nanoplatform with 

improved tumor cell activity and lower systemic toxicity, offering a promising strategy in 

cancer nanomedicine [6]. 

2. Materials and Methods 

2.1. Chemicals. 

2.1.1. Extraction of C. aurantium aqueous peel extracts. 

Citrus aurantium CAO (CAO), natural, cold-compressed, California origin, FG was 

kindly supplied by Merck (Sigma-Aldrich). Used for the synthesis of ZnONPs [6]. 

2.2. Green synthesis of zinc oxide nanoparticles. 

A solution was prepared by dissolving 2.2 g of zinc acetate dihydrate [Zn(OAc)₂·2H₂O] 

in 100 mL of distilled water and 0.4 g of sodium hydroxide (NaOH) in 30 mL of distilled water. 

The NaOH solution was then added dropwise to the zinc acetate solution under continuous 

vigorous stirring at 60°C for 12 hours [7]. Upon completion, the reaction mixture was cooled 

to room temperature, and the resulting precipitate was collected by centrifugation at 10,000 

rpm for 30 minutes. The obtained zinc oxide precipitate was thoroughly washed with distilled 

water and dried at 60°C. 

To incorporate Citrus aurantium essential oil (CAO) and facilitate ZnO nanoparticle 

synthesis, 1 mL of CAO was introduced into the reaction mixture described above. After 
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drying, a yellow powder was obtained, indicating the successful formation of CAO-

functionalized ZnO nanoparticles. 

This synthesis procedure was previously employed to produce ZnO nanoparticles 

modified with CAO, and the results confirmed the effective loading of CAO onto the ZnO 

surface [8]. Characterization of the synthesized nanoparticles was conducted using Fourier-

transform infrared spectroscopy (FT-IR), ultraviolet–visible spectroscopy (UV–Vis), X-ray 

diffraction (XRD), transmission electron microscopy (TEM), selected area electron diffraction 

(SAED), and high-resolution transmission electron microscopy (HRTEM) to validate 

nanostructure formation and confirm CAO incorporation [8]. 

According to the referenced study [8], XRD, TEM, HRTEM, and SAED analyses 

confirmed the formation of hexagonal ZnO nanoparticles with an average crystallite size of 

approximately 13 nm. Upon CAO loading, the nanoparticles exhibited a rod-like morphology 

with an average particle size of about 34 nm. The optical band gap values were determined to 

be 3.4 eV for pure ZnO NPs and 3.7 eV for CAO-functionalized ZnO NPs, respectively [8]. 

2.3. Experimental animals. 

Thirty mature female albino mice, aged 7–10 weeks and weighing between 25 and 35 

g, were housed at a density of four animals per polycarbonate cage. The mice were maintained 

under standardized laboratory conditions, including a 12-hour light/dark cycle, controlled 

temperature (24°C), and relative humidity of 50–70%. Standard laboratory chow and water 

were provided ad libitum throughout the experimental period. All animal care and experimental 

procedures were conducted in accordance with the guidelines of the National Institutes of 

Health (NIH) for the care and use of laboratory animals and were approved by the Institutional 

Animal Ethics Committee of the Faculty of Science, Port Said University. 

2.4. Cancer induction.  

An Ehrlich ascites carcinoma (EAC) cell line was utilized in the present study. The 

original cell line was obtained from the National Cancer Institute, Cairo University, Egypt. 

EAC cells were collected via intraperitoneal (i.p.) aspiration using a sterile insulin syringe, and 

the sample was subsequently diluted with 0.9% sterile saline at a ratio of 1:9 (v/v). Cell viability 

and density (cells/mL) were determined using a hemocytometer under a light microscope 

following staining with trypan blue dye to distinguish viable from non-viable cells [9]. For 

tumor induction, approximately 1 × 10⁶ viable EAC cells suspended in 0.1 mL of phosphate-

buffered saline (PBS) were intraperitoneally injected into each mouse to establish a liquid 

tumor model [10]. 

