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Ozonation has emerged as an effective approach to enhance the 
biological efficacy of plant-derived oils through chemical modification. In 
this study, crude and ozonated Ziziphus spina-christi oils were chemically 
characterized by gas chromatography–mass spectrometric (GC-MS) 
analysis and evaluated in vitro for their biological activities. GC–MS 
profiling revealed that the crude oil consisted predominantly of oxygenated 
monoterpenes and aromatic esters, particularly eucalyptol and methyl 
salicylate, along with lower proportions of fatty acids and their derivatives. 
Following ozonation, a marked increase in oxygenated compounds was 
observed, including epoxidized fatty alcohol esters and alkyl ether 
alcohols. Ozonated oil showed pointedly enhanced antibacterial activity, 
minimum inhibitory (MIC) and minimum bactericidal concentrations 
(MBC), with inhibition zones of 37.0 ± 0.6, 31.0 ± 0.1, 25.0 ± 0.8, and 29.0 
± 0.8 mm against Bacillus subtilis, Staphylococcus aureus, Pseudomonas 
aeruginosa and Salmonella typhi, respectively. Ozonated oil inhibited 
biofilm formation by more than 80% at sub-MBC levels and reduced 
bacteria-induced hemolysis by up to 98.1% at 75% MIC. Time-kill kinetics 
confirmed rapid bactericidal effects within 180 min. Moreover, ozonated oil 
exhibited superior anti-inflammatory activity with an IC₅₀ of 2.40 ± 0.09 
µg/mL. These findings highlight ozonated Z. spina-christi oil as a 
promising multifunctional bioactive agent. 
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INTRODUCTION  
  

Medicinal plants are an important source of bioactive chemicals with substantial 

therapeutic potential, especially for the advancement of nontraditional and adjunct 

biomedical techniques (Alawlaqi et al. 2023; Alsalamah et al. 2025a). Ziziphus spina-

christi (L.) Desf. (Rhamnaceae), often known as Christ’s thorn jujube or Sidr, is a perennial 

tree that grows in dry and semi-arid areas of the Middle East, North Africa, and Asia. 

Botanically, the plant has thorny branches, oval leathery leaves, and drupe-like fruits 

(Dafni et al. 2005; Abdulrahman et al. 2022). Its lengthy history of usage in conventional 

therapies for the management of skin problems, wounds, gastrointestinal issues, and 

inflammatory conditions demonstrates its pharmacologic significance (Almasri et al. 2025; 

Bolatkyzy et al. 2025). 
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The oil derived from Z. spina-christi has sparked significant attention due to its high 

concentration of fatty acids, terpenoids, sterols, and phenolic molecules (Alla et al. 2025). 

For centuries, this oil has been exploited to treat wounds, protect the skin, and relieve 

inflammatory symptoms, demonstrating its promise as a multipurpose natural medicinal 

agent (Kadioglu et al. 2016). Plant-derived oils have gained popularity in recent years as 

part of novel biomedical techniques due to their biocompatibility and extensive biological 

activity (Qanash et al. 2023). In vitro studies are critical in this procedure since they are 

the first stage of assessing bioactivity, health risks, and mechanistic insights before moving 

on to in vivo investigations (Al-Rajhi and Abddelghany 2023). 

Ozonation has evolved as a new and successful approach for increasing the 

biological effectiveness of natural oils (Al-Rajhi et al. 2025b). Ozonation produces 

oxygenated derivatives such as ozonides and peroxides when it reacts with unsaturated 

fatty acids, which have been linked to better antibacterial and anti-inflammatory properties 

(Alsalamah et al. 2025b). This chemical change provides a promising route for increasing 

the medicinal properties of natural oils without using synthetic chemicals (de Sousa et al. 

2023). Gas chromatography-mass spectrometry (GC-MS) is an important analytical 

technique for assessing these alterations, since it allows for a complete comparison of the 

chemical profiling of crude and ozonized oils while also correlating compositional 

variations to biological function (Al-Rajhi et al. 2025c). 

Microbial infections remain to be a serious health concern, particularly because 

biofilm formation develops resistance to antimicrobial drugs and leads to chronic and 

ongoing infections (Sharma et al. 2023). Furthermore, many pathogenic bacteria have 

hemolytic function, which worsens disease severity (Sahu et al. 2023). Natural oils have 

shown promise antibacterial, antibiofilm, and antihemolytic capabilities, suggesting 

alternatives to traditional treatments (Alsolami et al. 2023). In parallel, inflammation 

underpins a wide range of clinical disorders, and natural oils high in bioactive lipids and 

antioxidants have been found to be highly effective in moderating inflammatory responses 

and preventing damage to tissues (Rabbaa et al. 2025).  

