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Abstract 

 

Nanoparticles (NPs) have received much attention recently in various areas of industry, biomedical, and agricultural 

sectors worldwide. It is important to recognize the consequences of the use and application of NPs and their interaction 

with ecosystems components including plants, whether in the environmental area or in physiology and crop production. 

The present study aimed to investigate the changes in essential oil content and composition of Thymus daenensis Celak., 

Thymus fedtschenkoi Ronniger and Thymus vulgaris L. under silver nanoparticles (AgNPs) and silicon nanoparticles 

(SiNPs) in four levels (0, 30, 60, 100 ppm). The essential oil content increased at all stress levels and in all three species. 

The amount of monoterpene hydrocarbons in T. fedtschenkoi increased, while it decreased in other two species. The 

amount of sesquiterpentes, except for oxygenated sesquiterpenes in T. daenensis, increased slightly. Compared to other 

factors, the type of plant species was more determinative in response to treatments. Overall, both AgNPs and SiNps 

treatments had a distinct effect. However, no interpretable results were observed between the different levels of both 

treatments. 
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Introduction 

 

With the rapid development of nanotechnology in recent 

years, nanoparticles (NPs) research has become an area of 

intense scientific interest, due to a wide variety of 

potential applications in the areas of physical, chemical, 

biological, health and other interdisciplinary fields of 

science and engineering [1,2]. Although nanoparticles 

(NPs) naturally exist in the environment, the 

concentrations of NPs have increased in the environment 

due to increasing demand of NPs based products [3–5]. 

Due to the static nature of NPs and their interaction with 

soil and air, plants as an important component of the 

ecological system are most exposed to these materials 

[1,6]. The impact of various types of NPs on higher 

plants differently at the physiological, biochemical, 

nutritional, and genetic levels has also been examined [6–

9]. However, there are still many unresolved issues and 

challenges concerning the biological effects of NPs [10]. 

The effects vary depending on the physicochemical 

properties of NPs, as well as plant species, the extent of 

their sizes, and the exposure duration [10,11]. Currently, 

NPs researches with the goal to promote their use for 

improvements of crop agronomic traits engenders 

considerable interests. Besides the exclusive properties of 

NPs on plants, certain reports have confirmed that NPs 

can induce phytotoxicity and have some negative effects 

as they enhance the generation of reactive oxygen species 

(ROS) [4,12].  

Among the different NPs, silver nanoparticles (AgNPs) 

have been applied in many industries, such as personal 

care products, clothing, food, building materials and 

medical equipment. Exposure to AgNPs seems to have 

many physiological and biochemical consequences in 

plants such as transpiration, oxidative stress, and 

genotoxicity, among others, which in turn have influence 
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on key life events of the plants including seed 

germination, seedling vigor, root initiation, growth and 

photosynthesis to flowering [4,13]. 

Silicon (Si), as the second most abundant macro-element, 

is known to improve plant fitness by mitigation and 

remediating the toxic effects of biotic and abiotic stresses 

and toxic substances [14,15]. Silica nanoparticles (SiNPs) 

have received special interest due to their prominence in 

cosmetic and biomedical applications and on the other 

hand as a nano-fertilizer as well as in industry [16,17]. 

Use of nano-fertilizers in plant nutrition is one of the 

major roles of nanotechnology in agriculture, soil and 

water sciences [18,19]. 

In such a conflicting and ambiguous nature of NPs in 

plants, research related to the use, application and 

elucidation of the action mechanism of cellular, 

biochemical and molecular protection render by the NPs 

in plants is essential. Given that the essential oil content 

and composition of medicinal and aromatic plants is 

highly integrated with the physiology of the whole plant, 

this study aimed consideration the changes of essential oil 

composition of three Thymus species under different 

concentrations of AgNPs and SiNPs, whether as a 

stressor (AgNPs) or a fertilizer (SiNPs). 

 

Experimental 

Plant Material and Growth Conditions 

The field experiment was conducted from early April to 

early July 2018, in the research farm of the University of 

Malayer (Latitude: 34°15′N, Longitude: 48°51′E, 

Altitude: 1814 m, Malayer, Hamedan Province, Iran). 

The plants of T. daenensis and T. fedtschenkoi were 

collected from their natural habitats in Malayer and 

Soobashi Mountains in early March 2016, respectively, 

and propagated by plant separation. T. vulgaris 

transplants were purchased from the Hamedan Botanical 

Garden. In order to achieve steady and fresh growth, the 

plants were trimmed after planting. The AgNPs was 

purchased from Pars Nano Nasb Company with an 

average particle diameter of 25 nm. Powdered SiO2 

nanoparticles were purchased from TECNAN 

(Tecnología Navarra de Nanoproductos S.L., Spain) with 

a range of 10 to 30 nm.  

