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Abstract: Nanomaterials derived from essential nutrients such as zinc enable the synthesis of 

nanocomposite materials and nano-fertilizers, offering broader agricultural applications and 

improved human nutrition. In this study, thyme leaf extract was used to synthesize biogenic 

zinc-oxide nanoparticles (BZO-NPs), and their effects on the micro-morphological and 

biochemical parameters of sweet basil (Ocimum basilicum L.) were investigated. The 

synthesized BZO-NPs were characterized using UV-Vis spectroscopy, scanning electron 

microscopy (SEM), X-ray powder diffraction (XRD), and energy-dispersive X-ray 

spectroscopy (EDXS). The BZO-NPs exhibited a crystalline spherical structure with sizes 

ranging from 50 to 100 nm. Different BZO-NP concentrations (25, 50, 100, and 200 mg L-1) 

were applied to basil plants during the vegetative growth stage. The relative growth rate, total 

chlorophyll content, and relative water content ratio increased at all BZO-NP concentrations 

except 200 mg L-1, with the highest values observed at 50 mg L-1 BZO-NP. Stomata density 

decreased at all BZO-NP concentrations except 50 mg L-1 BZO-NP, and stomata sizes also 

decreased at all BZO-NP concentrations. The number of peltate trichomes increased on both 

leaf surfaces with higher BZO-NP concentrations, with a more pronounced increase on the 

upper leaf surface. Changes in peltate trichomes were associated with the presence of three 

phenolic compounds: caffeic acid, rosmaniric acid, and chlorogenic acid. The treatment of 

BZO-NP concentrations also influenced the activity of antioxidant enzymes (SOD, CAT, GR 

and APX) in sweet basil. Treatment with BZO-NPs at all concentrations reduced oxidative 

stress by decreasing hydrogen peroxide levels compared to the control, while malondialdehyde 

(MDA) content remained unchanged. In conclusion, BZO-NPs, being economically viable and 

environmentally sustainable, demonstrate significant potential as nano-based nutrient sources 

for basil cultivation. 
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1. Introduction 

Zinc is a microelement that regulates various metabolic activities and cellular functions 

in plants, serving as an essential component of numerous proteins. As a key constituent 

of over 300 enzymes involved in protein synthesis and growth regulation [1], zinc 

deficiency can lead to various physiological symptoms in plants. These symptoms include 

growth disorders in root and stem, leaf necrosis or chlorosis, and impaired photosynthesis 

[2]. Zn deficiency is particularly prevalent in alkaline soils, where arid and semi-arid 

climates reduce the availability of zinc over time [3]. In recent years, nanotechnology has 

emerged as a widely accepted, effective, and multifunctional approach in biological 

sciences, including agriculture [4]. In agriculture applications, nanoparticles (NPs) are 

being explored as nanofertilizers, nanopesticides, and delivery systems for plant growth 

regulators due to their large surface area to volume ratio, nanoscale size, structural 

versatility, and ability to effectively transport chemicals into cells [5]. Among these, 

metal oxide NPs have garnered significant attention from agricultural scientists due to 

their high performance, cost-effectiveness, and sustainability [6]. However, excessive or 

uncontrolled use of NPs can induce oxidative stress in plant, potentially leading to 

harmful effects [7]. Therefore, further research is necessary to identify suitable NPs, 

understand their mechanisms of action in plants, optimize particle size, and determine 

effective and cost-efficient dosages tailored to specific plant species [8]. Recent studies 

have highlighted the potential of Zinc Oxide Nanoparticles (ZnO-NP's) as promoters of 

growth and development, mitigators of abiotic stress, and inducers of morphological and 

physiological changes [9, 10]. Despite these advancements, the effect of biogenic zinc 

oxide nanoparticles (BZO-NPs) on the micro-morphological structure and biochemical 

processes in basil seedlings remain unexplored. In this study, the optimal Zn 

concentration and plant-enhancer effects were investigated by applying different 

concentrations of BZO-NPs to basil seedlings. The study focused on characterizing BZO-

NPs and examining their micro-morphological and biochemical impacts on basil 

seedlings. 

2. Material and Method 

2.1.Preparation of plant materials and extracts 

BZO-NPs used for the experiments were synthesized using thyme leaves (Origanum 

minutiflorum O. Schwarz & P. H. Davis). O. minutiflorum leaves were provided in July 

from the Sütçüler district of Isparta. The samples were cleaned of any residue and dust 

by washing them twice with sterile water before drying for two days at room temperature 
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in the shade. The dried samples were ground using a coffee grinder, and the sample (1 g) 

was incubated in water at 100 °C for 20 min. The aliquot was then extracted with 

Whatman (No. 1). The extracts were cooled to room temperature for use as reducing 

agents to Zn2+. 