Recent studies, including the work of Alsalamah et al. (2026) on ozonated camphor 

oil, have demonstrated that ozonation can enhance the biological activity of essential oils, 

particularly in terms of antifungal and anticancer properties. However, important gaps 

remain in understanding the broader biological implications of this modification, especially 

regarding antibacterial efficacy against clinically relevant pathogens, inhibition of biofilm 

formation, and mitigation of bacterial virulence factors such as hemolysis. Furthermore, 

limited attention has been given to correlating ozonation-induced chemical transformations 

with multifunctional biological activities or to evaluating the kinetics of antimicrobial 

action. The current work is among the most recent to correlate ozonation-induced chemical 

transformations with the inhibition of key bacterial virulence factors such as biofilm 

formation and hemolysis. These combined methodological and conceptual advances 

distinguish the present study from previous reports and provide new insights into the 

multifunctional therapeutic potential of ozonated plant oils. Therefore, the present study 

aims to address these gaps by integrating GC–MS-based chemical characterization with a 

comprehensive set of in vitro biological assays, including antibacterial, antibiofilm, 

antihemolytic, and anti-inflammatory evaluations. In addition, time-kill kinetic analysis 

was employed to provide dynamic insight into bactericidal activity. This combined 

approach suggests a more holistic understanding of how ozonation improves the 
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therapeutic potential of plant-derived oils and supports their development as 

multifunctional bioactive agents. 

 

 

EXPERIMENTAL 
 
Chemicals and Test Microorganisms 

The oil of Ziziphus spina-christi utilized in this study was produced using a cold-

pressing extraction method and procured from a regional supplier in Saudi Arabia (product 

code: 004562). All experimental chemicals and reagents were of analytical grade and 

obtained from Sigma-Aldrich (Saudi Arabia). Bacterial strains used for antibacterial 

evaluation were kindly supplied by Prof. Tarek Mohamed (Cairo, Egypt). The microbial 

panel consisted of Bacillus subtilis (ATCC 6633), Staphylococcus aureus (ATCC 6538), 

Pseudomonas aeruginosa (ATCC 27853), and Salmonella typhi (ATCC 6539). 

 

Ozonation of Z. spina-christi Oil 
Ozone was produced using an electrically driven ozonation generator. A 1.5 L 

Drechsel flask containing 6.0 mL of Z. spina-christi oil was placed in a cooling bath 

maintained at −7 °C and positioned near the plasma reactor outlet. Ozone gas was 

introduced into the oil at a controlled flow rate of 0 to 8 L/min for four hours, leading to 

the formation of a partially solidified material. Upon completion of the ozonation process, 

the treated oil was removed from the flask, transferred to an airtight container, and stored 

at 4 °C until further use (Al-Rajhi et al. 2024). 

 

Phytochemical Characterization of Z. spina-christi Oil and Ozonized Oil by 
GC–MS 

Chemical composition analysis was carried out using a GC-MS system equipped 

with an Rt-562 capillary column (96.0 m × 0.26 mm × 0.20 μm; PerkinElmer, Germany), 

an automated sample injector (2410-PerkinElmer, Germany), and a flame ionization 

detector (FID). Chromatographic signals recorded by the FID were processed using 

Compass CDS software (PerkinElmer, Germany). Helium was employed as the carrier gas 

with a split ratio of 97:1. The instrument was operated with a nine-minute pre-run period, 

achieving equilibrium within 0.6 min. The oven temperature program consisted of two 

heating stages: an initial increase at 6 °C/min to 215 °C, followed by a second ramp at the 

same rate up to 292 °C, starting from an initial temperature of 43 °C. Analyses were 

conducted under programmed heating conditions between 102 and 286 °C, with thermal 

stabilization reached after 20 min. The carrier gas flow was fixed at 1.1 mL/min 

(Abdelghany et al. 2020). 

 

Assessment of Antimicrobial Activity of Tested Oil Preparations 
The antibacterial activity of native Z. spina-christi oil and its ozonized derivative 

was examined in vitro using the agar well diffusion assay against selected bacterial strains. 

Mueller–Hinton agar was used as the growth medium. Bacterial suspensions (100 µL; 1.8 

× 10⁶ CFU/mL) were uniformly spread over the agar surface. Wells were aseptically 

prepared using a sterile cork borer, and predetermined volumes of the oil samples were 

introduced into each well. Gentamicin at a concentration of 0.07 mg/mL was used as the 

reference antibiotic, while 5% dimethyl sulfoxide (DMSO) served as the negative control. 
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Bacterial cultures were incubated at 37 °C for 48 h. Antimicrobial effectiveness was 

quantified by measuring the diameter of the clear inhibition zones formed around the wells 

(Al-Rajhi et al. 2025b). 

 
Determination of Minimum Inhibitory and Minimum Bactericidal 
Concentrations  

The minimum inhibitory concentration (MIC) values of the investigated samples 

were established using the broth microdilution method in nutrient-supplemented media. 

Serial two-fold dilutions were prepared to obtain concentrations ranging from 0.98 to 1000 

µg/mL. Aliquots of 100 µL from each dilution were dispensed into 96-well microplates. 

