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Ephedra alata leaf extracts have therapeutic properties and contain various natural compounds known as phytochemicals. This study assessed the phytochemical content and antioxidant effects of a Ephedra alata leaf extract, as well as zinc oxide (ZnO) nanoparticle production. The extract contained phenolic acids, including vanillic acid, chlorogenic acid, gallic acid, p-coumaric acid, vanillin and rutin. Its total phenolic content and total flavonoid content were 48.7 ± 0.9 mg.g-1 and 1.7 ± 0.4 mg.g-1, respectively. The extract displayed a DPPH inhibition rate of 70.5%, total antioxidant activity of 49.5 ± 3.4 mg.g-1, and significant antimicrobial activity toward Gram-positive and negative bacteria. The synthesized ZnO nanoparticles had spherical shape, crystallite size of 25 nm, particle size between 5 and 30 nm, and bandgap energy of 3.3 eV. In specific conditions (90 min contact time, pH 7, and 25°C), these nanoparticles efficiently photodegraded 87% of methylene blue, suggesting potential applications for sustainable water treatment and pollution control.
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1 INTRODUCTION
Plant extracts are important materials in many fields, due to their versatility. As they are valuable sources of phytochemical compounds, including flavonoids, phenolic compounds, alkaloids, and tannins, they are used in traditional medicine as well as in pharmaceuticals and cosmeceuticals (Tungmunnithum et al., 2018). These compounds also display antioxidant and antibacterial activities attributed to their redox properties and unique chemical structures. Recently, plant extracts have gained attention as reducers and stabilizers to facilitate the production of metal and metal oxide nanoparticles (NPs) (Tungmunnithum et al., 2018). In this process, the plant extract is combined with metal precursors and the metal ions undergo specific steps (reduction, nucleation, growth and stabilization). This plant-based synthesis approach is eco-friendly, cost-effective, simple, and potentially scalable for industrial production (Kulkarni et al., 2023; Radulescu et al., 2023). However, it is challenging to precisely control particle size, morphology, and crystallinity. In addition, the plant extract composition variability and the different sources of such extracts add another level of complexity. Ongoing research is focusing on reaction condition optimization, procedure standardization, and understanding the role of individual phytochemicals in NP synthesis to fully exploit this method of NP production (Antunes Filho et al., 2023; Singh et al., 2023).
Various plant extracts have been tested for the synthesis of ZnO NPs with different sizes and morphologies. For instance, an Aloe vera leaf extract was used to produce ZnO NPs with dimensions ranging from few nanometers to micrometers (Kumar et al., 2015). ZnO NPs take a nanoflower structure when shaped using a green tea leaf extract, and display sizes within 30–40 nm (Irshad et al., 2018). Neem leaf extract facilitates the synthesis of non-spherical ZnO NPs with a size of 20 nm (Sohail et al., 2020). Turmeric, rich in curcumin, has been used to produce spherical ZnO NPs with reported sizes of ∼40 nm (Singh et al., 2016). ZnO NPs derived from an orange fruit peel extract exhibited a spherical-like morphology (30–40 nm in size) (Thi et al., 2020). Neem (Azadirachta indica) and tulsi (Ocimum tenuiflorum) extracts yielded oval-shaped ZnO NPs with sizes of 100 nm and 122 nm, respectively (Ajayan and Hebsur, 2020). A mangrove leaf extract was used to synthesize spherical ZnO NPs with a size of ∼30 nm (Al-Mur, 2023). Using Costus pictus D. extract, ZnO NPs with tailored size and morphology were fabricated (hexagonal and rod shapes with a reported size of 29 nm) (Suresh et al., 2018). ZnO NPs with a particle size of ∼35 nm were obtained using an aqueous extract of dried onion (Allium cepa L) peels (Rajkumar et al., 2019). A Salvia rosmarinus extract allowed the production of ZnO NPs with reported sizes of ∼31 nm and a spherical shape (Xue et al., 2023). Pure curcumin extract was used to synthesize ZnO NPs with a size of 28 nm (Alallam et al., 2023).
Ephedra alata, commonly known as ma-huang, is a widespread shrub found in various countries that originates from Southwestern North America, Southern Europe, and North Africa. This medicinal plant is part of the Ephedra genus (Elhadef et al., 2020). Previous studies highlighted its diverse biological effects: antibacterial properties, anti-inflammatory effects, cardiovascular disease prevention, and cancer prevention and treatment (Saidi et al., 2022). Ephedra alata leaves contain various phytochemicals, including flavonoids, alkaloids and phenolic compounds. These leaves have been used as reducing and capping agents for the synthesis of gold, silver, and copper oxide NPs (Mousavi et al., 2018; Al-Radadi, 2023; Antonio-Pérez et al., 2023; Atri et al., 2023; Bouzid et al., 2023). Therefore, Ephedra alata extracts could be used for NP production in order to address the concerns associated with the very high toxicity of conventional NP production systems that poses risks to human and animal health. Research suggests that Ephedra alata extracts possess antioxidant properties, playing a role in neutralizing free radicals to mitigate oxidative stress and cellular damage (González-Juárez et al., 2020). Moreover, the alkaloids found in Ephedra alata, particularly ephedrine and pseudoephedrine, have antimicrobial effects against some bacteria and fungi (González-Juárez et al., 2020; Jaradat et al., 2021). These findings indicate that Ephedra alata is not only a medicinal plant, but also a valuable resource for the eco-friendly synthesis of NPs for antimicrobial applications.