The experiment was arranged in a randomized block 

design with two NPs (AgNPs and SiNPs) treatments in 

four levels (0, 30, 60, 100 ppm) and three replications. 

Each block had six plants. After deployment and earl 

May, each of the plant was thoroughly sprayed and 

soaked with 200 ml of each treatment. NPs treatments 

were applied weekly for four weeks. The plants were 

harvest at the flowering stage in mid-June. 

 

Characterization and Application of NPs 

X-ray diffraction (XRD) measurement confirmed the 

structure and particle size distribution of the NPs. The 

NPs were dispersed in deionized water and sonicated for 

more than 15 min. All experimental concentrations were 

prepared by diluting the AgNPs stock solution (1 g L−1) 

in deionized water. All dilutions were freshly prepared 

before use. Four levels of AgNPs and SiPNs (0, 30, 60, 

and 100 ppm) were sprayed with 0.1% Tween 20 on 

plants as a surfactant. These solutions were sonicated for 

15 min. 

 

Isolation of Essential Oils 

The essential oils of each treatment was isolated by 

hydro-distillation of 100 gr air-dried aerial parts of the 

plants using a Clevenger type apparatus for two hours 

with three replications. The distillated oils were dried 

over anhydrous sodium sulfate and stored in tightly 

closed dark vials at 4 °C until analysis.  

 

GC-FID and GC/MS Conditions 

Due to the high number of samples, all three replicates 

were mixed before injection to the device. Gas 

chromatography (GC) analysis was performed using a 

Thermo-UFM ultra-fast gas chromatograph equipped 

with a ph-5 fused silica column (10 m × 0.1 mm i.d., film 

thickness 0.40 μm). Oven temperature was held at 60 °C 

for three minutes and then programmed to 280 °C at a 

rate of 80 °C/min. Detector (FID) temperature was 285 

°C and injector temperature was 285 °C. Helium was 

used as carrier gas with a linear velocity of 32 cm/s. The 

oils were manually injected to GC without dilution. The 

percentages of compounds were calculated by the area 

normalization method, without considering response 

factors. Gas chromatography mass spectrometry (GC-

MS) analysis was carried out in a Varian 3400 GC-MS 

system equipped with a DB-5 fused silica column (30 m 

× 0.25 mm i.d., film thickness 0.25 μm); oven 

temperature was 50-240  °C at a rate of 4 °C/min, transfer 

line temperature 260 °C, carrier gas: He, with a linear 

velocity of 31.5 cm/s, split ratio 1:60, ionization energy 

70 eV, scan time 1 s, and mass range 40-300 amu. The 

oils diluted in dichloromethane (2 μl of the oil in 2 ml 

solvent), then 2 μl of each was injected to GC/MS 

manually. 

 

Identification of Volatile Components 

The components of oils were identified by comparison of 

their mass spectra with those of a computer library or 

with authentic compounds and confirmed by comparison 

of their retention indices, either with those of authentic 

compounds or with data published in the literature [20, 

21]. Mass spectra from the literature were also compared 

[22, 23].  

 

Data Analysis 

Scatter biplot was performed on the principal components 

analysis (PCA) discrimination using variance-covariance 
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matrix by Past software (version 3.04) to obtain a 

simultaneous representation of both treatments and 

general characteristic in one oil sample. 

 

Results and Discussion 

 

The main ingredient of T. daenensis oil was thymol 

(ranged from 72.03% to 86.33%), that its highest amount 

was obtained from Ag60 and Si60 treatments (86.33% 

and 86.07%, respectively), as well as the highest 

oxygenated monoterpenes (Table 1). Other main 

constituents were p-cymene, γ-terpinene, carvacrol 

methyl ether and trans-caryophyllene in all treatments. 

The most amounts of sesquiterpenes, with the abundance 

of the hydrocarbon forms, achieved form Ag30 and Ag60 

treatments (4.03% and 4.72% respectively). In the case of 

essential oil content, in comparison with the control, all 

applied treatments increased essential oil percentage, 

especially Si30 treatment (1.2%). Scattering of the 

treatments based on the first two principal components of 

chemical-composition data of T. daenensis is 

demonstrated in Fig. 1, above. Accordingly, the length 

and orientation of the vector of the compounds are 

determinative in scattering of the treatments. Herein, the 

vectors of thymol, trans-caryophyllene, p-cymene, γ-

terpinene and carvacrol methyl ether had the longest 

length, respectively. And with different directions from 

each other, thymol; trans-caryophyllene and γ-terpinene; 

p-cymene and carvacrol methyl ether had a nearly same 

orientation. Hence, this layout showed proximity of Ag30 

and Si30 treatments in the second quarter, proximity of 

control and Ag100 in third quarter, and distance of Ag60. 