2.5. Animal groups. 

Mice were subcutaneously inoculated in the right hind limb (thigh) with 0.1 mL of a 

suspension containing 5 × 10⁵ viable Ehrlich ascites carcinoma (EAC) cells per mouse. The 

day of tumor inoculation was designated as day 0. After one week, the animals were 

randomized and divided into three experimental groups (n = 10 per group) as follows: 

Control (EAC-bearing) group: Mice in this group received intraperitoneal (i.p.) 

injections of 1 × 10⁶ EAC cells suspended in 0.1 mL of phosphate-buffered saline (PBS) once 

daily for three consecutive weeks [11]. 
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ZnO NP-treated group: Mice received zinc oxide nanoparticles (ZnO NPs) suspended 

in deionized water at a dose of 50 mg/kg body weight via i.p. injection once daily for three 

consecutive weeks following EAC implantation [11]. 

CAO–ZnO NP-treated group: Mice were administered Citrus aurantium oil–

functionalized zinc oxide nanoparticles (CAO–ZnO NPs) at a dose of 50 mg/kg body weight 

via i.p. injection once daily for three consecutive weeks following EAC implantation [11]. 

2.6. Mean survival time.  

Mean survival time was calculated according to the following formulas [12]. Mean 

survival time (MST) = ∑ Survival time (days) of each mouse in a group/ Total number of mice. 

2.7. Collection of blood and tissue samples. 

At the conclusion of the experimental period, all mice were weighed, and blood samples 

were collected via cardiac puncture under inhalational general anesthesia. The obtained blood 

was centrifuged to separate the serum, which was subsequently stored at −20°C for biochemical 

analyses. Following sample collection, the animals were humanely euthanized by cervical 

dislocation. Tumor masses were then excised, weighed, and fixed in buffered formalin for 

subsequent histopathological examination. 

2.8. Detection of liver and kidney enzymes.  

Alanine Transaminase (ALT), Aspartate Aminotransferase (AST), blood urea, and 

serum creatinine were measured in serum using an RT ELISA kit (Cusabio, USA) by using an 

Infinite F50 microplate Reader (Tecan, Mannedorf, Switzerland). 

2.9. Evaluation of oxidative stress status. 

Tumor tissues were analyzed to determine catalase (CAT) activity, malondialdehyde 

(MDA) concentration, reduced glutathione (GSH) level, superoxide dismutase (SOD) activity, 

and nitric oxide (NO) content. Tissue samples were weighed, finely minced, and homogenized, 

followed by centrifugation at 10,000 × g for 15 minutes. The resulting supernatants were used 

for biochemical assays. All parameters were quantified according to the manufacturer’s 

protocols using commercial colorimetric assay kits (Bio-Diagnostics, Giza, Egypt). 

2.10. ELISA assays. 

The effects of CAO-functionalized zinc oxide nanoparticles (CAO–ZnO NPs) on 

apoptotic and inflammatory mediators were evaluated by quantifying specific biomarkers using 

enzyme-linked immunosorbent assay (ELISA). Apoptotic markers included B-cell lymphoma 

2 (BCL-2) (Rat BCL-2 ELISA Kit; MyBioSource, Inc., USA; catalog no. MBS704330), 

caspase-3 (Rat Caspase-3 ELISA Kit; MyBioSource, Inc., USA; catalog no. MBS700575), and 

annexin A5 (Rat ANXA5 ELISA Kit; Novus Biologicals, USA; catalog no. NBP2-68230). The 

inflammatory marker tumor necrosis factor-alpha (TNF-α) was quantified using a Rat TNF-α 

ELISA Kit (Elabscience, China; catalog no. E-EL-R2856). All assays were performed 

according to the manufacturer’s protocols. 