This study comprehensively assessed the applications of an Ephedra alata leaf extract by analyzing its phytochemical composition, antioxidant properties, antimicrobial effects, and its value for zinc oxide (ZnO) NP production. The extract components were identified by phytochemical and high-performance liquid chromatography (HPLC) analyses, forming the basis for understanding its biological activities. Evaluation of the extract antioxidant and antimicrobial activities, particularly against Gram-negative (−) and positive (+) bacteria, provided specific insights into its potential health benefits. The study underscored the extract eco-friendly potential for ZnO NP synthesis and assessed the capacity of these NPs to degrade an azo dye. Leaf extracts, serving as reducing and stabilizing agents, contribute to the unique NP properties. Green NPs from leaf extracts display eco-friendliness, sustainability, and versatility. The ZnO NP morphological and structural characterization explained their potential role in sustainable water treatment. The practical applications of these findings, including the development of natural antioxidants and eco-friendly dye degradation solutions, highlight their significant impact in different industries (pharmaceutical and cosmeceutical production and sustainable water treatment).
2 EXPERIMENTAL
2.1 Materials
Zinc chloride (ZnCl2, 98%), sodium hydroxide (NaOH, 97%), acetic acid (CH3COOH, 98%), DPPH (C18H12N5O6, 98%), ABTS (C18H18N4O6S4, 98.5%), sodium dihydrogen phosphate (NaH2PO4, 98%), disodium phosphate (Na2HPO4, 97%), ammonium persulfate ((NH4)2S2O8, 98%), sodium chloride (NaCl, 99%), phosphate (PO43-, 98%), sulfuric acid (H₂SO₄, 98%), ascorbic acid (C6H8O6, 99.5%), aluminum molybdate (Al2(MoO4)3, 98%), sodium phosphate (Na3PO4, 99%), methanol (CH3OH, 99%), dimethyl sulfoxide (DMSO, 99%), and methylene blue (MB; C16H18ClN3S, 82%) were from Biochem Chemophara. Mueller-Hinton agar was from Bioscan Industrie, Algeria. Ephedra alata leaves were collected at El Oued, Algeria (6°52′03″E, 33°22′06″N), in March 2022. They were identified by an engineer specialized in botany. Leaf samples were stored in the dark, at room temperature, in dry and cool conditions.
2.2 Extraction method
The leaf extract was prepared according to the procedure described by Zeghoud et al. (Zeghoud et al., 2021), with some changes. Briefly, 20 g of Ephedra alata leaves were ground and added to a 500 mL Erlenmeyer flask that contained 200 mL of ethanol. The flask was placed in an ultrasonic bath (Power-Sonic, China) that operated at 40 kHz and 250 W. To counteract potential temperature increases resulting from the intense molecular agitation induced by ultrasound, the ultrasonic bath was maintained at a constant temperature (30°C) for 30 min. To protect light-sensitive molecules from degradation, the flask was wrapped in aluminum foil. After filtration using filter paper, ethanol was separated from the filtrate using a rotary evaporation apparatus (Büchi R-210) under reduced pressure. Then, the ethanol was oven-dried at a temperature ≤40°C for at least 48 h. Desiccated ethanol was transferred into an amber glass bottle and kept at −4°C.
2.3 Phytochemical analysis
Alkaloid Test: This test was used to determine the presence of alkaloids in the extract. Briefly, 10 mL of the extract of (1 mg.mL-1) was prepared by dissolving the appropriate amount in absolute methanol and heating it at a temperature of 45°C for 2 h. Then, 8 mL of 1% HCl solution was added. To detect alkaloids, two separate 2-mL aliquots of the filtrate were taken, and the Dragendorff’s and Mayer’s reagents were added to each aliquot. The presence of alkaloids was determined by observing the formation of turbidity and/or precipitation in the respective aliquots (Kancherla et al., 2019).
Saponin Test: Saponins are naturally occurring compounds with foaming properties found in various plants. In this method, 2 g of plant powder was boiled in distilled water followed by filtration to obtain a clear filtrate. Subsequently, a robust foam was generated by mixing (swiftly agitating) 10 mL of this filtrate with 5 mL of distilled water. The key step involved the creation of an emulsion by vigorously mixing the foam with three drops of extra-virgin olive oil. The formation of this emulsion serves as an indicative sign of the presence of saponins in the plant sample (Chen et al., 2022).
