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Abstract 

Background  This study aimed to assess the effects of different concentrations of silicon (Si) nutrient sources, includ-
ing bulk silicon dioxide (bSiO2) and two types of silica nanoparticles, nSiO2 (I) and nSiO2 (II) at different concentrations 
of 1, 5, 10, 25, 50, and 100 ppm in the germination process of stevia. The priming experiment was conducted using 
a completely randomized design with three replicates to ensure the reliability of the results.

Results  All stevia seedlings subjected to nano-priming significantly improved the germination parameters. The 
germination percentage increased by 106%, reaching 68% in nano-primed seedlings. Similarly, the germination rate 
showed a remarkable increase of 128.12% at 7.3 day−1. Additionally, the root, shoot, and seedling dry weight increased 
by 283%, 168.9%, and 220% and determined 0.092, 0.078, and 0.17 g plant−1, respectively, compared to the control. 
Furthermore, seed priming with nSiO2 (I) at a concentration of 10 ppm resulted in an increased catalase (CAT) activity 
(36.15 Umg−1 protein) and peroxidase (POX) activity (approximately 0.057 U.mg−1 protein). Also, the highest sucrose 
amount was observed in the root (equal to 160.4 μg g−1 DW) and shoot (equal to 247 μg g−1 DW) of seedlings primed 
with 10 ppm of nSiO2 (I). However, it should be noted that nano-priming at the highest concentration led to oxidative 
damage indicated by an increase in H2O2 concentration. Conversely, bSiO2 demonstrated a lesser effect on improving 
germination, seedling growth, antioxidant activities, and biochemical attributes compared to nSiO2 (I), and nSiO2 (II).

Conclusions  This study established that seed priming with nSiO2 (I) at a concentration of 10 ppm was the most 
effective in enhancing germination percentage and rate, root/shoot/dry weight, biochemical attributes, and enzyme 
activities (such as α-amylase, CAT, and POX). The results suggested that seed priming with nSiO2 (I) at the optimal 
concentration could improve the seed germination by enhancing the antioxidant system, starch metabolism, and ulti-
mately protecting plants from oxidative damage.
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Graphical Abstract

Introduction
Stevia rebaudiana Bertoni is a perennial herbaceous 
plant that has gained popularity in the pharmacy and 
food industry. Stevia leaves contain steviol glycosides 
(SGs), which are natural and zero-calorie sweeteners 
[1, 2]. These sweeteners are widely used in various food 
and beverage products [3]. Stevia is typically propagated 
through seeds [4], as it provides a cost-effective method 
for generating seedlings [5]. However, the poor germina-
tion rate of stevia seeds poses challenges for cultivation 
[4]. To address this issue, several experiments have been 
focused on improving stevia seeds germination [6–8]. In 
the agricultural sector, sustainability, pesticide residues, 
fertilizer usage, food safety, and environmental pollution 
are significant challenges [9].

These challenges contribute to serious problems includ-
ing environmental damage, health concerns, and a lack of 
sustainable agriculture practices. Consequently, there is 
a pressing need to transition from conventional agricul-
tural practices to sustainable agriculture [10]. Moreover, 
nanotechnology has emerged as a significant player in 
sustainable agriculture [11, 12]. It offers the potential to 
enhance productivity and quality in agricultural products 