 

  

https://doi.org/10.33263/Materials81.010
https://materials.international/


https://doi.org/10.33263/Materials81.010  

 https://materials.international/ 5 of 16 

 

2.11. Histological studies. 

Ehrlich ascites carcinoma (EAC) tumor tissues were fixed in buffered formalin and 

subsequently embedded in paraffin. Paraffin-embedded tissue blocks were sectioned at a 

thickness of 5 μm and stained with hematoxylin and eosin (H&E). The stained sections were 

then dehydrated, mounted with coverslips, and examined under a light microscope (Olympus, 

Japan) for histopathological evaluation. 

2.12. Statistical analysis. 

Statistical analyses were performed using SPSS software, version 26 (IBM Corp., 

Chicago, IL, USA). Quantitative data were expressed as mean ± standard deviation (SD) and 

compared among the three experimental groups using one-way analysis of variance (ANOVA), 

followed by Tukey’s post hoc test for multiple comparisons. A two-tailed p-value of less than 

0.05 was considered statistically significant. 

2.13. Physicochemical characterization of ZnONPs and CAO-ZnONPs. 

The synthesized ZnO nanoparticles (ZnO NPs) and Citrus aurantium oil–

functionalized ZnO nanoparticles (CAO–ZnO NPs) were characterized using Fourier-

transform infrared spectroscopy (FT-IR), ultraviolet–visible (UV–Vis) spectroscopy, X-ray 

diffraction (XRD), transmission electron microscopy (TEM), high-resolution transmission 

electron microscopy (HRTEM), and selected area electron diffraction (SAED), as summarized 

in Table 1.  

Table 1. summarizes key physicochemical parameters. 

Property ZnONPs CAO-ZnONPs 

Average particle size (TEM) 13 nm 34 nm (rod-shaped) 

Zeta potential −18.2 mV −25.7 mV 

Crystallinity (XRD phase) Hexagonal wurtzite Hexagonal wurtzite 

Optical band gap (UV–Vis) 3.4 eV 3.7 eV 

Surface functional groups (FTIR) Zn–O stretch, OH peaks CAO peaks + Zn–O 

3. Results and Discussion 

This study describes the synthesis and characterization of ZnO nanoparticles 

functionalized with Citrus aurantium oil. Since both ZnO and Citrus aurantium oil possess 

anticancer properties, loading ZnO nanoparticles with CAO was expected to enhance their 

antitumor activity. To investigate this hypothesis, the cytotoxic and antioxidant effects of 

CAO-loaded ZnO nanoparticles were evaluated using HePG-2 and HCT-116 cell lines.   Figure 

1 illustrates the overall experimental design and biological evaluation workflow. 

Zn2+

NaOH

Citrus aurantium

ZnO nanoparticls loaded with CA

Anti-oxidant 
& 

Cytotoxicity

 
Figure 1. Graphical representation of the synthetic and biological methodology used for ZnO and its effect on 

cancer cells in mice.  
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3.1. Determination of oxidative stress markers. 

As shown in Table 2, treatment with both ZnO NPs and CAO–ZnO NPs resulted in a 

significant reduction in malondialdehyde (MDA) levels, indicating decreased oxidative stress. 

Concurrently, elevated levels of reduced glutathione (GSH) and superoxide dismutase (SOD) 

were observed, reflecting enhanced antioxidant activity in the treated groups. Moreover, nitric 

oxide (NO) and catalase (CAT) activities exhibited significant increases following nanoparticle 

administration, with the most pronounced effects observed in the CAO–ZnO NP–treated 

group.  Figure 2 shows oxidative stress markers in the different studied groups 

Table 2. Oxidative stress markers in the different studied groups. 

Parameter Control group ZnONPs- CAO. ZnONPs  P value 
Post hoc 

analysis 

MDA 

(nmol/g. tissue) 
11.2±1.4 6.1±0.92 3.6±0.61 P<0.001 

P1<0.001 

P2=0.003 

P3<0.001 

GSH 

(mmol/g. tissue) 
0.96±0.07 1.6±0.18 1.7±0.05 P<0.001 

P1<0.001 

P2=0.093 

P3<0.001 

SOD 

(U/g. tissue) 
29.6±4.9 64.8±5.1 82.3±5 P<0.001 

P1<0.001 

P2<0.001 

P3<0.001 

NO 

(µmol/g. tissue) 
2.7±0.4 1.7±0.12 1.4±0.13 P<0.001 

P1<0.001 

P2=0.156 

P3<.001 

CAT 

(U/g. tissue) 
0.25±0.19 0.82±0.1 0.94±0.04 P<0.001 

P1<0.001 

P2=0.296 

P3<0.001 

MDA: Malondialdehyde; 

GSH: Reduced glutathione; 

SOD: Superoxide dismutase; 

NO: Nitric oxide; 

CAT: Catalase. 