Fresh microbial suspensions were prepared and standardized to the turbidity of a 1.0 

McFarland reference. Each well was inoculated with 2.5 µL of sterile 0.9% NaCl, resulting 

in a final microbial density of 2.0 × 10⁶ CFU/mL. The microplates were incubated at 38 °C 

for 72 h for bacterial strains. The MIC values were defined as the lowest concentration that 

completely suppressed visible microbial growth, as determined by optical assessment. 

Positive controls (inoculated medium without test samples) and negative controls (test 

samples without inoculum) were included. For minimum bactericidal concentration (MBC) 

determination, 100 µL from wells showing total growth inhibition were subcultured onto 

fresh agar plates. The MBC corresponded to the lowest concentration at which no microbial 

growth was detected after incubation (Bazaid et al. 2025). 

 

Antibiofilm Activity of Z. spina-christi Oil Samples 
The influence of the tested oil samples on bacterial biofilm formation was 

investigated using a 96-well microplate assay. Briefly, each well received 300 μL of freshly 

prepared trypticase soy yeast (TSY) broth inoculated with bacterial cells at sub-lethal 

concentrations corresponding to 75%, 50%, and 25% of the previously determined MBC 

values. The final bacterial density was adjusted to 1 × 10⁶ CFU/mL. Control wells 

contained TSY medium with methanol but lacked plant extracts. The microplates were 

incubated at 38 °C for 48 h to allow biofilm development. After incubation, bacterial cells 

were removed by discarding the supernatant, and each well was gently rinsed with sterile 

distilled water to eliminate non-adherent bacteria. The plates were air-dried for 35 min and 

subsequently stained with 0.1% crystal violet solution for 15 min at room temperature to 

visualize biofilm formation. Excess stain was removed by washing with sterile distilled 

water. Thereafter, 250 μL of 95% ethanol was added to solubilize the dye bound to biofilm 

cells. Following a 16-min incubation, absorbance was measured at 580 nm using an ELISA 

microplate reader. Antibiofilm activity was calculated according to the following formula, 

Antibiofilm activity (%) = [(ODcontrol − ODsample) / ODcontrol] × 100         (1) 

where ODcontrol represents the optical density of untreated bacterial biofilm and ODsample 

corresponds to treated wells (Selim et al. 2025). 

 

Hemolysis Inhibition Assay 
The hemolytic activity of Z. spina-christi oil samples at sub-inhibitory 

concentrations (25.0%, 50.0%, and 75.0% of MIC) was evaluated following the method 

described (Yahya et al. 2022). Bacterial cultures were standardized to an optical density of 

0.4 at 595 nm and subsequently centrifuged at 20,000 × g for 24 min in the presence of the 

designated sub-MIC concentrations or without treatment. Aliquots (500 μL) of the resulting 
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supernatants were mixed with freshly prepared erythrocyte suspensions (2.0%) in 0.80 mL 

of saline solution and incubated at 36 °C for 120 min. The mixtures were then centrifuged 

at 16,000 × g for 10 min at 4 °C.  

Complete hemolysis was achieved by treating erythrocytes with 0.1% sodium 

dodecyl sulfate (SDS) and used as a positive control, while non-hemolyzed erythrocytes 

incubated in LB broth served as the negative control. All experiments were conducted in 

triplicate. Hemoglobin release was quantified by measuring absorbance at 545 nm. 

Hemolytic activity of treated samples was expressed as mean ± standard error relative to 

untreated controls. The level of hemolysis was calculated using the formula,  
 

Hemolysis (%) = [(a − b) / (t − b)] × 100                                 (2) 
 

where a denotes absorbance of the test sample, b represents baseline absorbance of 

erythrocytes in sterile medium, and t corresponds to total hemolysis induced by 0.10% 

SDS. 

 

Time-Kill Kinetic Assay 
Time-dependent bactericidal activity of the tested oil specimens against examined 

bacteria was assessed using a kill-kinetics assay. Fresh bacterial cultures were adjusted to 

a 0.7 McFarland standard and inoculated into broth media to obtain a final concentration 

of 1.20 × 10⁶ CFU/mL. The cultures were then exposed to MIC levels of the tested oil 

formulations.  

At predetermined time intervals (0, 30, 60, 90, 120, 150, and 180 min), 0.5 mL 

aliquots were withdrawn, plated onto agar media, and incubated overnight at 38 °C. Control 

samples consisted of bacterial cultures grown without test compounds. Colony-forming 

units (CFU) were enumerated at each time point, and reductions in CFU/mL were 

calculated relative to the initial inoculum. Time-dependent antimicrobial effects were 

evaluated by monitoring changes in bacterial population dynamics throughout the 

experiment.  

Data interpretation was performed in accordance with standardized protocols to 

assess the killing efficiency of the tested samples compared with the reference 

antimicrobial agent (To et al. 2026). 

 

Evaluation of Anti-Inflammatory Activity of Tested Oil Formulations 
Anti-inflammatory potential was determined using the protein denaturation assay. A 

total volume of 450.0 μL of a 1.0% aqueous bovine serum albumin (BSA) solution was 

combined with 50 μL of the test samples at concentrations ranging from 5.0 to 50.0 µg/mL. 