Alcoholic compound of linalool was major ingredient of 

T. fedtschenkoi in all treatments, that the highest and the 

lowest observed in treatments of Ag30 (78.30%) and 

Ag100 (39.41%) (Table 2). 

 

Table 1 The profile of the essential oil of Thymus daenensis Celak. under various levels of AgNPs and SiNPs. 

 

No   RTa Compounds Control Ag30 Ag60 Ag100 Si30 Si60 Si100 

  Monoterpene hydrocarbons        

1   6.59 α-Thujene 0.74 1.09 0.31 0.74 0.55 0.75 0.51 

2   6.80 α-Pinene 0.28 0.42 0.14 0.27 0.20  0.20 

3   7.23 Camphene 0.16 0.22  0.12 0.09  0.10 

4   8.07 β-Pinene 0.12 0.15 0.05 0.11 0.08 0.15 0.10 

5   8.47 β-Myrcene 0.69 1.23 0.36 0.65 0.65 0.72 0.61 

6   8.97 α-Phellandrene  0.20 0.06 0.09 0.11  0.15 

7   9.38 α-Terpinene 0.80 1.18 0.36 0.50 0.77 0.35 0.67 

8   9.74 p-Cymene 4.95 5.19 0.82 3.90 3.41 3.98 4.29 

  Oxygenated monoterpenes        

9   10.96 1,8-Cineole  0.43 0.11 0.44 0.37   

10   11.05 γ-Terpinene 3.13 6.40 2.22 1.71 4.55 1.35 3.47 

11   11.41 trans-Sabinene hydrate  0.24  0.16 0.12 0.26 0.32 

12   12.69 Linalool 0.33 0.31  0.33 1.87 0.33  

13   15.41 Borneol 0.21 0.38  0.17 0.28  0.76 

14   18.59 Carvacrol methyl ether 5.37 5.95 2.66 4.59 4.16 3.51 4.59 

15   21.9 Thymol 79.46 72.03 86.33 77.75 77.58 86.07 80.86 

  Sesquiterpene hydrocarbons        

16   25.83 Trans-Caryophyllene 1.96 3.92 4.42 1.97 3.25 2.11 3.03 

17   27.18 α-Humulene  0.11 0.14 0.06 0.09  0.10 

18   29.33 β-Bisabolene   0.16  0.17   

  Oxygenated sesquiterpenes        

19   32.31 Caryophyllene oxide 0.53 0.18 0.25 0.26 0.42 0.42 0.24 

  Monoterpene hydrocarbons 7.74 9.68 2.10 6.38 5.86 5.95 6.63 

  Oxygenated monoterpenes 88.50 85.74 91.32 85.15 88.93 91.52 90.00 

  Sesquiterpene hydrocarbons 1.96 4.03 4.72 2.03 3.51 2.11 3.13 

  Oxygenated sesquiterpenes 0.53 0.18 0.25 0.26 0.42 0.42 0.24 

  Detected compounds 98.73 99.63 98.39 93.82 98.72 100 100 

  Essential oil content (%) 0.25 1 0.5 1 1.2 1.05 1 
 

a Retention Time 
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Fig. 1 Scatter plot based on the first two principal components 

of chemical-profile data, demonstrating the relationships among 

some important characteristics in the essential oil of Thymus 

daenensis Celak. (above), Thymus fedtschenkoi Ronniger  

(middle) and Thymus vulgaris L.  (below). 

 

Other main constituents included 1,8-cineole, borneol and 

trans-caryophyllene. The high amount of trans-sabinene 

hydrate (13.22%) and α-terpineol (11.59%) found in 

treatments of Ag30 and Ag60, respectively. Furthermore, 

the amount of 1,8-cineole in Si100 (10.12%), trans-

sabinene hydrate in control (8.67%) and Si100 (7.21%), 

thymol in Si60 (7.90%) and nerolidol in Ag100 (7.38%) 

and Ag30 (5.67%) was high. In comparison with two 

other species, the number of major compounds was more 

and various. The high amount of sesquiterpene 

hydrocarbons were observed in Si treatments. Regardless 

of the high levels of nerolidol in Ag30 and Ag100, which, 

of course, should be investigated, the total amount of 

sesquiterpenes was increased in Si treatments. Like the T. 

daenensis, the essential oil content increased in all 

applied treatments, especially in Ag60 (1.1%). Scatter 

plot of this species showed remoteness of Ag60, similar 

to T. daenensis, and Si100 (Fig. 1, middle). 