Tannin Test: In this test, ground Ephedra alata (0.5 g) was simmered in 20 mL of distilled water and then filtered through filter paper. Afterwards, 0.1% FeCl3 was added to the sample. The presence of tannins was indicated by the development of a distinctive brownish-green color in the filtered samples (Edrah et al., 2016).
Keller-Killani Test: This test detects the presence of cardenolide glycosides in a methanolic plant extract. Briefly, 2 mL of glacial acetic acid, 1 mL of concentrated H2SO₄, one drop of FeCl3 solution and 5 mL extract of (1 mg.mL-1 in methanol) were mixed. The appearance of a violet ring under the brown ring in the acetic acid layer is a distinct indicator of the presence of cardenolide glycosides. The test also allows monitoring additional color changes, such as the appearance of a violet ring beneath the brown ring in the acetic acid layer (Ahmed et al., 2020).
Coumarin Test: To detect the presence of coumarins, a wet 0.5 g sample of the leaf extract was placed in a test tube, which was sealed with filter paper wetted in 0.5 mL of aqueous 10wt% NaOH solution. After a brief immersion in boiling water, the filter paper was removed and exposed to ultraviolet (UV) light. The presence of coumarins was indicated by the appearance of a distinct yellow fluorescence at 700 W UV light (Kostova et al., 2011).
Terpenoid Test: Briefly, 2 mL of the extract (1 mg.mL-1 in methanol) was placed in a test tube with 2 mL of aqueous 5v/v% CHCl3. Then, 3 mL of concentrated H2SO4 was added to the mixture. The introduction of these reagents led to the formation of distinct layers in the test tube. The key indicator of the presence of terpenoids is the appearance of an interface with a reddish-brown hue between the layers (Awala and Oyetayo, 2015).
Flavonoid Test - Shinoda Test: The test is employed to detect the presence of flavonoids in the extract. The dry extract was mixed with 0.5 g of magnesium powder and 1 mL of aqueous HCl solution (11.94 mol.L-1). The presence of flavonoids is indicated by the rapid appearance of a distinctive pinkish-scarlet hue in the mixture (Auwal et al., 2014).
Volatile Oil Test: This test is used to identify oils in plant extracts. Briefly, 1 mL sample of the extract (1 mg.mL-1 in methanol) was combined with 2 mL of 50wt% KOH solution. The presence of volatile oils is indicated by the rapid appearance of distinct needle-shaped crystals in the mixture (Djaafar and Ridha, 2014).
Total Phenolic Content (TPC) Determination: TPC in the Ephedra alata leaf extract was determined using Folin-Ciocalteu reagents and the method described by Beretta et al. (Jaradat et al., 2015; Lawag et al., 2023). The crude extract (500 μL of a 1 mg.mL-1 in water) and 0.25 mL of Folin-Ciocalteu phenol reagent were combined and after 3 min, 1 mL of aqueous 7.5wt% Na2CO3 was added. After 30 min in the dark, absorbance at 760 nm was measured using a Jasco V160 UV-Vis spectrophotometer. TPC was determined using a calibration curve made with gallic acid as standard (0.01–0.0375 g.L-1 in distilled water) and reported as mg of gallic acid equivalents (GAE) (mg.kg-1).
Total Flavonoid Content (TFC) Determination: TFC was assessed using the AlCl3 colorimetric test (Shraim et al., 2021). A solution was prepared using 1,250 μL of distilled water, 75 μL of aqueous 5wt% NaNO2, and 50 μL of diluted plant extract (1 mg.mL-1 in methanol) or standard catechin solution (0.2–1 mg.mL-1 in distilled water). After 6 min, 150 μL of fresh aqueous 10wt% AlCl3 solution was added. After 5 min, the absorbance was read at 510 nm using a Jasco V160 UV-Vis spectrophotometer. TFC was determined using the calibration curve obtained with catechin and described as milligrams of catechin equivalents (CE) per gram of Ephedra alata.
2.4 HPLC analysis
HPLC was carried out with a Shimadzu Prominence modular HPLC system equipped with an online degasser, a thermostatic column compartment, and a SPD-20A UV detector for flavonoid and phenolic acid separation and analysis at 268 nm. A Shim-pack VP-ODS C18 analytical column (5 μm, 4.6–250 mm) from Shimadzu Co., Japan was used. The gradient system used 0.2% acetic acid in water (B) and acetonitrile (A). Before use, the mobile phase components were sonicated, filtered through 0.45 μm membranes, and then delivered from the solvent reservoir to the column at a flow rate of 1 mL. min-1. The elution involved a linear gradient (see Table 1). The injection volume was 10 μL and the column was at room temperature. Before injection, the column was equilibrated and the mobile phase lasted 40–50 min. Polyphenol solutions were freshly prepared before use by diluting the polyphenol solution with the mobile phase according to established protocols (Bouaziz et al., 2015; Saleem et al., 2020). The collected data included peak area and retention periods, with three 20-μL injections of each solution. The sample (10 mg of plant extract) was dissolved in 10 mL of HPLC-grade methanol and filtered through a 0.45 μm Millipore nylon filter disc; 20 μL of the filtered sample was used for the HPLC analysis. The mobile phase (0.2% of acetic acid and acetonitrile) was sonicated and filtered through a Whatman RC55 membrane before injection in the column at a flow rate of 1 mL min-1. The effluent was detected at a wavelength of 268 nm (Zeghoud et al., 2021).