while minimizing the reliance on agrochemicals, her-
bicides, fungicides, and insecticides [13]. By leveraging 
nanotechnology, we can address these challenges and 
promote a more sustainable approach to agriculture. 
Several research efforts have been dedicated to the devel-
opment of natural, biomaterial based, and eco-friendly 
priming agents to ensure environmental safety [14, 15]. 
Among these techniques, seed priming stands out as 
an effective approach to enhance seed germination and 
positively impact on plants early growth stages [16]. This 
method offers benefits such as improved stress tolerance, 
seedling vigor, germination of weaker seeds, seed quality, 
and crop yields [17, 18]. Importantly, seed priming aligns 
with the principles of sustainable agriculture and contrib-
utes to the socio-economic well-being of farmers [19]. 
In support of the benefits of seed priming, experiments 
conducted by studies have demonstrated that nano-
priming specifically enhanced the germination process 
in rice [20, 21]. These findings underscore the potential 
of nano-priming as a valuable technique to improve crop 
productivity. Several articles have demonstrated the posi-
tive effects of NPs on seed germination. One such exam-
ple is the improvement of rice seed germination through 
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the utilization of zero valent iron NPs (nZVI) [20]. In a 
separate study, the modulatory effects of selenium and 
zinc oxide nanoparticles (Se NPs and ZnO NPs) on the 
seed germination in Brassica napus were revealed [22]. 
These NPs exhibited a positive influence on the seed ger-
mination, specifically under salt stress conditions. The 
application of nano-priming treatment resulted in nota-
ble enhancements in the final germination percentage, 
germination rate, seed microstructure, and antioxidant 
enzyme activity in two different rapeseed cultivars [22].

Concerning the noteworthy physicochemical char-
acteristics of NPs, it is logical to confer that seed nano-
priming may improve the germination rate of stevia, 
seedling vigor, and other physiological parameters. While 
some experiments have explored the effect of NPs on 
seed germination, there has been limited research on the 
physiological effects and molecular mechanisms of nano-
priming specifically in stevia seed germination.

Moreover, there is a lack of available reports on the 
impact of stevia seed priming with NPs [23–25], particu-
larly with silica nanoparticles. This study aims to address 
this gap by investigating the potential beneficial role of 
different types of silica nanoparticles such as nSiO2 (I) 
and nSiO2 (II) in promoting seed germination in com-
parison with the bulk silica. The proposed mechanism 
includes enhancing starch-degrading enzyme activity, 
facilitating sucrose and starch exchange in seeds and 
seedlings. The goal is to identify and select the most 
effective nanoparticles in terms of germination param-
eters and physiological properties to enhance stevia seed 
germination. This research contributes to the develop-
ment of sustainable agricultural production methods.

Experimental methods
Material and characterization
To investigate the impact of NPs on the stevia seed ger-
mination, a factorial experiment was conducted using 
completely randomized designs at the Agricultural Bio-
technology Institute of Iran (ABRII) in Karaj, Iran. The 
seeds were subjected to surface sterilization using a 3% 
(w/v) sodium hypochlorite solution, followed by rins-
ing with distilled water. Subsequently, the seeds were 
pretreated with different concentrations (0, 1, 5, 10, 
25, 50, and 100 ppm) of nSiO2 (I), nSiO2 (II), and com-
mercial bulk SiO2 (bSiO2). Tetraethyl orthosilicate and 
all chemicals for synthesis of NPs were obtained from 
Sigma-Aldrich.

The hydrodynamic particle size of the samples was 
determined using a dynamic light scattering instrument 
(DLS, Brookhaven, USA). Solid nanomaterials were dis-
persed in deionized water using an ultrasonic bath for 

15 min to prepare the samples for quantification. The 
size and shape of the samples were characterized using 
a scanning electron microscope (SEM, Hitachi S-4800 
II, Japan) and a transmission electron microscopy (TEM, 
Hitachi H-7650, 80 kV, Japan). For taken TEM and SEM 
images, the samples were prepared by simply spreading 
the NPs on a grid using a suitable solvent such as ethanol. 
The prepared samples were dried and used for imaging. 
The topological features of the material were observed 
at room temperature using an atomic force microscope 
(AFM, DME-Ds95-50, Denmark). For this purpose, 
an ultrasonic mixture of solid nanomaterials in deion-
ized water was distributed on the network. The neces-
sary spectrophotometric measurements were performed 
using a double-beam UV–Vis spectrophotometer (UV-
3100 PC, Shimadzu).