The pH of the reaction mixture was adjusted to 6.4 using 1.0 N hydrochloric acid. The 

mixtures were incubated at ambient temperature for 25.0 min, followed by heating at 55 

°C for 35 min in a water bath. After cooling to room temperature, absorbance was recorded 

at 652 nm using a Hitachi 312 Plus spectrophotometer (Japan). Diclofenac sodium was 

employed as the standard anti-inflammatory drug, while dimethyl sulfoxide (DMSO) was 

used as the control. 

 

Statistical Analysis 
All experimental data are expressed as mean ± standard deviation (SD) from three 

independent experiments. Statistical comparisons among groups were performed using 

Student’s t-test and one-way analysis of variance (ANOVA). Data analysis was carried out 
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using GraphPad Prism software version 8 (San Diego, CA, USA). Statistical significance 

was established at a probability level of P < 0.05. 

 

 

RESULTS AND DISCUSSION 
 
Transformation of Chemical Composition in Z. spina-christi Oil after 
Ozonization 

 

GC–MS analysis of crude Ziziphus spina-christi oil identified 14 compounds 

spanning multiple chemical classes. The dominant constituents were oxygenated 

monoterpenes and aromatic esters, with eucalyptol (31.5%) and methyl salicylate (22.4%) 

representing the most abundant compounds. In addition, the oil contained moderate to low 

levels of fatty acids, fatty acid esters, and long-chain alcohols (Table 1, Fig. 1A). 

 

Table 1. Chemical Composition of Crude Z. spina-christi Oil (GC–MS Analysis) 
 

RT 

(min) 

Compound Name Molecular 

Weight 

Molecular 

Formula 

Area 

(%) 

Class 

5.23 Eucalyptol 154 C10H18O 31.5 Oxygenated 

monoterpene 

7.41 Bicyclo[2.2.1]heptan-2-one, 

1,7,7-trimethyl-, (1S) 

152 C10H16O 6.7 Monoterpene 

ketone 

8.89 Methyl salicylate 152 C8H8O3 22.4 Aromatic ester 

29.86 17-Octadecynoic acid 280 C18H32O2 13.4 Alkynoic fatty 

acid 

34.12 2-Methyl-Z,Z-3,13-

octadecadienol 

280 C19H36O 2.2 Branched 

unsaturated fatty 

alcohol 

34.24 12-Methyl-E,E-2,13-

octadecadien-1 ol 

280 C19H36O 2.7 Branched 

unsaturated fatty 

alcohol 

34.88 1,2-15,16-Diepoxyhexadecane 254 C16H30O2 1.8 Diepoxy alkane 

34.98 11,14-Eicosadienoic acid, methyl 

ester 

322 C21H38O2 2.3 Polyunsaturated 

fatty acid methyl 

ester 

40.23 Undec-10-ynoic acid, hexadecyl 

ester 

406 C27H50O2 1.7 Fatty acid alkynyl 

ester 

40.51 9-Hexadecenoic acid 254 C16H30O2 2.2 Monounsaturated 

fatty acid 

40.58 Z-8-Methyl-9-tetradecenoic acid 240 C15H28O2 1.8 Branched 

monounsaturated 

fatty acid 

41.08 Ethanol, 2-(9-octadecenyloxy)-, 

(Z)- 

312 C20H40O2 3.7 Alkyl ether 

alcohol 

41.48 12-Methyl-E,E-2,13-

octadecadien-1 ol 

280 C19H36O 4.8 Branched 

unsaturated fatty 

alcohol 

41.77 9-Octadecadienoic acid (Z)- 282 C18H34O2 2.8 Polyunsaturated 

fatty acid 
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Although present at lower relative abundances, unsaturated fatty acids and their 

derivatives remain functionally important due to the presence of reactive carbon–carbon 

double bonds. Following ozonation, the number of detected compounds increased to 16, 

accompanied by a pronounced shift toward oxygenated species, including epoxidized fatty 

alcohol esters and alkyl ether alcohols (Table 2, Fig. 1B). Concurrently, the relative 

abundance of several native unsaturated fatty acids decreased. These changes are attributed 

to the preferential reaction of ozone with unsaturated bonds, leading to oxidative cleavage 

and formation of oxygen-rich derivatives such as epoxides, peroxides, and esterified 

products. As a result, the ozonated oil exhibits increased chemical diversity and oxygen 

content, transforming it from a mixed-composition oil into a system enriched with 

functionally active oxygenated compounds. This ozonation-induced transformation 

converts the oil from a lipid-rich, highly unsaturated matrix into a chemically modified oil 

enriched with oxygenated and potentially bioactive compounds in the same line with other 

reports (Radzimierska-Kaźmierczak et al. 2021; Vieira et al. 2025). Furthermore, the 

present findings are consistent with published work on examined ozonated oils, which 

report reduced unsaturation and increased formation of oxygen-rich compounds associated 

with enhanced biological activities (Dominguez Lacueva et al. 2025; Sathwik et al. 2025). 