TABLE 1 | Gradient for phenolic acid elution.
[image: Table 1]2.5 DPPH antioxidant assay
The DPPH assay was used to determine Ephedra alata extract antioxidant potential following the procedure outlined by Thaipong et al. (Thaipong et al., 2006). Briefly, 150 μL of leaf extract was incubated with a DPPH solution (25 mg DPPH in 100 mL methanol and diluted to obtain an absorbance of 1.1 ± 0.02 at 515 nm) for 30 min, and then absorbance was quantified at 515 nm using UV- Visible (UV-Vis) spectrometry (Figure 2). Ascorbic acid was used as standard reference, with values ranging from 0.003 to 0.12 mg.mL-1 in our experimental settings. DPPH inhibition percentage by the extract was determined with Eq 1:
[image: image]
The sample concentration that inhibited 50% of DPPH (IC50) was determined by analysis of the dose-response curve (Ziani et al., 2019).
2.6 Total antioxidant capacity
The total antioxidant capacity was valuated with the phosphomolybdenum method in which Mo (VI) is converted to Mo (V) through a reduction reaction facilitated by the plant extract. Consequently, a green phosphate/Mo(V) complex is produced at low pH. Each sample aliquot (0.1 mL) was combined with 1 mL of reagent solution (0.6 M H2SO4, 28 mM Na3PO4, and 4 M Al2(MoO4)3) and incubated at 95°C for 90 min. After cooling the samples to room temperature, absorbance was measured at 695 nm. The blank solution contained 1 mL of methanol alone. The total antioxidant capacity was expressed in mg (gallic acid equivalent) GAE. g-1 dry weight (Ziani et al., 2019). Ascorbic acid was employed as reference standard due to its strong reducing properties, widespread availability, and ease of obtention, making it a suitable choice for standardization in experimental setups.
2.7 Antibacterial activity
The extract antibacterial activity against Staphylococcus aureus (ATCC 25923) and Pseudomonas aeruginosa (ATCC 27853) was assessed using the agar well diffusion method. Bacterial strains were cultured on agar plates by adding 100 μL of the bacterial strain broth and allowing them to grow for 24 h. After this initial growth period, wells of 6 mm in diameter were created in the agar using a sterile stainless steel cork borer. Then, various concentrations of the extract (1, 0.5, 0.25, and 0.125 mg.mL-1 in DMSO) were added to the wells (5 µL of extract/well). The experimental setup included a comparison with ciprofloxacin, a known antibacterial agent (Figure 3 and Table 2). The plates were then incubated at 37°C for 24 h to allow bacterial growth and interaction with the plant extract.
TABLE 2 | Antibacterial effect of the Ephedra alata leaf extract. The inhibition zone represents the mean value of three independent experiments.
[image: Table 2]2.8 ZnO NP synthesis and characterization
A previously described technique, with minor modifications, was used for ZnO NP synthesis. A 0.1M ZnCl2 solution was added to 100 mL of leaf extract (Figure 1). The resulting mixture was continuously stirred at 75°C for 3 h. After the reaction completion, the mixture was cooled to 25°C and then centrifuged (10,000 rpm for 10 min) to separate the liquid component. The solid substance was washed with distilled water three times. The washed material was dried in a sterile Petri dish and then oven dried at 90°C, followed by grinding using a mortar and pestle and calcination at 500°C for 3 h to eliminate any extraneous element or impurity (Jan et al., 2020).
[image: Figure 1]FIGURE 1 | ZnO NP synthesis using Ephedra alata leaf extract.
The ZnO NP crystalline structure was investigated by X-ray diffraction (XRD) using a Rigaku Miniflex 600 apparatus. The UV-Vis spectra were obtained with a Jasco V160 UV-Vis spectrophotometer using 0.1 mg of ZnO NPs in 2 mL distilled water. The Tauc relationship [(αhν) = A (hν - Eg)n] was used to calculate the bandgap energy (Eg), where α is the absorption coefficient, h is the Planck constant, A indicates a constant, and n is a constant with a value of 2 (Ilham et al., 2023). A Nicolet iS50 Fourier-transform infrared (FTIR) spectrometer and the potassium bromide method were used to obtain the IR spectra (Barhoum and García-Betancourt, 2018). Scanning electron microscopy (SEM) (FESEM, Leo Supra 55-Zeiss Inc., Germany) allowed determining the NP elemental composition, morphology, and size.