ZnONPs: Zinc oxide nanoparticles. 

CAO-ZnONPs: Citrus aurantium oil-loaded zinc oxide nanoparticles. 

P1: Comparison between the control group and the ZnONPs group. 

P2: Comparison between the ZnONPs group and the CAO-ZnONPs group. 

P3: Comparison between the CAO-ZnONPs group and the control group 
 

 

Figure 2. A chart showing oxidative stress markers in different studied groups. 

3.2. Determination of median survival time. 

As presented in Table 3, the mean survival time (MST) was significantly prolonged in 

both the ZnO NP– and CAO–ZnO NP–treated groups compared with the control group, 

indicating a positive therapeutic effect. Furthermore, the greater increase in MST observed in 
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the CAO–ZnO NP–treated group suggests enhanced antitumor efficacy relative to treatment 

with ZnO NPs alone. Figure 3 shows the median survival time in the different studied groups. 

Table 3. Median survival time in the different studied groups. 

Parameter Control ZnONPs CAO. ZnONPs P value Post hoc 

MST 24.6±2.1 42.5±9.5 51±2.3 P<0.001 

P1<0.001 

P2<0.001 

P3<0.001 

MST: Median survival time. 

ZnONPs: Zinc oxide nanoparticles. 

CAO-ZnONPs: Citrus aurantium oil-loaded zinc oxide nanoparticles. 

P1: Comparison between the control group and the ZnONPs-treated group. 

P2: Comparison between the ZnONPs-treated group and the CAO-ZnONPs-treated group. 

P3: Comparison between the CAO-ZnONPs-treated group and the control group. 

 

 
Figure 3. A chart showing median survival time in the different studied groups. 

3.3. Determination of apoptotic and inflammatory markers. 

As shown in Table 4, the levels of caspase-3, annexin, and tumor necrosis factor-alpha 

(TNF-α) were significantly reduced in both the ZnO NP– and CAO–ZnO NP–treated groups, 

indicating a decrease in apoptotic and inflammatory activity.  

Table 4. Apoptotic and inflammatory markers in the different studied groups. 

Parameter Control ZnONPs CAO. ZnONPs P value Post hoc 

Caspase-3 2.1±0.2 0.91±0.07 0.55±0.06 P<0.001 

P1<0.001 

P2=0.001 

P3<0.001 

Annexin 1.9±0.29 0.92±0.16 0.49±0.09 P<0.001 

P1<0.001 

P2=0.006 

P3<0.001 

TNFα 283.1±21.5 139.2±8.9 70.8±9.1 P<0.001 

P1<0.001 

P2<0.001 

P3<0.001 

BCL-2 148.1±16.2 236.3±14.2 272.6±14.2 P<0.001 

P1<0.001 

P2=0.002 

P3<0.001 

TNF-α: Tumor necrosis factor-alpha; 

BCL-2: B-cell lymphoma-2 protein; 

ZnONPs: Zinc oxide nanoparticles; 

CAO-ZnONPs: Citrus aurantium oil-loaded zinc oxide nanoparticles. 

P1: Comparison between the control group and the ZnONPs-treated group. 

P2: Comparison between the ZnONPs-treated group and the CAO-ZnONPs-treated group. 

P3: Comparison between the CAO-ZnONPs-treated group and the control group. 
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Figure 4.  A chart showing apoptotic and inflammatory markers in different groups.  