 

2.2.Biosynthesis of BZO-NPs 

Phytonanosynthesis of ZnO-NPs was prepared by stirring 0.1 M zinc chloride 

(ZnCl2.4H2O) in 100 mL of ddH2O at 600 rpm. Thyme extract (50 mL) was added to 50 

mL of ZnCl2 and stirred at 200 rpm for 24 h at 25 °C and then a white precipitate was 

obtained. The mixture was centrifuged at 600 rpm for 15 min and the resulting white 

pellet was washed three times with ddH2O and centrifuged. The ultimate white pellet was 

dried under vacuum and stored at +4 °C until the characterization tests of NPs and 

treatment to basil seedlings. 

 

2.3.Morphological characterizations of BZO-NPs 

The following techniques were used to characterization the synthesized NPs: UV-Vis 

spectroscopy (200-800 nm range) was employed to confirm the formation and optical 

properties of BZO-NPs. The presence and crystal structure of the synthesized BZO-NPs 

were determined using X-ray powder diffraction (XRD) with a X'Pert-PRO advanced 

diffractometer, utilizing Cu K (λ = 1.5406 Å) radiation, 40 kV, 30 mA and 2θ scanning 

range of 10º-90º. The crystal structure was confirmed by observing sharp Bragg reflection 

in the XRD patterns. Crystal structure determination was further supported by the Joint 

Committee on Powder Diffraction Standards (JCPDS) library. The size and morphology 

of the synthesized BZO-NPs were examined using scanning electron microscopy (SEM), 

while energy-dispersive-X-ray spectroscopy (EDS) was used to determine the elemental 

composition and purity of the NPs. 

 

2.4.Treatment of BZO-NPs to basil seedlings 

Basil seeds were grown into seedlings for 20 days in plastic pots containing a mixture of 

sand, forest-soil, and organic substrate (1:1:1). BZO-NPs at different concentrations (25, 

50, 100 and 200 mg L-1) were applied once to the basil seedlings as a 100 mL solution, 

and the seedlings were watered weekly for 6 months. In the control group, only water was 

used. The seedlings were grown in a plant growth chamber with a light intensity of 160 

μmol/m−2/s−1, 70-80% relative humidity, and a temperature regime of 28 °C during the 
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day and 22 °C at night. Morpho-physiological changes induced by BZO-NP treatment in 

basil seedlings were identified. 

 

2.5.Micro-morphological parameters 

The seedlings were dried for 48 h at 105 ° C after their fresh weights were specified using 

precision scale. The relative growth rates (RGR) of the seedlings were calculated 

according to the formula below [11]; 

RGR(%) =  [ 
Dry Weight

Fresh Weight
]  x  100                (1) 

 

Thirty leaf samples were transferred onto graph paper and weighed (x) from seedlings in 

each treatment group. The same graph paper was also used to cut 1 cm2, which was then 

weighed (y). The leaf area (LA) was calculated using the equation below and expressed 

as m2 kg-1 [12]; 

LA =  
    x   

y
                         (2) 

 

Fresh leaf sample (approximately 3 g, FW) was submerged in pure water for a full day, 

and once a piece of towel paper had absorbed the surplus water on the leaf surface, the 

turgor weight (TW) was measured. The samples from which turgor weight was taken 

were incubated at 65 °C for 24 h and then their dry weight (DW) was weighed. The 

relative water content (RWC) was calculated according to the formula below [13]; 

RWC (%) =  [ 
FW−DW

TW−DW
]  x  100                    (3) 

 

The stomata index (SI) on the leaves was performed according to Rengifo et al. (2002) 

[14]. The number of stomata (S) and epidermal cells (E) on 1 mm2 areas (approximately 

50 areas) of the adaxial and abaxial surfaces of the leaves were counted under light 

microscope and computed using the formula below; 

SI (%) =  [ 
S

E + S
]  x  100                 (4) 

 

Stomatal width (Wg) and stomatal length (Lg) on 1 mm2 areas (approximately 50 areas) 

of leaf surfaces were measured under a light microscope and the stomatal area (SA) was 

calculated according to the formula below [15]; 

SA (µm2) = [π x 
Wg x Lg

4
]                               (5) 
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To evaluate the stomatal density (SD, the number of stomata in an area) of leaves, 

superficial sections of 1 mm2 were obtained from the leaf's upper and lower surfaces, and 

at least three leaves were examined using a light microscope to obtain the mean SD value. 

The relative ratio of the total stomatal pore area to the leaf area is known as the stomatal 

pore index (SPI). The SPI ratio was computed using the following formula after 

determining the stomatal density (SD) and length (Lg) on both leaf surfaces [16]. 

SPI = Stomata Density (SD)x (Stomata Length (Lg))2                  (6) 

 

The morphology and distribution of peltate and capitate trichomes (gland trichomes) on 

both surfaces of basil leaves were measured according to Turner et al. (2000) [17]. 

Submicroscopic structures of trichomes and stomata on the adaxial and abaxial surfaces 

of the leaves were examined using SEM (LEO Stereoscan 360). 