2.9 Photocatalytic activity
To assess ZnO NP photocatalytic activity, the degradation of MB in an aqueous solution was monitored after exposure to a 1000 W UV lamp (Senthilraja et al., 2014). To optimize MB dye degradation, a MB dye solution was prepared with a concentration of 6 × 105 M, and 30 mg of ZnO NPs was added to the solution. The solution was left in the dark for 15 min before UV exposure. The reaction progress was monitored by UV-Vis spectrometry of aliquots taken at specific intervals (0, 15, 25, 35, 45, 60, and 90 min). The reduction process was carried out entirely under UV light, and the blue color intensity in the reaction mixture gradually decreased. Each aliquot was centrifuged to stop the reaction and the absorbance was measured. The λmax was 663 nm. The degradation efficacy (%) was determined with the following equation (Ben Amor et al., 2022):
[image: image]
where, C0 is MB concentration at time 0, and Ct the concentration at a given time point.
3 RESULTS AND DISCUSSION
3.1 Qualitative analysis of the Ephedra alata leaf extract
The qualitative tests carried out using the Ephedra alata leaf extract showed the presence of tannins, alkaloids, terpenoids, flavonoids, coumarins, glycosides, saponins, and volatile oils (Table 3). According to these qualitative tests, flavonoids and glycosides were the most abundant components. These findings are in line with the results reported by Naim et al. (Kittana et al., 2017) who identified different organic compounds in Ephedra alata aqueous extracts. As many phytochemicals with therapeutic properties are abundantly present in Ephedra alata, it is important to explore their use in medicine.
TABLE 3 | Results of the saponin, alkaloid, glycoside and coumarin tests.
[image: Table 3]The estimated TPC of the leaf extract was 48.7 ± 0.9 mg GAE. g-1. For comparison, Ephedra alata Decne from Jordan displayed TPC values of 16.2 and 11.9 mg GAE. g-1 when using methanolic and aqueous extracts, respectively (Al-Rimawi et al., 2017). Ephedra pachyclada from Iran had a TPC of 45 mg GAE. g-1 dry weight (Ghasemi et al., 2013). Notably, this study highlighted the abundance of phenolic compounds in the plant (48.7 mg.g-1), surpassing the quantities found in guava (1.3–2.5 mg.g-1) and plum fruits (1.3–3.7 mg.g-1) (Thaipong et al., 2006). Moreover, the estimated TFC was 1.7 ± 0.4 mg g-1. As the concentration of these compounds is strongly influenced by the environmental conditions (Al-Rimawi et al., 2017), the optimal harvesting time to extract phenolic and flavonoid compounds is during the warmer season. A study on Ephedra vulgaris from India reported a TFC of 1.5 ± 0.2 mg.g-1. These data indicate similar flavonoid levels in ephedra from different geographical regions.
Table 4 presents the phenolic compound content in the Ephedra alata leaf extract determined by HPLC. This analysis showed also the absence of caffeic acid, naringin, and quercetin in the sample. The concentrations listed in Table 4 were determined using a standardized methodology and a standard curve. The total phenolic content was 1.5 μg.g-1.
TABLE 4 | Phenolic compounds identified by HPLC in the Ephedra alata leaf extract.
[image: Table 4]3.2 Antioxidant activity of the Ephedra alata leaf extract
Phenolic compounds have redox properties and act as effective neutralizers of oxygen radicals by serving as singlet oxygen quenchers, hydrogen donors, and reducing agents. For example, flavonoids and polyphenols act as radical scavengers and inhibit oxidative stress by donating electrons to stabilize and neutralize free radicals. The essential oils, and other phytochemicals, contribute to the overall antioxidant defense mechanism (Ghasemi et al., 2013). Ephedra alata antioxidant activity is essential for the plant defense against environmental challenges, but also holds potential therapeutic implications for human health because oxidative stress is implicated in various diseases. Therefore, the antioxidant potential of the Ephedra alata leaf extract was tested with the DPPH scavenging assay, a widely employed technique to quantify free radical neutralization (Baliyan et al., 2022). DPPH interaction with the extract led to a color change from purple to yellow as protons were donated, resulting in a decrease of DPPH absorption. The extract demonstrated a concentration-dependent DPPH scavenging activity inhibition (y = 0.5944x + 2.216, R = 0.99) (Figure 2). At the highest concentration (2.5 mg.mL-1), the extract inhibited 70.5% of DPPH activity, as reported by previous studies (Jaradat et al., 2021; Atri et al., 2023). This indicates high amounts of antioxidants, flavonoids, and phenols in Ephedra alata from different regions.
[image: Figure 2]FIGURE 2 | DPPH inhibition rate by the Ephedra alata leaf extract sample at the indicated concentrations.