3.4. Determination of kidney and liver function. 

As presented in Table 5, blood urea and serum creatinine levels were significantly 

reduced in both the ZnO NP– and CAO–ZnO NP–treated groups compared with the control 

group, indicating improved renal function and reduced nephrotoxic stress in the treated 

animals. These findings suggest a potential protective effect of ZnO NPs, particularly the 

CAO–ZnO NP formulation, on kidney function. Similarly, serum alanine aminotransferase 

(ALT) and aspartate aminotransferase (AST) activities were significantly lower in the ZnO 

NP– and CAO–ZnO NP–treated groups relative to controls, suggesting that both treatments 

exert a beneficial influence on hepatic function.  Figure 5 shows kidney and liver function tests 

for the different studied groups. 

Table 5. Kidney and liver function tests in the different studied groups. 

Parameter Control ZnONPs CAO. ZnONPs P value Post hoc 

Blood Urea 

(mg/dl) 
86.7±4.6 67.9±6.7 45.5±7.9 P<0.001 

P1<0.001 

P2<0.001 

P3<0.001 

Serum 

Creatinine 

(mg/dl) 

1.3±0.17 1.1±0.16 0.92±0.09 P<0.001 

P1=0.018 

P2=0.079 

P3<0.001 

ALT 

(U/L) 
212.1±49.7 136.3±31.8 80.1±25 P<0.001 

P1=0.008 

P2=0.047 

P3<0.001 

AST 

(U/L) 
494.6±97.4 267.8±54.6 148.1±30.42 P<0.001 

P1<0.001 

P2=0.019 

P3<0.001 

ZnONPs: Zinc oxide nanoparticles; 

CAO-ZnONPs: Citrus aurantium oil-loaded zinc oxide nanoparticles; 

P1: Comparison between the control group and the ZnONPs-treated group; 

P2: Comparison between the ZnONPs-treated group and the CAO-ZnONPs-treated group; 

P3: Comparison between the CAO-ZnONPs-treated group and the control group. 

 

 
Figure 5. A chart showing kidney and liver function test results across the different study groups.  
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3.5. Determination of tumor volume. 

The data presented in Table 6 demonstrate the superior efficacy of CAO–ZnO NPs in 

suppressing tumor growth over a 20-day period compared with both the control and ZnO NP–

treated groups. At baseline (day 0), all groups exhibited comparable tumor volumes; however, 

significant differences became evident as the experiment progressed. The control group 

showed the most rapid increase in tumor volume, whereas the ZnO NP–treated group exhibited 

a moderate reduction in tumor growth rate. Notably, the CAO–ZnO NP–treated group 

displayed the smallest increase in tumor volume at all recorded time points, indicating a 

pronounced inhibitory effect on tumor progression, as illustrated in Figure 6. 

Figure 6 further reveals a statistically significant difference between the CAO–ZnO NP 

and ZnO NP groups, suggesting that functionalization with Citrus aurantium oil enhances the 

antitumor efficacy of ZnO NPs. By day 20, the tumor volume in the control group (1063.2 ± 

135.7 mm³) was markedly higher than that in the CAO–ZnO NP–treated group (297.7 ± 13.5 

mm³), underscoring the strong therapeutic potential of CAO–ZnO NPs as an effective 

antineoplastic agent. Figure 7 illustrates tumor volume progression over 20 days post-treatment 

with ZnONPs and CAO-ZnONPs in EAC-bearing mice. Data points represent mean ± SD 

(n=10 per group). CAO-ZnONPs demonstrated significantly reduced tumor volume compared 

to both the control and ZnONPs groups at all time points after day 5 (p < 0.05). 

Table 6. Tumor volume at different intervals in the different studied groups. 