In the case of T. vulgaris, the main compound was 

thymol, and it's following γ-terpinene and p-cymene 

(Table 3). The highest amount of thymol obtained from 

Ag30 (61.85%) and Si30 (61.53%), and it's lowest found 

in Ag60 (48.70%) and Si60 (44.63%). In comparison 

with the control, the amount of γ-terpinene increased in 

all treatments, especially in treatments of Ag60, Ag100 

and Si30. On the contrary, the amount of p-cymene 

decreased, especially in Ag60, Si30 and Si100. It can also 

be said that the amount of sesquiterpene hydrocarbons 

have increased. Like the two previous species, all applied 

treatments increased essential oil content, especially in 

Ag60 (1.05%). Scattering biplot set Ag60 and Si100 apart 

from other treatments, similar to the two species before 

(Fig. 1, below). 

Altogether and despite the different effects, the 

treatments of silver and silicon nanoparticle decreased the 

amount of monoterpene hydrocarbons in T. daenensis and 

T. vulgaris compared to control, however in T. 

fedtschenkoi vice versa (Table 4). In the case of 

oxygenated monoterpenes, the same changes were 

observed in both T. daenensis and T. vulgaris so that a 

slight decrease and increase was seen under AgNPs and 

SiNPs, respectively. However, these compounds 

decreased in T. fedtschenkoi under both AgNPs and 

SiNPs. Likewise, the similar trend of changes was 

observed in sesquiterpene hydrocarbons in both T. 

daenensis and T. vulgaris. That is, it increased in both. In 

T. fedtschenkoi, the increase was only seen in SiNPs. The 

amount of oxygenated sesquiterpenes decreased in T. 

daenensis while that increased in T. fedtschenkoi and T. 

vulgaris. In general, both AgNPs and SiNPs treatments at 

all levels increased the essential oil content in all three 

species. As secondary and latent results, it is worth noting 

that regardless of the treatments effects, the amount of 

monoterpene hydrocarbons in T. vulgaris was higher than 

that of T. daenensis and in T. daenensis more than T. 

fedtschenkoi. Instead, the amount of oxygenated 

monoterpenes and sesquiterpenes in T. fedtschenkoi was 

generally higher than in T. daenensis and T. vulgaris 

(Table 4). 
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Table 2 The profile of the essential oil of Thymus fedtschenkoi Ronniger under various levels of AgNPs and SiNPs.  
 