The total antioxidant activity of the Ephedra alata leaf extract reflects its capacity to counteract harmful free radicals implicated in cell damage and various health disorders. The molybdenum assay was used to assess the leaf extract antioxidant activity, specifically the ability to transfer electrons and hydrogen to neutralize free radical damage (Chen et al., 2021). The total antioxidant activity of the Ephedra alata leaf extract sample was 49.5 ± 3.4 mg.g-1, consistent with previous research (Al-Rimawi et al., 2017). The findings of the present study suggest that the high flavonoid content in the extract (Table 3) contributes to its high antioxidant capacity (Benabderrahim et al., 2019; Soumaya et al., 2020; Al-Nemi et al., 2022).
3.3 Ephedra alata leaf extract antibacterial activity
Assessment of the extract antibacterial activity against Gram (+) and (−) bacteria revealed a concentration-dependent increase of the inhibition zones (Figure 3, Table 2). For the Gram (+) S. aureus, higher extract concentrations led to larger inhibition zones, from 9 ± 0.2 mm at 0.125 mg.mL-1 to 13 ± 0.1 mm at 1 mg.mL-1. Similarly, for the Gram (−) P. aeruginosa, the inhibition zone increased with higher extract concentrations, reaching 19 ± 0.2 mm at 1 mg.mL-1. In a previous study, a methanol extract of Ephedra alata gave inhibition zones ranging from 0 to 17 mm for S. aureus and Staphylococcus epidermidis (Gram (+)) and for Escherichia coli and P. aeruginosa (Gram (−)) (Salman et al., 2021). Antimicrobial properties of water, methanol, and acetonitrile extracts of Ephedra alata against were previously examined four bacteria (S. aureus, Bacillus subtilis, P. aeruginosa, E. coli) and four fungi (Penicillium italicum, Syncephalastrum racemosum, Aspergillus fumigatus, Candida albicans) (Danciu et al., 2019). They authors found that only the acetonitrile extract displayed activity against both bacteria and fungi. The methanolic extract showed only antifungal activity against A. fumigatus and P. italicum (Danciu et al., 2019). Our Ephedra alata leaf extract exhibited antimicrobial properties owing to its rich phytochemical composition, including alkaloids (ephedrine and pseudoephedrine), flavonoids, tannins, polyphenols, and essential oils. Alkaloids disrupt the microbial cell membrane and metabolic processes, while flavonoids and polyphenols act as antioxidants with antimicrobial effects. Tannins precipitate proteins, leading to microbial cell damage. Essential oils contribute volatile compounds with antibacterial and antifungal activities. The synergistic effects of these bioactive compounds enhance the overall antimicrobial potency of the extract. Ephedra alata traditional medicinal use for treating infectious diseases further underscores its antimicrobial potential (Altemimi et al., 2017).
[image: Figure 3]FIGURE 3 | Ephedra alata leaf extract bactericidal effect against (A) Pseudomonas aeruginosa and (B) Staphylococcus aureus.
3.4 Characteristics of the synthesized ZnO NPs
ZnO NP production typically began by mixing the Ephedra alata leaf extract with a ZnCl2 solution. The different phytochemicals in the extract (e.g., alkaloids, flavonoids, and phenolic compounds) worked as reducers and stabilizers. These compounds play a crucial role in zinc ion reduction, thereby initiating ZnO NP formation. The reduction process, often carried out at a specific temperature and pH, leads to nucleation and growth of ZnO NPs. The phytochemicals in the plant extract contribute to control the NP size, shape, and crystallinity. The specific mechanism may involve the interaction of functional groups in the plant extract with zinc ions, resulting in the production of stable ZnO NPs through a green and sustainable approach. The SEM analysis revealed that all ZnO NPs had a spherical shape, with an average diameter of 20 nm (Figure 4).
[image: Figure 4]FIGURE 4 | Representative SEM photograph (A) and size distribution (B) of ZnO NPs synthesized in the presence of the Ephedra alata leaf extract.
The XRD pattern of these ZnO NPs included distinct peaks at 2θ: 31.9°, 34.6°, 36.4°, 47.5°, 56.7°, 62.8°, 66.3°, 68°, and 69.3° that matched the crystallographic planes (100), (002), (101), (102), (110), (103), (200), (112), and (201), respectively (Figure 5A). Comparison of these results with the JCPDS data sheet/ICDD no. 01–079–0205 confirmed the presence of a wurtzite hexagonal structure in the ZnO NPs. Moreover, the sharp, well-defined, and intense diffraction reflections confirmed the NP crystalline nature. Their mean crystallite size (D; ∼25 nm) was calculated with the Debye–Scherrer’s equation (D = Kλ/(β-cosθ)), where D is the average crystallite size, λ is the X-ray wavelength (0.15406 nm), K is a constant (0.9), β is the full width at half maximum of the peak centered at 20°, and θ is the Bragg angle.
[image: Figure 5]FIGURE 5 | Characteristics of the Ephedra alata leaf extract and plant-based ZnO NPs: (A) XRD patterns of the ZnO NPs; (B) UV-Vis spectra of the Ephedra alata leaf extract and ZnO NPs; (C) Optical energy bandgap of ZnO NPs; (D) FTIR spectra of the Ephedra alata leaf extract and ZnO NPs.