Synthesis of nanomaterials
Synthesis of silica‑based nanoparticles (nSiO2)
Tetraethyl orthosilicate (2.8 mL) was added to a solution 
containing ammonia (2.8  mL), deionized water (dH2O, 
33.75  mL), acetone (14.5 g), and cetrimonium bromide 
(0.64 g). The obtained mixture was allowed to stir for 24 
h at 25  °C or 85 °C. Afterwards, the solid residual was 
separated by centrifuge (10 min at 14,000 rpm), and the 
separated solid was thoroughly washed with dH2O and 
ethanol, and dried overnight at 70 °C using a vacuum 
oven. The dried white powder was calcined at 540 °C for 
5 h to give silica-based nanoparticles (SiO2 NPs). The 
synthesized NPs was named based on the reaction tem-
perature, therefore, nSiO2 (I) and nSiO2 (II) showed the 
silica NPs synthesized at 85 °C and 25 °C, respectively.

Preparation and method of priming samples
The seed priming test involved the use of different con-
centrations of nSiO2 (I), nSiO2 (II), and bSiO2 priming 
solutions. Fresh solutions were prepared at six concen-
trations: 1, 5, 10, 25, 50, and 100 ppm. The NPs were 
dispersed in dH2O using an ultrasonic bath (100 w, 40 
kHz) for 30 min. As a control, the hydro-priming was 
done using dH2O. Stevia seeds (Cultivar ‘814011) were 
obtained from China. Prior to germination, the seeds 
underwent surface sterilization with 70% ethanol fol-
lowed by multiple washes with dH2O [4]. The seeds were 
primed for 20 h (priming time was optimized in the pre-
liminary experiment). After the priming process, the 
seeds were washed with distilled water to remove the 
physically absorbed NPs, and then the primed seeds were 
dried for 24 h in the laboratory [8].
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Sampling
Samples of 60 seedlings were selected randomly. The 
shoot (including cotyledon and stem) and roots were sub-
sequently separated and subjected to drying in a freeze-
dryer at − 60 °C for a duration of 2 days. Once dried, the 
samples were weighed and then finely ground using liq-
uid nitrogen. Finally, the ground samples were stored at a 
temperature of − 80°C for preservation.

Germination percentage, germination rate, and seed vigor
Germination was monitored daily starting from the day 
of sowing, considering the radicle length surpassing 2 
mm as the criterion for germination. The germination 
rate was determined as percentage obtained by dividing 
the number of germinated seeds by the total number of 
seeds sown. To calculate the seed vigor index, the germi-
nation index was multiplied by the shoot length.

Starch and sucrose determination
The determination of starch and sucrose was conducted 
by the previously reported method [26]. To separate and 
dry the root, shoot, and cotyledons, they were individu-
ally placed in a freeze-dryer. In 15 mL Falcon tubes, 0.1 g 
of each freeze-dried sample was combined with 5 mL of 
70% ethanol, and the mixture was shaken for 5 min. Sub-
sequently, the samples were centrifuged at 3000 rpm for 
10 min., and the supernatant was transferred to a new 
15 mL Falcon tube. This process was repeated twice. The 
supernatant was dried at 60  °C using a rotary vacuum 
concentrator (Eppendorf Concentrator plus, Germany), 
while the residue was used for starch measurement. To 
determine the total sucrose, glucose, and fructose, the 
samples were completely dried. The dried samples were 
reconstituted with 10  mL of dH2O. To the remaining 
residue in the tubes, 10 mL of dH2O, 0.47 mL of 0.3 M 
barium hydroxide, and 0.5 mL of 5% ZnSO4 were added. 
After centrifugation and transfer of the supernatant to 
a 15 mL tube, it was dried at 50 °C. Finally, the remain-
ing residue was vigorously vortexed with 1 mL of HPLC 
grade water, and 20 μL was injected into the HPLC sys-
tem. HPLC (KNAUER, Germany) equipped with a EURO 
Kat H column (10 m, 300 × 8 mm, KNAUER, Germany) 
was used, with the column maintained at 25  °C and an 
acidic mobile phase (aq. H2SO4 at pH = 2.5) flowing at 
a rate of 1 mL min−1. The samples were separated, and 
sucrose was the only component with reliable concen-
tration results in the HPLC analysis. To determine the 
starch content, the dried cotyledon samples were uti-
lized. The remaining residue in the tubes was treated 
with 4.5  mL of dH2O and 6 mL of 52% perchloric acid. 
After overnight incubation at 4  °C, the samples were 

centrifuged at 11,068g for 10 min. To a 0.5 mL sample of 
the extract, 1.25 mL of 12 M H2SO4 and 0.25 mL of 0.5% 
phenol were added. The absorbance of the sucrose was 
measured at 485 nm after 45 min.