 

2.6.Biochemical parameters 

Essential oil components were determined using HS-SPME-GC-MS. Dry basil leaves (1 

g) were ground into powder, and extraction was performed via solid-phase 

microextraction (SPME) using a 75 μm-thick layer fiber precoated with 

divinylbenzene/carboxen/polydimethylsiloxane. Prior to extraction, the SPME fibers 

were reconditioned for thermal desorption at 260 °C for 5 min, and each sample was 

manually inserted into the septum and exposed to 250 °C for 5 min. Essential oil 

extraction was performed by incubating the samples at 80 °C for 5 min, followed by 10 

min of magnetic stirring. The SPME fiber was then removed from the vial and injected 

for 3 min into a gas chromatography-mass spectrometry (GC-MS) analysis. Analyses 

were conducted using a PerkinElmer GC-MS (Norwalk, USA) instrument equipped with 

a BP-5 silica capillary column (30 m × 0.32 mm × 0.25 μm). The detector and injector 

temperature were set to 260 °C, the initial column temperature was held at 35 °C for 3 

min, then gradually increased to 140 °C at 5 °C min-1, and finally held at 250 °C for 10 

min. The carrier gas was helium with a flow rate of 1.4 mL min-1 and a split ratio of 1:50. 

Constituents were identified using mass spectra and linear retention indeces from the 

Wiley, NIST Tutor, Flavors and Fragrances of Natural and Synthetic Compounds 3.0 

libraries. Quantitative determination was performed using a Gas Chromatography/Flame 

Ionization Detector (GC-FID) under identical conditions to GC-MS. The amount of 

essential oil components wasa determined as the average of three replicates. 
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The leaf sample (1 g) was homogenized in 10 mL of methanol and centrifuged at 4000 

rpm for 5 min. Methanol in the supernatant was removed using a rotary vacuum 

evaporator at 40 °C. The resulting residue was dissolved in 500 µL of methanol and 

then filtered through a 0.02 µm Millipore filter. The phenolic components of the extracts 

were evaluated using reversed-phase high-performance liquid chromatography (RP-

HPLC). The Agilent 1200 HPLC system consisted of a UV detector, SIL-10A Dvp-

auto-sampler, LC-10A Dvp-pump, and CTO-10 Avp column heater (Shimadzu, Kyoto, 

Japan). The chromatographic separation was performed with an Agilent Eclipse XDB-

C18 column (250 mm × 4.60 mm × 5 μm), and the eluates were monitored at 278 nm. 

The mobile phase consisted of solvent A (3% acetic acid) and solvent B (80% 

methanol). The phenolic compounds were isolated using a modified gradient elution at 

30 °C with a flow rate of 0.8 mL min-1 and an injection volume of 20 μL, and the mobile 

phase composition was reset to the initial value after 55 min. The amount of phenolic 

compounds in the samples was determined based on comparisons with pure standards and 

retention times. 

 

Chlorophyll content in approximately fifty basil leaves in each treatment group was 

measured using SPAD-502 (Minolta Co. Ltd., Japan). 

 

Liquid nitrogen was used to pulverize 1 g of basil leaves and homogenized in 10 mL of 

0.1% trichloroacetic acid (TCA). H2O2 and MDA contents were measured from the 

supernatant after the homogenate was centrifuged at 13.000 rpm for 20 min at 4 °C. The 

H2O2 content in the extracts was measured according to Velikova et al. (2000) [18]. 0.5 

mL of 0.1 M potassium phosphate buffer (pH 7.0) and 2 mL of 1 M potassium iodide 

were added to 0.5 mL of supernatant and incubated in the dark for 1 h. The absorbance 

values were obtained at 390 nm using ddH2O as a blank. H2O2 content was expressed as 

micromole H2O2 equivalent per gram. 

 

A lipid peroxidation indicator called malondialdehyde (MDA) analysis was measured 

following Heath and Packer (1968) [19]. The solution of 4.5 mL containing 0.5% 2-

thiobarbituric acid (TBA) in 20% TCA was mixed with 1 mL of extract, and the mixture 

was transferred to an ice bath immediately after boiling for 30 min. The reaction was 

centrifuged at 10.000 rpm for 10 min and absorbance was measured at 532 nm and 600 

nm. The extinction coefficient used to compute the amount of MDA was 155 mM cm-1. 
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2.6.1.Antioxidant enzyme activities 

Two grams of basil leaves were pulverized in liquid nitrogen and homogenized with 0.2 

grams of PVPP in 10 mL ice-cold sodium phosphate (50 mM, pH 6.4, extraction buffer) 

to extract superoxide dismutase (SOD), catalase (CAT), glutathione reductase (GR), and 

ascorbate peroxidase (APX). APX extraction was performed by adding 1 mM ascorbic 

acid to the extraction buffer. The resulting homogenates were centrifuged at 4 °C 15.000 

rpm for 20 min. The aliquots were reserved at -20 °C in the dark until they were analyzed. 