The UV-Vis spectra of the Ephedra alata leaf extract included prominent peaks at 227 nm (indicative of the presence of condensed tannins) and 266 nm (presence of polyphenols) (Figure 5B). These compounds have antioxidant activity and play a stabilizing role, preventing NP agglomeration. The UV-Vis spectra of the obtained ZnO NPs had a distinct peak at 323 nm, in agreement with the findings by Vaseem et al. (Vaseem et al., 2012; Vijayakumar et al., 2018). ZnO NPs are effective photocatalysts due to their significant bandgap, particularly in the presence of UV radiation. Their efficacy is influenced by the electronic band structure, bandgap energy, and UV-Vis absorption properties. Previous studies showed that the photonic bandgaps of ZnO nanostructures range between 2.7 eV and 4.7 eV. The bandgap energy of the produced ZnO NPs was 3.3 eV and was determined from the curve of (hv)2 in function of the energy (eV) (Figure 5C).
The FITR spectra (Figure 5D; Table 5) included the characteristic peaks observed in the Ephedra alata leaf extract at 3,299, 2,872, 1,614, 1,012, and 865 cm−1. The peak at 3,299 cm−1 is due to the hydroxyl (OH) group stretching vibration resulting from inter- and intra-molecular hydrogen bonding (Atri et al., 2023; Abdelbaki et al., 2024). The peak at 2,872 cm−1 indicates the stretching of CH groups in free sugars (Seghir et al., 2023). The peak at 1,614 cm−1 is due to carbonyl ester (C=O) functional groups (Seghir et al., 2023). The large peak between 1,617 cm−1 and 1700 cm−1 indicates the existence of bound water, and the area from 865 to 1,010 cm−1 displayed carbohydrate fingerprints, indicating the presence of the functional groups of polysaccharides involving various molecular vibrations, such as stretching (C-O-C), bending (O-H), and deforming (CH3) vibrations. Peaks below 1,012 cm−1 indicated potential connections between monosaccharide molecules (Faisal et al., 2021). For ZnO NPs, the broad peak at 3,432 cm−1 and the peak at 1,458 cm−1 are due to OH group stretching and amine (–NH) vibrational stretching in protein amide bonds, respectively (Rabecca et al., 2022; Amor et al., 2023). The peaks at 1,110 cm−1 and 1,453 cm−1 denote the presence of alcohol and phenolic compounds, and C-N bond stretching vibrations in aromatic amines, respectively (Kalaimurugan et al., 2022). The peak at 459 cm−1 is due to Zn-O bond stretching vibrations, indicative of ZnO bonds (Thi et al., 2020; Rahman et al., 2022; Ishwarya et al., 2023).
TABLE 5 | FTIR peak assignment for the Ephedra alata leaf extract and ZnO NPs.
[image: Table 5]3.5 Photocatalytic degradation of MB
MB was used as organic pollutant to evaluate ZnO NP photocatalytic activity when exposed to UV light. MB is a poisonous, carcinogenic, and non-biodegradable compound (Mageshwari et al., 2013). Thus, MB removal from wastewater requires the development of efficient and environmentally friendly techniques, for instance photocatalytic degradation. This technique decreases processing costs and leads to the complete mineralization of MB into non-toxic species. In optimal experimental conditions (90 min contact time, pH 7, and 25°C), 87% of MB was degraded in the presence of ZnO NPs (Figures 6A, B). Table 6 presents a comparison of the results obtained on the effectiveness of MB dye removal using ZnO NPs synthesized using different extracts. The ZnO NPs synthesized in this study showed a very high removal efficiency in a relatively short period (90 min).
[image: Figure 6]FIGURE 6 | MB photocatalytic removal. (A) UV-Vis spectra showing MB degradation in function of the reaction time. (B) Correlation between degradation efficiency, UV-Vis absorption, and reaction time. (C) Schematic representation of MB photodegradation in the presence of ZnO NPs.
TABLE 6 | Comparison of the effectiveness of different ZnO NPs for azo dye removal.
[image: Table 6]Figure 6C illustrates the mechanism by which azo dyes undergo photocatalytic degradation in the presence of the ZnO photocatalyst and of UV irradiation. Typically, electrons move from the valence to the conduction band when the photocatalyst is exposed to UV radiation. The associated energy exceeds the ZnO bandgap (3.3 eV). This promotes electron (e−) generation in the conduction band and hole (h+) creation in the valence band (Osuntokun et al., 2019). The formed holes might directly oxidize the adsorbed dye or react with hydroxyl (OH-) or H2O, resulting in the generation of hydroxyl radicals (·OH). The generated electrons facilitate the reduction of molecular oxygen (O2) that is adsorbed on the photocatalyst surface, resulting in superoxide radical (·O2−) production. The generated hydroxyl (·OH) and superoxide radicals (·O2−) lead to the dye degradation. The reaction Eqs 4–8 are presented below (Rathnasamy et al., 2017).