 

Table 2. Chemical Composition of Ozonated Z. spina-christi Oil (GC–MS Analysis) 
 

RT 

(min) 

Compound Name Molecular 

Weight 

Molecular 

Formula 

Area 

(%) 

Class 

26.83 n-Hexadecanoic acid 256 C16H32O2 4.8 Fatty acid 

28.96 Oleic Acid 282 C18H34O2 2.2 Fatty acid 

29.86 9,12-Octadecadienoic acid (Z,Z)- 280 C18H32O2 16.1 Fatty acid ester 

34.13 9,12-Octadecadienoic acid (Z,Z)-, 2-

hydroxy-1-(hydroxymethyl)ethyl ester 

354 C21H38O4 2.2 Fatty acid ester 

34.25 Cyclopropaneoctanoic acid, 2-[[2-[(2-

ethylcyclopropyl)methyl]cyc 

lopropyl]methyl]-, methyl ester 

334 C22H38O2 2.3 Fatty acid ester 

34.87 17-Octadecynoic acid 280 C18H32O2 2.8 Fatty acid 

40.23 Cholestan-3-ol, 2-methylene-, (3α,5α) 400 C28H48O 2.7 Sterol 

40.50 9-Octadecadienoic acid (Z)- 436 C25H40O6 9.4 Fatty acid 

41.14 12-Methyl-E,E-2,13-octadecadien-1 ol 280 C19H36O 4.6 Unsaturated fatty 

alcohol 

41.71 9,12,15-Octadecatrienoic acid, 2-

(acetyloxy)-1-[(acetyloxy)methyl]et hyl 

ester, (Z,Z,Z) 

436 C25H40O6 6.3 Polyunsaturated 

fatty acid ester 

41.87 Z-(13,14-Epoxy)tetradec-11-en-1-ol 

acetate 

268 C16H28O3 7.6 Epoxidized 

unsaturated fatty 

alcohol ester 

43.39 1-Heptatriacotanol 536 C37H76O 8.3 Long-chain fatty 

alcohol 

43.95 Z,Z-3,15-Octadecadien-1-ol acetate 308 C20H36O2 3.4 Unsaturated fatty 

alcohol ester 

44.18 Tricyclo[20.8.0.0(7,16)]triacontane, 

1(22),7(16)-diepoxy 

444 C30H52O2 .25 Epoxidized 

polycyclic 

hydrocarbon 

44.92 13-Heptadecyn-1-ol 252 C17H32O 4.7 Alkynol 

45.13 Ethanol, 2-(9-octadecenyloxy)-, (Z)- 312 C20H40O2 19.5 Long-chain alkyl 

ether alcohol 
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Fig. 1. Distribution of various molecules with different classes: (A) Crude Z. spina-christi oil; and 

(B) After ozonation 

 

Although GC–MS analysis confirmed significant compositional changes following 

ozonation, the present study did not include standard physicochemical parameters such as 

peroxide value, FT-IR spectroscopy, or viscosity measurements. These analyses are 

commonly used to quantify the degree of ozonation and assess process reproducibility. 

Therefore, the extent of oxidation in this study is inferred primarily from compositional 

shifts rather than direct oxidation indices. Future studies should incorporate these 

measurements to provide a more comprehensive evaluation of ozonated oil properties and 

ensure process standardization. 
 

Antibacterial Potential and MIC, and MBC of Crude and Ozonized Oil  
The antibacterial assay demonstrated that ozonized Ziziphus spina-christi oil 

exhibited enhanced activity compared to the crude oil against both Gram-positive and 

Gram-negative bacteria. Among Gram-positive strains (Bacillus subtilis and 

Staphylococcus aureus), the inhibition zones increased from 33 ± 1 and 27 ± 0.2 mm to 37 

± 0.6 and 31 ± 0.1 mm, respectively. Similarly, for Gram-negative bacteria (Pseudomonas 
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aeruginosa and Salmonella typhi), the inhibition diameters rose from 18 ± 0.5 and 21 ± 0.8 

mm to 25 ± 0.8 and 29 ± 0.8 mm, respectively, following ozonation (Fig. 2 and Table 3).  

The crude Z. spina-christi oil showed moderate inhibitory effects, which can be 

attributed to its native lipid constituents, particularly unsaturated fatty acids and fatty acid 

esters identified by GC–MS analysis. These molecules exert antibacterial effects primarily 

through partial disruption of bacterial cell membranes; however, their efficacy is limited, 

especially against Gram-negative bacteria with more complex cell envelope structures. In 

contrast, the enhanced antibacterial impact of the ozonized oil correlates strongly with the 

presence of oxygenated and bioactive compounds such as epoxidized fatty alcohol esters, 

alkyl ether alcohols, eucalyptol, and methyl salicylate. These oxygen-rich derivatives are 

reported to increase membrane permeability, induce oxidative stress, and interfere with 

essential cellular processes, resulting in broader and more effective antibacterial activity 

(Khwaza et al. 2025). Additionally, the observed outcomes are in the same line with 

previous investigations on ozonated oils, which report improved antimicrobial efficacy 

following ozonation (Slavinskienė et al. 2024).   