Assays of antioxidant enzyme activity
The supernatant determines the decrease in absorbance 
at 470 nm, described by Chance and Maehly in 1955 
[32]. The reaction consisted of 1.99 mL of sodium phos-
phate buffer (50 mM, pH 7.0) supplemented with 0.1 μM 
EDTA, 10 mM guaiacol, and 15 mM H2O2, along with a 
100 μL of the enzyme extract, a total volume of 2 mL.

Catalase (CAT, EC 1.11.1.6) was extracted from stevia 
seedlings following the method by Ramiro, et al. [27]. A 
0.1 g sample of seedling was suspended in 3 mL of ice-
cold HEPES buffer (25 mM, pH 7.8) containing 0.2 mM 
EDTA and 2% mM PVP. The resulting homogenate 
was then centrifuged at 12,000g for 20 min at 4  °C. The 
supernatant was used to determine catalase activity by 
measuring absorbance at 470 nm following the proto-
col previously described [28]. The reaction mixture con-
tained 1.99  mL sodium phosphate buffer (50 mM, pH 
7.0) supplemented with 0.1 μM EDTA, 10 mM guaiacol 
and 15 mM H2O2 and 100 μL of the enzyme extract mak-
ing a total volume of 2 mL.

Statistical analysis
The data analysis was conducted using various software 
programs. RStudio, SPSS-24, and SAS-9.2 were utilized 
for data analysis. Treatment differences were assessed 
using LSD at a significance level of 5%. To analyze cor-
relations between traits, the R package “corrplot” within 
RStudio software was employed, calculating Pearson cor-
relation coefficient. Multiple stepwise regression analyses 
were performed by SPSS-24.

Results
Preparation and characterizations of NPs
The synthesized nanoparticles were thoroughly char-
acterized using various techniques, including XRD 
(X-Ray Powder Diffraction), TEM (Transmission Elec-
tron Microscopy), AFM (Atomic Force Microscopy), 
and DLS (Dynamic Light Scattering). Size determination 
of nSiO2 (I) and nSiO2 (II) using TEM indicated that all 
nanomaterials are spherical with an average diameter 
of < 50 and < 100 nm, respectively (Fig. 1C and D) and it 
was in agreement with the AFM images (Fig. 1A and B). 
The results of measuring the hydrodynamic diameter of 
nSiO2 (I), and nSiO2 (II) using DLS, showed 128 and 248 
nm, respectively.
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SiO2 NPs priming
As shown in Fig. 2, the nano-priming of seeds with NPs 
samples including nSiO2 (I) and nSiO2 (II) at various con-
centrations exhibited a pronounced enhancement in the 
germination percentage, germination rate, and seed vigor 
when compared to the control and the bSiO2 priming 
treatments. Notably, the priming of seeds with nSiO2 (I) 
at 10 ppm resulted in a significant increase in seed ger-
mination percentage (68%), germination rate (7.3 day−1), 
and vigor index (11.6). This represented a substantial 
improvement of 106%, 128.12%, and 480%, respectively, 
compared to the control. Similarly, the priming of seeds 

with nSiO2 (II) at 100 ppm led to a significant enhance-
ment in seed germination percentage (62%), germination 
rate (5.9 day−1) and vigor index (9.5) (p < 0.01) reflect-
ing an increase of 87.8%, 84.3%, and 375%, respectively, 
compared to the control. Moreover, the germination per-
centage of seeds subjected to nano-priming was notably 
higher than that of the bSiO2 priming and control.