No RTa Compounds Control Ag30 Ag60 Ag100 Si30 Si60 Si100 

Monoterpene hydrocarbons        

1 6.6 α-Thujene 0.04 - 0.12 - 0.09 - 0.11 

2 6.8 α-Pinene 0.39 3.11 0.30 0.51 0.29 0.70 3.52 

3 7.24 Camphene 0.45 1.14 0.37 0.28 0.49 1.39 3.02 

4 7.96 Sabinene 0.20 - 0.19 - 0.19 - 0.53 

5 8.08 β-Pinene 0.16 0.63 0.21 0.30 0.22 0.34 0.64 

6 8.51 β-Myrcene  0.30 0.29 - - - 0.25 

7 9.38 α-Terpinene 0.12 0.12 0.22 - - - 0.11 

8 9.74 p-Cymene 0.51 - 0.98 - 0.22 - - 

Oxygenated monoterpenes        

9 10.02 1,8-Cineole 4.01 4.77 2.64 2.87 3.82 4.58 10.12 

10 10.49 Cis-β-Ocimene 0.06 0.41 0.46 0.68 0.43 0.29 0.22 

11 10.91 γ-Terpinene 0.57 0.29 2.45 0.16 0.24 - 0.34 

12 11.54 Trans-Sabinene hydrate 8.67 13.22 1.37 5.25 0.74 - 7.21 

13 11.64 linalool oxide  0.97 0.47 - - - 1.60 0.35 

14 13.45 Linalool 57.31 57.37 71.92 72.92 78.3 64.18 39.41 

15 14.55 Camphor 2.39 2.57 0.38 0.77 0.63 0.76 4.88 

16 15.55 Borneol 3.64 3.02 1.27 1.92 2.28 8.71 8.07 

17 15.92 Terpinen-4-ol 1.26 1.13 0.28 0.46  0.29 0.90 

18 16.66 α-Terpineol 4.96 1.23 11.59 0.78 0.47 0.46 4.67 

19 21.21 Thymol 7.96 0.70 0.66 1.11 3.14 7.90 2.31 

Sesquiterpene hydrocarbons        

20 25.86 Trans-Caryophyllene 1.68 1.07 2.35 2.24 3.26 3.71 2.64 

21 28.27 Germacrene D 0.49 0.16 0.47 0.41 0.61 0.14 0.31 

22 28.88 Bicyclogermacrene 0.38 0.17 0.64 0.48 1.10 0.53 1.70 

23 29.33 β-Bisabolene 0.26 0.22 - - - - - 

Oxygenated sesquiterpenes        

24 31.78 Nerolidol - 5.67 - 7.38 - - 0.10 

25 32.21 Spathulenol - - - - 0.32 - 1.22 

26 32.37 Caryophyllene oxide 1.85 1.61 0.17 1.47 1.09 2.89 2.01 

Monoterpene hydrocarbons 1.87 5.30 2.68 1.09 1.50 2.43 8.18 

Oxygenated monoterpenes 91.80 85.18 93.02 86.92 90.05 88.77 78.48 

Sesquiterpene hydrocarbons 2.81 1.62 3.46 3.13 4.97 4.38 4.65 

Oxygenated sesquiterpenes 1.85 7.28 0.17 8.85 1.41 2.89 3.33 

Detected compounds 98.33 99.38 99.33 99.99 97.93 98.47 94.64 

Essential oil content 0.4 1 1.1 0.65 0.6 0.7 0.65 
 

a Retention Time 

 

Per the reported literature, the effect produced by NPs is 

depend on the type and concentration of NPs, plant 

species, and the exposure media and these effects are 

inconsistent among the different studies [11]. In plants, 

NPs are adsorbed to plant surfaces and taken up through 

natural nano or micrometer scale plant openings. Several 

pathways exist or are predicted for NP association and 

uptake in plants was explained [24]. 

There were no interpretable results between the different 

levels of both treatments. In other words, the effects of 

different levels of treatments were ambiguous. However, 

AgNPs and SiNPs treatments had a distinct effect. These 

effects were similar in most cases, in that the plant 

exhibited similar responses to these compounds; perhaps 

these compounds induced the same stress in the plant. In 

some cases, the responds were somewhat different, such 

as the different effects of AgNPs and SiNPs on the 

oxygenated monoterpenes in T. daenensis and T. vulgaris 

(Table 4). However, the plant species showed different 

responses to the treatments. In other words, the species of 

plants was more determinant in response to treatments 

than other factors. 

All the stress levels increased the essential oil content in 

all three species. In the most cases, stresses (biotic and/or 

abiotic) caused an enhancement in essential oil content 

[25–27]. However, the essential oil constituents have 

different variations in exposure to various stresses in 

different plants. The amount of sesquiterpentes, except 

for oxygenated sesquiterpenes in T. daenensis, increased 

slightly. Sesquiterpene compounds constitutes a small 

portion of the essential oil of Thymus. These compounds 

are mostly synthesized confronting of biotic stresses [28–

30]. It seems that applied treatments actives a general 

mechanism than one specific pathway. 

In the case of monoterpenes, the amount of monoterpene 

hydrocarbons in T. fedtschenkoi, which was the lowest, 

increased. However, in the other two species it decreased. 

Tangible changes in the monoterpene compounds are due 

to the face that most constitutes of the Thymus essential 

oil are these compounds. 
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Table 3 The profile of the essential oil of Thymus vulgaris L.  under various levels of AgNPs and SiNPs.  
 