 

 
 

Fig. 2. Antibacterial action of Z. spina-christi oil using agar diffusion technique versus S. aureus, B. 

subtilis, P. aeruginosa and S. typhi). [C: crude oil; O3: Ozonized oil; B: Blank, S: Standard drug] 

 

The MIC and MBC results revealed that ozonized Z. spina-christi oil had a 

significantly higher antibacterial potency (P ≤ 0.05) than crude oil. The crude oil had a 

higher MIC and MBC value, indicating that greater quantities were required to suppress 

bacterial growth and achieve bactericidal activity (Table 4). These data demonstrated 

modest antibacterial activity of crude oil and bacteriostatic characteristics at lower levels. 

In contrast, ozonized oil had significantly decreased MIC and MBC values over both 



  

PEER-REVIEWED ARTICLE   bioresources.cnr.ncsu.edu  

  

 

Mohamed (2026). “Ozonated Ziziphus spina-christi,” BioResources 21(2), 4701-4719.    4710  

Gram-positive and Gram-negative bacteria, indicating increased bactericidal activity. 

These findings are consistent with the GC-MS profile of the ozonized oil, which showed 

higher quantities of oxygenated chemicals capable of damaging bacterial membranes and 

increasing cell death (Augello et al. 2024). Similar reductions in MIC and MBC levels after 

ozonation have been documented in the literature, which are attributed to improved oxygen 

functionality and the generation of reactive lipid derivatives (Qanash et al. 2025). The 

current results were supported by similar studies but on other oils. Al-Rajhi et al. (2025c) 

reported that the tested bacteria were more effectively inhibited by ozonized mustard oil 

(OMO), which exhibited MIC values ranging from 15.6 to 62.5 µg/mL and MBC values 

from 15.6 to 125 µg/mL. In comparison, non-ozonized mustard oil (NOMO) showed 

higher MIC (31.25 to 125 µg/mL) and MBC (62.5 to 500 µg/mL) values against E. faecalis, 

S. aureus, K. pneumoniae, and S. typhi, indicating lower antibacterial potency. As another 

example, Al-Rajhi et al. (2024) reported that ozonated black seed oil exhibited superior 

MIC (7.8 to 15.62 µg/mL) and MBC (7.8 to 31.25 µg/mL) values compared with non-

ozonated oil against multiple pathogenic strains, confirming that ozonation consistently 

enhances the antimicrobial activity of plant-derived oils. 

 

Table 3. Antibacterial Action (mm) of Z. spina-christi Oil Types versus Tested 
Bacteria  

Tested Bacteria Crude Oil Crude Oil + O3 Standard Drug 

(Gentamicin) 

B. subtilis 33±1 37±0.6 30±0.8 

S. aureus 27±0.2 31±0.1 24±1.0 

P. aeruginosa 18±0.5 25±0.8 23±0.5 

S. typhi 21±0.8 29±0.8 20±0.6 

The outcomes are tabulated as means ± SD  

 

Table 4. MIC and MBC Levels of Z. spina-christi Oil Types for Examined Bacteria 

Tested 

Bacteria 

MIC Levels MBC Levels 

Crude Oil Crude Oil +O3 Crude Oil Crude Oil +O3 

B. subtilis 31.25 ±0.4a 15.62±0.2 b 62.5±0.2 a 31.25±0.2 b 

S. aureus 31.25 ±0.2 a 15.62±0.3 b 31.25±0.3 a 15.62±0.1 b 

P. aeruginosa 62.5 ±0.3 a 15.62±0.4 b 125±0.2 a 31.25±0.3 b 

S. typhi 31.25±0.2 a 15.62±0.2 b 62.5±0.4 a 31.25±0.4 b 

The results are reported as means ± SD; various letters above numbers refer to significant 
difference where P ≤ 0.05 
 
The Action of Ozonation on Antibiofilm Activity of the Tested Oils 

The antibiofilm results demonstrated that ozonized Z. spina-christi oil exhibited 

higher biofilm inhibition compared to the crude oil against both Gram-positive and Gram-

negative bacteria (Figs. 3 and 4). The crude Z. spina-christi oil showed moderate 

antibiofilm activity, which can be attributed to its native lipid constituents, particularly 

unsaturated fatty acids and fatty acid esters identified by GC–MS analysis. These 

compounds may partially interfere with bacterial adhesion and early biofilm formation; 

however, their effectiveness against established biofilms is limited. In contrast, ozonized 

oil demonstrated higher antibiofilm efficacy, which is directly related to the compositional 

alterations reported in the GC-MS results. 
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Fig. 3.  Antibiofilm activity of crude and ozonized Z. spina-christi oil towards Gram-positive and 

Gram-negative bacteria: (A) B. subtilis (B) S. aureus, (C) P. aeruginosa, and (D) S. typhi. The 

outcomes are shown as means ± SD; various letters indicate significant difference where P ≤ 0.05 

 

Ozonation resulted in the production of oxygenated and bioactive molecules such 

as epoxidized fatty alcohol esters, alkyl ether alcohols, eucalyptol, and methyl salicylate, 

which have been shown to disrupt biofilm architecture via a variety of mechanisms. 