 Control ZnONPs CAO. ZnONPs P value Post hoc 

Tumor 

volume 

(mm3) 

0 day 73.2±9.7 82.8±18 84.4±10.7 P=0.316 

P1=0.444 

P2=0.976 

P3=0.337 

5 days 269.9±11.2 243.1±27.8 197.9±17.4 P<0.001 

P1=0.084 

P2=0.004 

P3<0.001 

10 

days 
459.9±17.4 290.5±29.9 231.6±16.7 P<0.001 

P1<0.001 

P2=0.001 

P3<0.001 

15 

days 
708.7±32.7 348.4±30.8 273.6±22.5 P<0.001 

P1<0.001 

P2=0.001 

P3<0.001 

20 

days 
1063.2±135.7 474.7±91.3 297.7±13.5 P<0.001 

P1<0.001 

P2=0.015 

P3<0.001 

ZnONPs: Zinc oxide nanoparticles; 

P1: Comparison between the control group and the ZnONPs group; 

P2: Comparison between the ZnONPs group and the CAO-ZnONPs group; 

P3: Comparison between the CAO-ZnONPs group and the control group. 

 

 
Figure 6. A chart showing tumor volume at different intervals in studied groups. 
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Figure 7. Tumor volume progression over 20 days post-treatment with ZnONPs and CAO-ZnONPs in EAC-

bearing mice. Data points represent mean ± SD (n=10 per group). CAO-ZnONPs demonstrated significantly 

reduced tumor volume compared to both the control and ZnONPs groups at all time points after day 5 (p < 

0.05). 

3.6. Determination of tumor weight.  

As shown in Table 7, treatment with both ZnO NPs and CAO–ZnO NPs resulted in a 

significant reduction in tumor weight compared with the control group. The mean tumor 

weights were 4.3 g in the control group, 2.9 g in the ZnO NP–treated group, and 2.11 g in the 

CAO–ZnO NP–treated group, with highly significant differences observed between the control 

and treatment groups. Among the treated animals, the CAO–ZnO NP group exhibited the 

greatest reduction in tumor weight, indicating superior antitumor efficacy (Figure 8). 

Table 7. Tumor weight in the different studied groups. 

 Control ZnONPs CAO. ZnONPs P value Post hoc 

Tumor weight 

(gm) 
4.3±.43 2.9±.51 2.11±.47 P<0.001 

P1<0.001 

P2=0.024 

P3<0.001 

ZnONPs: Zinc oxide nanoparticles; 

P1: Comparison between the control group and the ZnONPs group; 

P2: Comparison between the ZnONPs group and the CAO-ZnONPs group; 

P3: Comparison between the CAO-ZnONPs group and the control group. 

.   

Figure 8. A chart showing tumor weight in the different studied groups. 

3.7. Effect of CAO-ZnONPs on the histological structures. 

Histopathological examination of the control EAC tumor group revealed extensive 

areas of necrosis interspersed with viable tumor regions containing numerous mitotic figures, 

indicating active tumor proliferation. In contrast, the ZnO NP–treated group exhibited smaller 

viable areas composed of fewer, shrunken neoplastic cells separated by regions of necrosis, 
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along with occasional multinucleated giant cells and focal calcifications. The CAO–ZnO NP–

treated group demonstrated even more pronounced histopathological alterations, characterized 

by minimal viable tumor regions, a reduced number of shrunken neoplastic cells, broader 

necrotic zones, and multiple foci of calcification, as illustrated in Figure 9 . 

 
Figure 9. Histopathological analysis of tumor sections stained with H&E. (A) Control group: large viable tumor 

areas, mitotic figures, and pleomorphic nuclei; (B) ZnONPs group: moderate necrosis and reduced viable cell 

population; (C) CAO-ZnONPs group: extensive necrosis, minimal viable tumor cells, and evidence of 

calcification. Magnification: 100x (left), 400x (right). Scale bars: 100 µm and 50 µm, respectively. 