No RTa Compounds Control Ag30 Ag60 Ag100 Si30 Si60 Si100 

Monoterpene hydrocarbons        

1 6.60 α-Thujene 0.96 1.23 1.85 0.76 1.10 2.03 0.88 

2 6.81 α-Pinene 0.62 - - 0.37 0.45 - 0.45 

3 7.25 Camphene 0.67 0.21 0.31 0.23 0.24 0.55 0.35 

4 8.08 β-Pinene 0.22 - 0.28 - 0.23 0.42 0.14 

5 8.30 1-Octen-3-ol 0.53 - - - - - 0.58 

6 8.49 β-Myrcene 1.18 1.97 2.24 2.03 2.36 2.5 1.25 

7 8.97 α-Phellandrene 0.21 0.33 0.37 - 0.36 0.41 0.19 

8 9.41 α-Terpinene 1.65 1.64 1.93 1.57 1.80 1.99 1.53 

9 9.85 p-Cymene 12.06 10.3 9.12 11.67 9.24 11.15 8.28 

Oxygenated monoterpenes        

10 10.01 1,8-Cineole 1.75 - - - - - 0.76 

11 11.12 γ-Terpinene 13.07 14.51 16.39 16.94 16.74 15.75 13.82 

12 11.46 Trans-Sabinene hydrate 1.91 1.65 3.00 2.42 1.39 1.50 1.42 

13 12.67 Linalool 1.44 1.72 8.23 3.53 1.37 7.49 9.07 

14 15.48 Borneol 3.59 0.64 1.07 1.32 0.63 2.34 1.44 

15 15.89 Terpinen-4-ol 0.54 0.46 0.79 0.56 0.53 - 0.23 

16 17.22 α-Terpineol 0.36 0.21 0.29 - 0.20 6.74 0.16 

17 18.52 Carvacrol methyl ether - 0.62 - - - - - 

18 19.87 Z-Citral - - 0.16 - 0.16 0.18 0.15 

18 21.62 Thymol 54.3 61.85 48.70 54.45 61.53 44.63 53.99 

19 21.82 Carvacrol 3.62 - - - - - 2.90 

20 23.38 Thymyl acetate 0.11 0.29 0.25 - 0.35 0.29 0.15 

Sesquiterpene hydrocarbons        

21 25.81 Trans-Caryophyllene 0.50 0.85 1.47 0.62 0.83 1.09 1.16 

22 28.28 Germacrene D - 0.41 0.19 - 0.24 0.25 0.29 

23 29.54 Bicyclogermacrene - - - - - 0.14 0.17 

24 29.88 δ-Cadinene - 0.11 - - - - - 

25 30.64 Cis-α-Bisabolene 0.13 - - - - - - 

Oxygenated sesquiterpenes        

26 30.71 Nerolidol - - 2.40 - - - - 

27 32.33 Caryophyllene Oxide 0.24 0.36 0.64 0.25 0.17 0.49 0.24 

Monoterpene hydrocarbons 18.10 15.68 16.10 16.63 15.78 19.05 13.65 

Oxygenated monoterpenes 80.69 81.33 78.88 79.22 82.90 78.92 84.09 

Sesquiterpene hydrocarbons 0.63 1.37 1.66 0.62 1.07 1.48 1.62 

Oxygenated sesquiterpenes 0.24 0.36 3.04 0.25 0.17 0.49 0.24 

Detected compounds 99.66 98.74 99.68 96.72 99.92 99.94 99.60 

Essential oil content (%) 0.20 0.65 1.05 0.85 0.95 0.80 0.85 
 

a Retention Time 

 

Table 4 Average effects of the various levels of silver and silicon nanoparticles on profile of the essential oil of Thymus daenensis 

Celak., Thymus fedtschenkoi Ronniger and Thymus vulgaris L.  

 

Compounds 
T. daenensis T. fedtschenkovi T. vulgaris 

Control AgNPs SiNPs Control AgNPs SiNPs Control AgNPs SiNPs 

Monoterpene hydrocarbons 7.74 6.05 6.15 1.87 3.02 4.04 18.10 16.14 16.16 

Oxygenated monoterpenes 88.50 87.40 90.15 91.80 88.37 85.77 80.69 79.81 81.97 

Sesquiterpene hydrocarbons 1.96 3.59 2.92 2.81 2.74 4.67 0.63 1.22 1.39 

Oxygenated sesquiterpenes 0.53 0.23 0.36 1.85 5.43 2.54 0.24 1.22 0.30 

Essential oil content 0.25 0.83 1.08 0.40 0.92 0.65 0.20 0.85 0.87 

 

Conclusion 

 

As per the reported literature, the effects depend on the 

concentration of the NPs, exposure media, and plant 

species. Therefore, many subjects, studies and challenges 

involving the biological effects of NPs remain 

unresolved. In this study, it was found that species have a 

definite role in determining the response compared to 
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other factors. Stimulation of increased essential oil 

content and lack of a specific pattern of changes in the 

constituents indicate induction of a general response by 

the applied treatments, not a specific response. However, 

more studies are needed concerning about the plant 

growth and physiological responses in different species 

when exposed to various NPs. 
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