Regarding the effect on Gram-positive bacteria, ozonized oil most likely disrupts cell wall 

integrity and reduces extracellular polymeric substance formation, thereby weakening 

biofilm structure (Silva et al. 2020). Regarding the impact on Gram-negative bacteria, the 

oxygenated compounds have been shown to promote membrane permeability, disrupt 

quorum sensing, and collapse the extracellular biofilm matrix, lowering biofilm formation 

and permanence. The results obtained are consistent with previously published research on 

ozonated oils, which found that increased oxygen functionality improves antibiofilm action 

towards both Gram-positive and Gram-negative bacteria by triggering oxidative stress, 

influencing communication between cells, and influencing biofilm stability (Pinto et al. 

2025). According to Al-Rajhi et al. (2025c), at 25% of the MIC, NOMO caused lower 

biofilm inhibition (44.4%, 64.4%, 14.3%, and 16.4%) compared to OMO, which achieved 

higher inhibition rates of 79.7%, 91.2%, 93.7%, and 19.3% against faecalis, S. aureus, K. 

pneumoniae, and S. typhi, respectively 
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Fig. 4. Antibiofilm action of Z. spina-christi cured oil, and ozonized form towards B. subtilis, S. 

aureus, P. aeruginosa, and S. typhi at different sub-inhibitory MBC levels (25%, 50%, and 75%) in 

96 well plats.  

 

 
 

Fig. 5. Anti-hemolytic impact of crude and ozonized Z. spina-christi oil at different concentrations 

% of oil MIC in presence of various bacteria: (A) B. subtilis (B) S. aureus, (C) P. aeruginosa, and 

(D) S. typhi (Data are drawn as means ± SD; different small letter refers to significant difference 

where P ≤ 0.05)  
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The Role of Ozonation on Anti-Hemolytic Action of the Oil Forms 
The antihemolytic testing revealed that ozonized Z. spina-christi oil slightly 

outperformed crude oil in protecting erythrocytes toward bacteria-induced hemolysis 

across all tested bacterial strains (Figs. 5 and 6).  

 

 

 
Fig. 6. Antihemolytic activity of Z. spina-christi oil (Cure oil – Capital letters), ozonized oil (Small-

case letters) in presence of various bacteria: (A, a) B. subtilis (B) S. aureus, (C) P. aeruginosa, and 

(D) S. Typhi at different sub-inhibitory levels where 1: 1/4 MIC, 2: 1/2 MIC, 3: 3/4 MIC, 4: Positive 

Control, and 5: Negative Control) 

 

The crude oil has moderate preventive effects, owing to its high amount of 

unsaturated fatty acids detected by GC-MS, which can partially maintain erythrocyte 

membranes but are still susceptible to bacterial toxins and oxidative damage, as illustrated 

in previous work (Rahim et al. 2025).  In the presence of Gram-positive bacteria such as 

S. aureus and B. subtilis, ozonized Z. spina-christi oil had more antihemolytic effect than 

crude oil. This improvement can be attributed to oxygenated chemicals determined by GC-

MS, including eucalyptol, methyl salicylate, and epoxidized fatty derivatives, which are 

known to break bacterial cell walls and limit hemolysin synthesis. According to published 

studies, ozonated oils are more efficient versus Gram-positive bacteria owing to their 

simplest cell wall structure, which reduces toxin-mediated erythrocyte degradation (Silva 

et al. 2020; Bazaid et al. 2025). Regarding Gram-negative bacteria, both oils provided less 

protection than Gram-positive strains as P. aeruginosa and S. typhi; however, the ozonized 

oil revealed significantly increased (P ≤ 0.05) antihemolytic activity especially upon using 
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25% of MIC of the oil. The occurrence of alkyl ether alcohols and epoxidized esters in 

ozonized oil is thought to raise membrane permeability and interfere with bacterial outer 

membranes, lowering lipopolysaccharide-induced oxidative stress. This finding is 

consistent with previous research demonstrating that ozonated oils may partially counteract 

the innate resistance of Gram-negative bacteria via oxidative processes (Grandi et al. 

2022).  

 

Time–Kill Kinetic Activity Against Gram-Positive and Gram-Negative 
Bacteria 

The time-kill kinetic analysis found that ozonized Z. spina-christi oil had a faster 

and more pronounced bactericidal effect than crude oil toward both Gram-positive and 

Gram-negative bacteria. The crude Z. spina-christi oil demonstrated a steady decline in the 

number of bacteria over time, indicating a slow bactericidal effect. This moderate action is 

due to its native lipid contents, specifically unsaturated fatty acids detected by GC-MS 

analysis, which have been shown to damage bacterial membranes to a small amount but 

require sustained contact to accomplish considerable death, as reported by Sharmin et al. 