 

SOD was measured by inhibition of photoreduction of nitro-tetrazolium following 

Giannopolitis and Ries (1977) [20]. The components of the reaction mixture were 2.8 mL 

of reaction solvent (0.1 mM EDTA, 13 mM methionine, 50 mM sodium carbonate, 75 

µM nitroblue-tetrazolium, 50 mM sodium phosphate (pH 7.8)), 0.1 mL of 2 mM 

riboflavin, and 0.1 mL of supernatant. The reaction was incubated under 15 W white-

fluorescent lamps for 15 min, and the control prepared with ddH2O was incubated in the 

dark. One unit of SOD activity was calculated by measuring the 50% inhibition 

absorbance of nitroblue-tetrazolium reduction at 560 nm. 

 

CAT was measured following Chance and Maehly (1955) [21]. The reaction components 

were 0.1 mL supernatant, 2.9 mL of 50 mM sodium phosphate (pH 7.0), and 40 mM 

H2O2. The decrease in absorbance was determined at 240 nm (Ɛ240= 36 M-1 cm-1) for 3 

min. One unit was measured by H2O2 decomposition per min. 

 

GR was determined according to Chance and Maehly (1955) [21]. The reaction included 

0.1 mL of supernatant, 500 µL of 2 mM oxidized glutathione, and 350 µL of 0.1 M 

sodium phosphate (pH 7.8). The reaction was initiated by adding 50 µL of 2.4 mM 

NADPH and the absorbance of the decreasing NADPH was measured at 340 nm (Ɛ340= 

6.22 mM-1 cm-1) for 3 min. One unit was measured as an oxidation of 1 mmol NADPH 

per min. 

 

APX was performed using the procedure described by Nakano and Asada (1981) [22]. 

The reaction was initiated by inserting 700 µL of reaction buffer (0.1 mM EDTA Na2, 0.5 

mM ascorbate, 50 mM sodium phosphate (pH 7.0)) and 200 µL of 1.2 mM H2O2 to the 

0.1 mL of enzyme extract. The decrease in absorbance was determined at 290 nm (Ɛ290= 

2.8 mM-1 cm-1) for 3 min. One unit was measured at 1 mmol H2O2 decomposition per 

min. 
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The Bradford method [23] was used to calculate the protein concentration of antioxidant 

enzyme extracts, and the activity of each antioxidant enzyme was measured in U mg 

protein-1. 

 

2.7.Statistical analysis 

Minitab software (Minitab version 19, Philadelphia, USA) was used to perform analysis 

of variance (ANOVA) on micro-morphological and biochemical data. Tukey's (p≤0.05) 

was employed to discriminate differences the between means. All values were denoted as 

mean ± standard deviation. OriginPro software (OriginLab, Northampton) was used to 

calculate the Pearson linear correlation. 

 

3. Results and Discussion 

 

Phytochemicals such as phenolic compounds, flavonoids, amides, alkenes, and proteins 

in the aqueous extract prepared with thyme leaves are responsible for the biosynthesis of 

BZO-NP due to their ability to stabilize metal nanostructures, capping and adjusting their 

morphology and size. In this study, BZO was synthesized for the first time using these 

endemic thyme leaf extracts, and its characterization was made using the following 

analytical methods. 

 

Morphological Characterization of BZO-NPs 

Structural and morphological properties of green-synthesized BZO-NPs were examined 

using UV-Vis spectroscopy, XRD and SEM. The formation of a white precipitate in the 

mixture, prepared using thyme leaf extract and zinc chloride (ZnCl2.4H2O) solution, 

indicated the presence of BZO-NPs through the reduction of Zn2+ ions (Figure 1a). The 

color change from light yellow to white, which signifies the reduction of zinc ions in the 

extract, resulting from the excitation of free electrons in phenolic compounds by metallic 

nanoparticles [24]. Polyphenols, which act as both reducing and stabilizing agents in the 

plant extract, react with the zinc ions in the solution, reducing them to their zero-valent 

state. The maximum optical absorption band observed at 360 nm corresponds to the 

exposure, excitation, and absorption of zinc colloid nanoparticles, confirming that thyme 

leaf extract facilitates the reduction of zinc ions. Additionally, the detection of a peak in 

the wavelength range at ~370 nm clearly indicates the presence of BZO-NPs in the 

reaction mixture. This peak arises from the excitation of electrons from a filled orbital to 
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an empty anti-bonding orbital, driven by energy associated with the specific wavelength 

of light [25]. 

 

The crystal structure of the BZO-NPs made using thyme extract was ascertained through 

X-ray diffraction investigations conducted. In the XRD model, the peaks of Bragg 

reflections are defined by the number of (1 1 1), (2 0 0), (2 2 0), (3 1 1), (2 2 2), (4 0 0) 

reflections corresponding to 33.5°, 38.87°, 56.15°, 66.99°, 70.4° and 83.46° at 2θ, 

respectively (Figure 1b). These observed peaks proved the synthesized BZO-NPs' crystal 

structure. Various Bragg reflections prove that the thyme extract used as a reducing agent 

stabilizes the produced nanoparticles, confirming the crystallization bioorganic phase 

occurring on the surface of BZO-NPs [26]. These obtained planes are compatible with 

the spherical structure corresponding to pure BZO-NPs according to the JCPDS 

(ICSD#897102) file. 