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Numerous studies have highlighted the efficacy of ZnO NPs as photocatalysts for organic dye degradation, notably MB. However, their practical application necessitates recurrent use, prompting researchers to explore methods for assessing and enhancing ZnO NP recyclability. Agglomeration, surface fouling, and crystal structure changes have been identified as contributors to the ZnO NP photocatalytic efficiency decline over successive cycles. Different strategies (e.g., washing and calcination) have been investigated for ZnO NP regeneration, offering insights into sustainable and cost-effective photocatalytic processes for water purification (Mahlaule-Glory and Hintsho-Mbita, 2022). Saied et al. (Saied et al., 2022) emphasized the importance of light stimulators for the efficient degradation of the crystal violet dye using biosynthesized hematite NPs. Moreover, optimal dye decolorization was observed with higher ZnO NP concentrations, and this was attributed to the higher number of adsorption sites (Rasool et al., 2023). The degradation time remained constant for pure dyes compared with complex solutions, but efficiency declined with higher dye concentrations, suggesting competition for limited adsorption sites (Rasool et al., 2023). Another study also showed that the active sites on the ZnO NP surfaces decrease with higher adsorbent quantity, reducing their capacity to adsorb dye molecules (Al-Askar et al., 2023).
Omran et al. (Omran, 2023) reported superior eco-bioremediation features of ZnO NPs and high capacity to degrade MB (88.93%) and crystal violet (80.69%). Nguyen et al. (Nguyen et al., 2023) demonstrated that ZnFe2O4@ZnO nanocomposites (5.0 mg.L−1 with 0.33 g.L−1 of ZnO) degraded 94.85% of a Congo red dye solution. Gatou et al. (Gatou et al., 2023) described the reusability of optimized ZnO NP samples under UV light for five consecutive photocatalytic cycles, maintaining exceptional resistance to degradation. Khan et al. (Khan et al., 2021) evaluated ZnO NPs synthesized using Passiflora foetida peels and found that decomposition efficiency for MB and rhodamine-B dyes decreased over five cycles. Abdulaziz et al. (Al-Askar et al., 2023) found that ZnO NPs manufactured in the presence of Pluchea indica leaves removed 87% of dye after four reuses. Another study (Alzahrani et al., 2023) tested the ZnO-Ag composite recyclability as nanophotocatalyst for MB dye degradation and showed degradation of 75%–98% over four cycles, indicating its potential for repeated use in photodegradation processes.
Table 6 provides a comparative assessment of the effectiveness of azo dye removal, considering ZnO nanoparticles synthesized using various extracts. The extracts utilized include Calligonum comosum L., Syzygium cumini, shrimp shell chitosan, Cocos nucifera, Myristica fragrans, and Ephedra alata (Faisal et al., 2021; Sadiq et al., 2021; Rahman et al., 2022; Gharbi et al., 2023). Key parameters considered in the analysis encompass NP source, synthesis method (e.g., ZnCl2 for Ephedra alata), ZnO NP size, azo dye type and its initial concentration, solution volume, catalyst mass, reaction time, and the percentage of dye removal. This comparison highlighted the azo dye (MB) removal efficiency (87% in 90 min) of the ZnO NPs produced in the presence of Ephedra alata leaf extract. This performance was similar or higher than that of ZnO NPs synthesized in the presence of other sources. This indicates the potential of Ephedra alata as a source for ZnO NP synthesis with promising applications in azo dye degradation, contributing valuable insights into the broader field of NP-based environmental remediation.
4 CONCLUSION
In this study, phytochemicals were successfully extracted from Ephedra alata leaves and thoroughly analyzed using HPLC. The results showed that these leaves contained key phenolic acids: chlorogenic acid, gallic acid, vanillic acid, vanillin, p-coumaric acid, and rutin. The TPC of the plant extract was 48.7 ± 0.9 mg.g-1 and the TFC was 1.7 ± 0.4 mg.g-1. The leaf extract exhibited remarkable antioxidant activity, as indicated by the DPPH inhibition rate of 70.5% and the total antioxidant activity of 49.5 ± 3.4 mg.g-1. The Ephedra alata leaf extract also displayed good antibacterial activity against Gram (+) and particularly Gram (−) bacteria. Moreover, this extract was used for the environmentally friendly production of ZnO NPs, avoiding the use of toxic chemicals. The obtained ZnO NPs had a spherical morphology with particle size ranging from 5 to 30 nm and crystallite size of 25 nm, a well-defined wurtzite crystal structure, and a bandgap energy of 3.3 eV. In specific conditions (90 min contact time, pH 7, and 25°C), the ZnO NPs degraded 87% for MB in aqueous solution, indicating their potential application in sustainable water treatment and pollution control methods.
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