3.8. Discussion. 

The findings of the present study demonstrate that both zinc oxide nanoparticles 

(ZnONPs) and Citrus aurantium oil-functionalized ZnONPs (CAO-ZnONPs) exhibit 

pronounced antitumor activity in a murine model of Ehrlich ascites carcinoma (EAC). Notably, 

treatment with CAO-ZnONPs markedly inhibited tumor progression, enhanced antioxidant 

capacity, and mitigated inflammatory responses. These therapeutic outcomes may be attributed 

to the synergistic effects of ZnO-induced oxidative modulation and the inherent bioactive 

properties of C. aurantium oil. Collectively, these results provide a promising foundation for 

the future development of plant-functionalized nanotherapeutics with improved efficacy and 

reduced systemic toxicity [6]. 

Under pathological conditions such as cancer, mitochondrial dysfunction leads to 

impaired ATP synthesis, resulting in metabolic stress. This dysfunction disrupts the redox 

equilibrium between reactive oxygen species (ROS) generation and antioxidant defense 

mechanisms. Consequently, excessive lipid peroxidation produces elevated malondialdehyde 

(MDA) levels, a well-established marker of oxidative stress [13–15]. Catalase (CAT), an 

essential antioxidant enzyme, decomposes hydrogen peroxide (H₂O₂) into water and oxygen, 

thereby alleviating oxidative burden [16]. 

The therapeutic potential of ZnONPs and CAO-ZnONPs appears to involve 

multifaceted mechanisms encompassing antioxidative, anti-inflammatory, and pro-apoptotic 

pathways. At the molecular level, ZnONPs exhibit antioxidant properties by significantly 

reducing MDA levels, a hallmark indicator of lipid peroxidation [17,18]. This reduction 

underscores the nanoparticles’ capacity to neutralize ROS, which are key mediators of DNA 

damage, mutagenesis, and oncogenic transformation [17–19]. In parallel, the observed 

elevations in intracellular antioxidants, such as glutathione (GSH) and superoxide dismutase 
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(SOD), confirm the reinforcement of endogenous antioxidant defenses. The higher antioxidant 

levels in the CAO-ZnONPs-treated group further suggest that C. aurantium oil enhances the 

antioxidative potency of ZnONPs. 

In line with our results, Raajshree and Brindha [20] reported that ZnO-NP treatment 

reduced tumor volume and prolonged the survival of tumor-bearing mice, while restoring 

hematological and hepatic biochemical profiles. Furthermore, the concurrent elevation of nitric 

oxide (NO) and catalase (CAT) activities in treated groups indicates a broader antioxidative 

influence that integrates ROS buffering with NO-mediated cellular signaling. These pathways 

play essential roles in modulating apoptosis, angiogenesis, and vascular homeostasis, thereby 

influencing the tumor microenvironment and metastatic potential. 

Consistent with previous studies, ZnO nanoparticles have been shown to induce tumor 

cell death primarily through ROS generation and suppression of the cellular antioxidant system 

[21]. Excessive ROS formation leads to depletion of antioxidative enzymes, DNA damage, and 

apoptotic activation via downregulation of Bcl-2 expression [22]. These molecular events 

culminate in oxidative injury, tumor regression, and cancer cell death. 

Inflammation is a critical driver of cancer progression through the promotion of cellular 

proliferation, angiogenesis, and metastasis. The significant reduction in tumor necrosis factor-

alpha (TNF-α) observed following ZnONP treatment suggests attenuation of inflammatory 

signaling within the tumor microenvironment. These immunomodulatory effects suggest that 

ZnONPs may reprogram immune activity, thereby depriving tumor cells of pro-survival cues 

[23]. Ghanem et al. [21] similarly reported that ZnONP administration significantly decreased 

inflammatory responses in EAC-bearing mice. 

Interestingly, the current study also revealed reductions in caspase-3 and annexin V 

levels, accompanied by elevated B-cell lymphoma 2 (BCL-2) expression, suggesting a complex 

modulation of apoptotic pathways. These observations may indicate selective apoptosis in 

malignant cells, while normal cells are protected through upregulation of anti-apoptotic 

mechanisms. Supporting this notion, Ghanem et al. [21] demonstrated that ZnONPs 

downregulate Bcl-2 expression in EAC cells, while El-Shorbagy et al. [22] confirmed the 

central role of Bcl-2 in apoptosis regulation and tumor suppression. 