 

 

Figure 1. Characterization tests of BZO-NPs; a) UV-Vis absorption spectra, b) XRD, c) 

SEM image and d) EDS spectra 

 

Although the majority of the biosynthesized BZO-NPs were spherical nanoparticles 

between 50 and 100 nm in size, irregular morphology nanoparticles were also found; 

these aggregated into larger particles between 130 and 150 nm as a result of smaller 

particles joining to form large particles (Figure 1c). The resulting nanoparticles appear 

larger than their actual size because the hydrodynamic layers that form around the particle 

in the liquid medium lead to the formation of large-sized and nanoaggregates [27]. 

Moreover, organic molecules in the leaf extract which stuck in clustered form due to the 

presence of irregular nanoparticles, the polarity of nanoparticles, and electrostatic 
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attraction facilitate the disordered phase formation of nanoparticles rather than crystalline 

phase formation [28]. The phytochemicals also contain a variety of functional groups, 

including amine, carbonyl, and hydroxyl groups, which can react with metal ions and 

reduce them into nanoparticles in a single process. The reaction with Zn2+ ions may entail 

the oxidation of OH groups, as the oxygen or hydroxyl compounds in the plant extract 

prefer to contribute an electron to the electrophile Zn complexes [29]. It may also involve 

a donor-acceptor mechanism that reduces electron-deficient zinc ions to create zinc 

atoms. According to the EDS data, two powerful peaks at 101 and 108 keV, 

corresponding to the optical absorption of the produced nanoparticle, and two weak peaks 

at 8.5 and 9.4 keV (Figure 1d), showed the peaks characterized by BZO-NPs, which are 

due to the surface plasmon resonance of BZO-NPs. According to the elemental analysis 

of the nanoparticle, the atomic percentage of zinc and oxygen is 36.57 and 38.79%, 

respectively, and the peaks at 1.01 and 0.75 keV, respectively, confirmed the purity of 

BZO-NPs. 

 

Effect of BZO-NPs on Micro-Morphological and Biochemical Parameters 

 

Plant growth generally refers to the biomass accumulated as a result of the balance 

between photosynthesis and respiration [30]. Substance accumulation, also defined as 

RGR, can be defined by the total chlorophyll content and RWC ratio. In our study, BZO-

NP concentrations caused some changes in growth parameters (P≤0.05). RGR was lowest 

in control (8%), but it was highest at 50 and 100 mg L-1 BZO-NP concentrations (10%), 

suggesting that NP treatment promoted basil growth (Figure 2). Since zinc serves as the 

structural and catalytic component of proteins and enzymes and as a co-factor for pigment 

biosynthesis [31], increasing BZO-NP in the medium increased the total amount of 

chlorophyll. The increase in the amount of chlorophyll supports biomass accumulation 

by positively affecting the photosynthetic mechanism. However, although RGR showed 

the highest value at 50 and 100 mg L-1 (10%), total chlorophyll contents did not increase 

at the same rate. The total chlorophyll amount was determined as 7.62% and 5.91% at 50 

and 100 mg L-1, respectively. Zinc oxide NPs support chlorophyll biosynthesis up to a 

certain concentration, but completely suppress chlorophyll biosynthesis at concentrations 

of 200 mg L-1 and above [32]. The fact that RGR is similar in both concentrations but the 

chlorophyll content is different may indicate that RWC may be the parameter that triggers 

growth. Because, RWC showed the highest value at both concentrations (87% and 86%). 

This showed that BZO-NP positively affected all growth parameters at 50 mg L-1, but 
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negatively affected the chlorophyll content at higher concentrations. However, although 

the total amount of chlorophyll decreased to 100 mg L-1, the high RWC ensured the 

continuity of growth. However, the decrease in RGR at BZO-NP 200 mg L-1 was 

paralleled by the decrease in RWC and total chlorophyll quantity. BZO-NP positively 

affects growth by increasing the water absorption potential of plants [33]. It is also seen 

in Figure 2 that BZO-NP applications positively affect basil growth up to a certain 

concentration. 

 

 

Figure 2. Effect of BZO-NP applications on basil growth on differences in RGR, RWC 

and total chlorophyll contents. Means ± standard error are shown by vertical bars, and 

Tukey's test statistical differences are indicated by different letters (P ≤ 0.05) 

 

Since stomatal qualitative and quantitative changes in leaves directly affect the 

photosynthesis and respiration mechanism, plant growth can also be described by changes 

in stomatal movements. The responses of stomata to environmental variables are short-

term, with changes in the opening-closing mechanism of the stomata, and long-term, with 

morphological changes occurring with the size, frequency and distribution of stomata 

[34]. These microscopic pores play a key role in improving crop yield as they regulate 

the photosynthesis and water use mechanism. BZO-NP treatments significantly affected 

stomata dimensions (length and weight), stomatal density and epidermis number 

(P≤0.05). Stomatal density reached its maximum value at 50 mg L-1. In other 

concentrations, it showed lower values than stomatal density control (Figure 3a). While 

the epidermis number showed higher values than control at 25 and 50 mg L-1, it was 

significantly lower than control at other concentrations (Figure 3b). Stomatal sizes 

decreased significantly with increasing concentration compared to control (Figure 3c-d). 