(2025). In contrast, ozonized sider oil showed a rapid, time-dependent drop in relevant 

bacterial counts, indicating increased bactericidal activity.  

 

Table 5. Time–Kill Kinetic of Crude Z. spina-christi Oil against Tested Gram-
Positive and Gram-Negative Bacteria at Different Time Points  

Time 

(min) 

B. subtilis 

(CFU)  

S. aureus 

(CFU)  

P. aeruginosa 

(CFU) 

S. typhi 

(CFU) 

0 52×105 ±1.4 33×105±0.2 57×105±0.6 45×105±0.8 

30 49×104±1.0 55×104±0.5 37×104±2.0 94×104±1.2 

60 66×103± 0.7 34×103±0.4 212×103±1.4 153×103±1.0 

120 39×102 ±0.1 42×102 ±1.5 117×102±0.2 93×102 ±2.0 

150 102×10 ±1.0 94×102 ±0.9 113×10±0.1 53×10 ±0.6 

180 25±0.4 112 128±1 145 

360 0 0 0 5 

Results are recoded as means ± SD. 

 

Table 6. Time–Kill Kinetic of Ozonized Z. spina-christi Oil towards Examined Gram-
Positive and Gram-Negative Bacteria at Various Time Intervals  

Time 

(min) 

B. subtilis 

(CFU)  

S. aureus 

(CFU) 

  

P. aeruginosa 

(CFU) 

 

S. typhi 

(CFU) 

 

0 52×105 ±1.4 33×105±0.2 57×105±0.4 45×105±0.8 

30 114×103±1.0 38×103±1 28×104±1.0 11×104±0.7 

60 31×102± 0.8 27×102±1.0 125×102±1 23×103±1 

120 127 ±1.0 134±0.6 232±1 32×10±1 

150 0 35 23 151 

180 0 0 0 0 

360 0 0 0 0 

Results are recoded as means ± SD. 

This increased killing efficiency is directly related to the GC-MS profile of the 

ozonized oil, which indicated higher quantities of oxygenated and bioactive chemicals such 
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as epoxidized fatty alcohol esters, alkyl ether alcohols, eucalyptol, and methyl salicylate. 

These chemicals are known to cause oxidative stress, enhance membrane permeability, and 

disrupt critical cellular processes, resulting in bacterial cell death. Against Gram-positive 

bacteria, ozonized oil is anticipated to damage the peptidoglycan layer more efficiently, 

resulting in a rapid loss of cell viability. Against Gram-negative bacteria, oxygenated 

substances can penetrate or disrupt the outer membrane, bypassing inherent resistance and 

increasing bactericidal activity (Tables 5 and 6).  

The determined time-kill kinetics are comparable with previous research on 

ozonated oils, which resulted in faster bacterial killing rates and better efficacy due to 

higher oxygen functionality and the generation of reactive lipid derivatives. These 

investigations show that ozonated oils act on several targets, lowering the potential of 

bacterial persistence over time (Ugazio et al. 2020; Gulcin 2025).  

 

The Impact of Ozonation on Anti-Inflammatory Activity of the Examined Oil 
Types  

According to the anti-inflammatory assay, the ozonized Z. spina-christi oil exhibited 

slightly higher activity with IC50= 2.40±0.09 µg/mL than the crude oil and showed 

comparable efficacy relative to the standard drug which had an IC50= 2.09±0.02 µg/mL. 

The moderate activity (IC50= 3.34±0.07 µg/mL) of the crude oil is mainly attributed to its 

high content of unsaturated fatty acids, such as oleic and linoleic acid derivatives (Fig. 7). 

In contrast, the enhanced anti-inflammatory effect of the ozonized oil correlates well with 

the GC–MS results, which revealed increased levels of oxygenated and bioactive 

compounds, including eucalyptol, methyl salicylate, epoxidized alcohol esters, and alkyl 

ether alcohols.  

 

 
Fig. 7. Anti-inflammatory efficacy of crude and ozonized Z. spina-christi oil in comparison with a 

standard anti-inflammatory drug (Data are drawn as means ± SD.) 

 

These findings are consistent with published reports on prepared ozonated oils, 

where increased oxygen functionality and formation of reactive derivatives were associated 
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with improved anti-inflammatory properties, confirming that ozonation enhances the 

therapeutic potential of Z. spina-christi oil (Cho et al. 2023). 

 

 

CONCLUSIONS  
 

1. This study has provided new insight into how ozonation alters the functional properties 
of Ziziphus spina-christi oil by inducing targeted chemical transformations that directly 

influence its biological performance. GC–MS analysis demonstrated that ozonation 

reduced the degree of unsaturation in the native oil and promoted the formation of 

oxygenated derivatives, including epoxides, esters, and ether-linked alcohols.  

2. The findings revealed that the increased abundance of oxygenated compounds played 
a central role in improving antibacterial efficacy, accelerating bactericidal kinetics, and 

inhibiting biofilm formation. In addition, the enhanced anti-inflammatory activity 

suggested a dual functional role in both infection control and modulation of host 

inflammatory responses. 
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