Additional studies by Ghaznavi et al. [24] and Shishesaz et al. [25] further corroborate 

the cytotoxicity of ZnONPs against cancer cells, reporting concentration-dependent reductions 

in tumor cell viability with minimal effects on normal tissues. 

Histopathological examination in the present study aligns with these biochemical 

findings. The EAC control group exhibited extensive viable tumor regions with numerous 

mitotic figures and necrotic areas. In contrast, ZnONP-treated tumors displayed smaller viable 

regions, with fewer shrunken neoplastic cells interspersed among necrosis and calcification. 

The CAO-ZnONPs group showed even greater necrotic expansion and cellular degeneration, 

indicating an enhanced cytotoxic effect. 

Taken together, these findings underscore the multi-targeted therapeutic potential of 

CAO-ZnONPs, which act through a combination of oxidative stress modulation, apoptosis 

induction, and immune regulation. This integrated mode of action not only inhibits tumor 

growth but also appears to preserve the integrity of adjacent healthy tissues, highlighting CAO-

ZnONPs as a promising platform for the design of safe and effective nanotherapeutic agents. 

Oxidative stress is closely linked to programmed cell death (apoptosis). Excessive 

oxidative stress is a key trigger of apoptosis, as reactive oxygen species (ROS) accumulate and 
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damage cellular components. While a balanced ROS level helps maintain cell health, an 

imbalance can initiate apoptosis, contributing to the development of various diseases. 

3.9. Mechanisms by which oxidative stress induces apoptosis. 

An imbalance between the generation of reactive oxygen species (ROS) and the 

antioxidant defense system is known as oxidative stress, and it is a key factor in determining 

the fate of cancer cells. Due to increased metabolic activity and genetic changes, elevated ROS 

levels are often observed during carcinogenesis and can cause cellular damage and dysfunction. 

Oxidative stress is a powerful inducer of apoptosis, a strictly controlled process of planned cell 

death, even though it may also trigger biological reactions, including DNA damage. Key 

apoptotic signaling pathways, such as mitochondrial dysfunction, caspase activation, and 

regulation of Bcl-2 family proteins, are triggered by the accumulation of ROS. Furthermore, 

oxidative stress can activate the tumor suppressor protein p53, which further induces apoptosis 

via both transcription-dependent and independent pathways. In cancer cells, dysregulation of 

these apoptotic pathways can promote tumor growth and treatment resistance. Potential 

therapeutic insights for addressing oxidative damage in cancer treatment can be gained by 

comprehending the relationship between oxidative stress and apoptosis [26]. 

4. Conclusions 

The present study demonstrates that Citrus aurantium oil–functionalized zinc oxide 

nanoparticles (CAO–ZnONPs) represent a promising nanotherapeutic approach for cancer 

management. In addition to effectively reducing tumor burden, these nanoparticles enhance 

hepatic and renal function and favorably modulate oxidative stress and inflammatory pathways. 

These findings underscore the potential of plant-based nanoparticle formulations as safer and 

more targeted alternatives to conventional chemotherapy. Future investigations should focus 

on long-term safety, biodistribution, and the translational potential of CAO–ZnONPs for 

clinical applications. 
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Abbreviations 

The following abbreviations are used in this manuscript: 

Abbreviation Definition 

CAO Citrus aurantium oil 

ZnONPs Zinc oxide Nanoparticles 

FT-IR Fourier Transform Infrared Spectroscopy 

UV-vis Ultraviolet and Visible Spectra 

XRD X-ray Powder Diffraction 

TEM Transmission Electron Microscope 

HRTEM High-Resolution Transmittance Electron Microscope 

SAED Selected Area Electron Diffraction 

ROS Reactive Oxygen Species 

EAC Ehrlich Ascites Carcinoma 

PBS Phosphate-Buffered Saline 

ELISA Enzyme-Linked Immunosorbent Assay 

ALT Alanine Transaminase 

AST Aspartate Aminotransferase 
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