Changes in concentration revealed an inverse relationship between stomatal density and 

stomatal sizes. As a result of the increase in stomatal density with an increase in 
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concentration, the stomatal size decreased. Reducing the size of stomata organizes the 

continuity of photosynthesis by ensuring that the stomata pores remain open [35]. The 

inverse relationship between SPI and stomata size, especially the highest value at 100 mg 

L-1, shows that our results support each other (Figure 3e). The decrease in stomatal density 

and the increase in the SPI, especially at 100 mg L-1, can be defined as an effort to reduce 

the negative effect of decreasing stomatal density. Plants exposed to high temperatures 

enable adaptation to the environment by increasing stomata aperture despite low stomata 

densities [36].  

 

 

 

Figure 3. Changes in stomatal movements in response to BZO-NP applications in basil 

leaves. For graphs (Figure 3a-d), horizontal lines within boxes indicate the median and 

boxes indicate the upper (75%) and lower (25%) quartiles. The minimum and maximum 

value ranges are indicated with vertical bars, and significant differences between means 

are indicated with different letters. 

 

To determine the effect of BZO-NP applications on the phenolic content of basil 

seedlings, the effect levels were determined by comparing 4 different concentrations of 
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BZO-NP with each other and with the control. Changes in peltate trichomes identified 

three different phenolic compounds (caffeic acid, rosmaniric acid and chlorogenic acid). 

Caffeic acid content decreased at BZO-NP 50 and 100 mg L-1 compared to the control, 

but this decrease was not found to be statistically significant and the highest caffeic acid 

content was found at BZO-NP 200 mg L-1. While rosmaniric acid content did not alter 

statistically at BZO-NP 100 mg L-1, it increased significantly in other concentration 

treatments and the highest increase was observed in the BZO-NP 200 mg L-1 treatment. 

Chlorogenic acid content increased with the rising treatment concentration, but between 

BZO-NP 25 and 50 mg L-1, chlorogenic acid content did not change significantly and 

reached the highest value at BZO-NP 200 mg L-1. Phenolic substance content increased 

in parallel with peltate trichomes (Figure 4). 

 

 
Figure 4. Phenolic content of basil seedlings in BZO-NP concentrations. Means ± 

standard error are shown by vertical bars, and Tukey's test statistical differences are 

indicated by different letters (P≤0.05) 

 

Glandular trichomes, which are responsible for producing, secreting and storing 

phytochemicals, are defined as metabolic cell factories [37]. The increase in glandular 

peltate trichomes, which are the production centers of phenolic acids, with BZO-NP 

treatments makes it possible to target the increase in the amount of phytochemicals. On 

the other hand, many reports describe that changes in phenolic substance content are 

associated with stomatal pore index results. The current study determined the inverse 

relationship between the increase in BZO-NP concentration and stomatal pore index and 

phenolic substance content. While the SPI was highest at BZO-NP 100 mg L-1, it 

decreased at BZO-NP 200 mg L-1 (Figure 3e). Similar changes were also seen in the 

amount of phenolic acid, and especially the amount of phenolic acids reached the highest 

value at BZO-NP 200 mg L-1, and growth decreased (Figure 5). Phenolic compounds in 
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guard cells are effective in opening and closing the stomata [38]. Phenolic compounds 

accumulated in poplar plants reduced stomata opening, resulting in a decrease in CO2 

absorption and a photosynthetic decrease [39]. Changes in the amount of ABA, which 

causes stomatal closure due to inhibition of K+ uptake and increased ion flow from guard 

cells, are affected by the amount of phenolic acid [40]. 

 

 

Figure 5. Responses of the structures of the epidermal system on the upper and lower 

surfaces of basil leaves to BZO-NP applications (S: stomata; E Epidermis; cpt: capitate 

trichome; plt: peltate trichome) 

 

The treatment of different concentrations of BZO-NP to basil seedlings resulted in the 

identification of 81 essential oil components. Fifty-six of these compounds exhibited 

varying rates of increase or decrease compared to the control group. These compounds 

showed two different variations: compounds that were in control but decreased or were 
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not present in the treatments, and compounds that were not in control but were present 

and increased in the treatments. In this context, while methyl benzoate was found at 0.18 

µg g-1 in the control group, it was not detected in any of the BZO-NP treatments. Linalyl 

acetate was found at 0.45 µg g-1 in the control, decreased by 45% at 25 and 50 mg L-1 in 

BZO-NP, 14% at 100 mg L-1 in BZO-NP and 20% at 200 mg L-1 in BZO-NP. Lavandulyl 

acetate was detected at 0.07 µg g-1 in the control, while it decreased by 72% at BZO-NP 

25 mg L-1 and was not detected at all in other BZO-NP treatments. While methyl 

cinnamate was found to be 54.78 µg g-1 in the control, it decreased by 40%, 62%, 76% 

and 43% in BZO-NP 25, 50, 100 and 200 mg L-1 treatments, respectively. While geranyl 

isovalerate contained 0.59 µg g-1, nerolidol 0.45 µg g-1, hex-3(Z)-en-1-ol benzoate 0.07 

µg g-1 and δ-cadinol 0.37 µg g-1 in the control, these compounds decreased in BZO-NP 

treatments and BZO-NP 200 mg L-1 could not be detected. Muurolol was found to be 2.07 

µg g-1 in the control, while it decreased by 38%, 51%, 11% and 37% in BZO-NP 25, 50, 

100 and 200 mg L-1 treatments, respectively. On the other hand, γ-Terpinene was not 

found in control and BZO-NP 200 mg L-1, while it was found as 0.04 µg g-1, 0.06 µg g-1 

and 0.05 µg g-1 in BZO-NP 25, 50 and 100 mg L-1, respectively. While α-terpinolene and 

α-cedrene compounds could not be detected in the control, these components started to 

be synthesized as the treatment BZO-NP concentration increased and BZO-NP reached 

the highest value at 200 mg L-1 and was found to be 0.09 µg g-1 and 0.31 µg g-1, 

respectively. β-Myrcene was the compound that showed the highest increase, with an 

83% increase at 50 mg L-1, while it was 1.02 µg g-1 in the control. Compounds such as γ-

terpinene, α-terpinolene and α-cedrene are inflammatory, that is, they are real 

antioxidants that prevent degradation by rapidly undergoing autoxidation [41, 42]. These 

compounds, which cannot be detected in the control group and whose amount increases 

with BZO-NP concentrations, are important compounds used in the treatment of various 

diseases. Capitate and peltate glandular trichomes in basil leaves are essential oil 

production and release centers [43]. The positive relationship between glandular hair 

density and essential oil yield [44] was also determined in BZO-NP treatments. The 

number of capitate glandular trichomes was 17, 22, 19, 21 and 18 in the control, 25, 50, 

100, 200 mg L-1 BZO-NP treatments, respectively, while the number of peltate glandular 

trichomes was 9, 11, 13, 15 and 16, respectively. The contribution of BZO-NP 

applications to basil growth also affected the development of glandular trichomes. 

Growth is directly proportional to the highest increase in the number of glandular 

trichomes, especially at 100 mg L-1. Variations in glandular trichome density were used 

to identify changes in the quantity and composition of essential oils. Similar findings have 
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been reported that the differences in the amount and composition of essential oils of 3 

different Satureja plants are due to differences in glandular trichome density [45]. 

 

The activities of plant antioxidant enzymes such as SOD, CAT, GR, and APX, which are 

crucial for scavenging reactive oxygen species (ROS) that cause oxidative damage to 

lipids, proteins, and DNA [46], were affected by the foliar application of BZO-NPs. All 

concentrations of BZO-NP treatments led to a significant increase in SOD and CAT 

activity compared to the control (Figure 6a, b). SOD is responsible for defending cells 

against superoxide anion damage by converting it into H2O2 and O2. SOD activity in basil 

treated with 25 and 50 mg L-1 BZO-NP increased by 120% and 153%, respectively, 

compared to the control. Two micronutrients that serve as SOD cofactors, Cu-Zn SOD 

and Fe-SOD, are responsible for the higher enzymatic activity of Cu-Zn SOD in the 

cytosol and Fe-SOD in the chloroplasts [47]. CAT activity was increased at 25, 50 and 

100 mg L-1 BZO-NP treatments compared to the control, but no significant difference 

was observed between concentrations. Treatment with ZnO NP significantly increased 

the uptake of Zn and Fe ions, which catalyze various biochemical reactions and enzyme 

cofactors [48]. Zinc also reduces ROS accumulation by increases the expression and 

activity of genes encoding antioxidant enzymes [49]. Exogenous treatment with ZnO NPs 

was also reported by Faizan and Hayat (2019) [50] to strengthen enzymatic defense 

mechanisms by increasing CAT and SOD activity.  

 

GR is a key H2O2 scavenger in cells and plays a crucial role in the ascorbate-glutathione 

pathway.  GR activity decreased by 30%, 17% and 28% in the 25, 50 and 100 mg L-1 

BZO-NP treatments compared to the control, with no significant differences observed 

among the concentrations (Figure 6c). It has been reported that plants exposed to heavy 

metals show a decrease in GR activity [51]. The decrease in GR activity under BZO-NPs 

could be associated with an increase in the oxidized glutathione pool [52]. 

 

APX activity increased by 13% and 18% in the 50 and 100 mg L-1 BZO-NP treatments, 

respectively, while it decreased by 41% and 14% in the 25 and 100 mg L-1 BZO-NP 

treatments comparison to the control (Figure 6d). Several studies have shown that 

exogenous treatment with ZnO-NPs improves APX activity [53, 54]. In the present study, 

differences were observed between the concentrations of BZO-NP treatments; however, 

50 and 200 mg L-1 BZO-NP were particularly effective in improving APX activity. The 
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results of enzymatic antioxidant activity suggest that the use of thyme extract in ZnO-NP 

synthesis could enhance the potential to reduce reactive oxygen species. 

 

 

Figure 6. Effects of BZO-NP at different concentrations (0, 10, 50, 100, or 200 mg L-1) 

on a) SOD, (b) CAT, (c) GR and (d) APX. The mean ± SE is represented by the data. 

Significant differences are indicated by different letters at P≤0.05. 

 

All concentrations of BZO-NPs led to a significant reduction in H2O2 content compared 

to the controls. The 50 and 100 mg L-1 BZO-NP treatments were the most effective in 

reducing H2O2 content, decreasing it by 42% and 43%, respectively, compared to the 

control. The results of the present study are supported by Sun et al. (2020) [55], who 

found that ZnO-NP treatment on maize leaves reduced H2O2 content. BZO-NP treatments 

significantly increased SOD and CAT activities in basil, which contributed to the 

reduction of H2O2 content. This, in turn, helps preserve the stability of chloroplasts and 

mitochondria. CAT is an important enzyme that catalyzes the conversion of H2O2 into 

H2O and oxygen in peroxisomes [56] and it may have prevented H2O2 accumulation as a 

by-product through this role. 
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MDA is a by-product of lipid oxidation, which is triggered by ROS production [57]. 

Therefore, the amount of MDA reflects the extent of peroxidation and ROS production 

within the cell [52]. The results of this study revealed no significant differences in MDA 

content between the BZO-NP treatments and the control (Figure 6f). The MDA content 

in the 25, 50, 100, and 200 mg L-1 BZO-NP treatments was 2.99, 2.98, 2.91, and 2.92 

nmol g-1, respectively. These results suggest that BZO-NPs enhance the activation of the 

enzymatic antioxidant system in basil, helping to eliminate the effects of ROS and prevent 

membrane peroxidation. 

 

The result of Pearson linear correlation analysis based on the effect of different 

concentrations of BZO-NPs was provided in Figure 7. Out of the 66 correlation 

coefficients, 28 were negative and 38 were positive. While H2O2 content was negatively 

correlated with SOD activity (r = 0.82), it showed a positive correlation with GR activity 

(r = 0.85). SOD activity also showed a positive correlation with CAT activity (r=0.89). 

SPI is positively correlated with both SA (r=0.92) and PD (r=0.86) parameters. 

Additionally, Chl positively correlated with SD (r=0.87). 

 

 

Figure 7. Heat map-generated relationships and correlations between biochemical and 

micro-morphological parameters utilizing mean values from basil following BZO-NPs 

treatment. The intensity of the normalized mean values of the different parameters is 

shown by the color scale (SOD, Superoxide dismutase; CAT, catalase; GR, glutathione 

reductase; APX, ascorbate peroxidase; H2O2, hydrogen peroxide; MDA, 
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malondialdehyde content; Chl, Chlorophyll content; SPI, Stomata Pore Index; SA, 

Stomatal area; PD, peltate trichome density; LA, Leaf area; SD, Stomatal density). 

 

4. Conclusion 

This study investigates the effects of different concentrations of BZO-NPs on the micro-

morphological traits, essential oil composition, phenolic content, and biochemical 

parameters of basil plants. The treatment of BZO-NPs to basil seedlings in the pot 

experiment showed promising results. BZO-NP treatment positively influenced the 

growth of basil plants, as evidenced by changes in stomatal movements and increases in 

RGR, RWC, and total chlorophyll content. Changes in BZO-NP concentration revealed 

an inverse relationship between stomatal density and stomatal sizes: as the concentration 

of BZO-NPs increased, stomatal density increased, while stomatal size decreased. 

Similarly, a negative relationship was observed between the SPI and phenolic compound 

content with increasing BZO-NP concentration. The most effective micro-morphological 

parameters were observed at a BZO-NP concentration of 100 mg L-1, where the number 

of glandular trichomes reached its maximum. Variations in the content and composition 

of essential oils were closely associated with changes in glandular trichomes density. 

Peltate glandular trichomes, responsible for phenolic production and release, were most 

abundant at 200 mg L-1 BZO-NP, resulting in the highest production of rosmaniric acid 

at this concentration. Furthermore, BZO-NP treatments increased the activities of SOD 

and CAT, which are responsible for scavenging ROS, reduced H2O2 content and did not 

alter MDA content, thereby mitigating oxidative damage. These results underscore the 

agricultural potential of thyme extract-synthesized BZO-NPs, attributed to their eco-

friendly and cost-effective properties. 
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