Germination percentage, germination rate, and seed vigor 
index
We observed notable increase in the dry weight of 
roots, shoots and seedlings in both nano-primed and 

Fig. 1  AFM and TEM images of nSiO2 (I) (A and C) and nSiO2 (II) (B and D), and XRD patterns of silica nanomaterials (F)
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bSiO2-primed seeds. Particularly, when seeds were 
primed with n SiO2 (I) at 10 ppm, a significant enhance-
ment was observed in the dry weight of roots (0.092 g 
plant−1), shoots (0.078 g plant−1), and seedlings (0.17 
g plant−1), indicating an impressive increase of 283%, 
168.9%, and 220%, respectively, compared to the control. 
Similarly, the application of nSiO2 (II) at 100 ppm led to 
a significant improvement in the average dry weight of 
root, shoot, and seedling measuring 0.074, 0.080, and 
0.154 g plant−1, respectively (p < 0.01). Furthermore, 
the dry weights of roots, shoots, and seedlings in the 
nano-primed seeds were significantly higher than those 
observed in the bSiO2 primed seeds and control group. 
It is worth noting that bSiO2 seed priming at concentra-
tions of 25 and 50 ppm also contributed to an increased 

root, shoot, and seedling dry weight when compared to 
the control (Fig. 2).

The results of this experiment clearly demonstrate 
that nano-priming techniques have a significant impact 
on starch metabolism in stevia seedlings. Specifically, 
the activity of α-amylase, an enzyme involved in starch 
breakdown, was greatly enhanced by the application of 
nSiO2 (II) at 100 ppm (0.9 U g−1 FW) and nSiO2 (I) at 10 
ppm (0.8 U g−1 FW). These activities were approximately 
9 and 8 times higher, respectively, compared to the con-
trol. Similarly, the α-amylase activity in the seedlings sub-
jected to bSiO2-priming at 50 ppm (0.6 U g−1 FW) was 
approximately 6 times higher than that of the control 
(Fig.  3A). Furthermore, the starch contents of seedlings 
were significantly reduced by nano-priming treatments 

Fig. 2  Impacts of different priming agents (nSiO2 (I), nSiO2 (II), and bSiO2 at concentrations of 1, 5, 10, 25, 50, and 100) on A seed germination 
percentage, B germination rate, C seed vigor index D root dry weight, E shoot dry weight, and F seedling dry weight. Data are presented as means 
of three replicates containing 100 seeds each ± standard error of means. The color of the columns indicates the concentration based on ppm 
and control was water priming
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using nSiO2 (II) and nSiO2 (I)) as well as bSiO2 primed 
seeds, in comparison to the control. Notably, the lowest 
starch content was observed in seeds primed with nSiO2 
(I) at 10 ppm (13.7 μg g−1 DW) indicating a remarkable 
decrease in 83.2% compared to the control. Conversely, 
the control seeds exhibited the highest starch content. 
Additionally, seeds primed with nSiO2 (II) at the concen-
trations of 50 and 100 ppm displayed significantly lower 
(approximately 22 μg g−1 DW) represented a decrease 
of approximately 93% compared to the control (Fig.  3). 
These findings strongly suggest that nano-priming treat-
ments have the potential to modulate starch metabolism 
in stevia seedlings, leading to changes in α-amylase activ-
ity and starch content.

Accumulation of sucrose and starch in root and shoot
The findings of the experiment revealed that the accumu-
lation of sucrose in germinating seeds was significantly 
increased in both bSiO2-primed and nano-primed seeds 
(nSiO2 (I) and nSiO2 (II)). In contrast, the control exhib-
ited lower sucrose accumulation compared to the other 
treatment groups. Among the various treatments, the 
highest sucrose content in the both the root (160.4 μg 
g−1 DW) and shoot (247 μg g−1 DW) was observed in 
seeds primed with nSiO2 (II) at 100 ppm This remarkable 
increase represented a significant improvement of 144% 
and 724% compared to the control, respectively (Fig. 3). 
These results clearly demonstrate that the application of 
bSiO2 priming and nano-priming techniques, particularly 

Fig. 3  Impacts of different priming agents (nSiO2 (I), nSiO2 (II), bSiO2, at concentrations of 1, 5, 10, 25, 50, and 100) on A α-amylase, B cotyledon 
starch, C root sucrose, and D shoot sucrose content. Data are presented as means of three replicates containing 100 seeds each ± standard error 
of means. The color of the columns indicates the concentration based on ppm and control was water priming
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nSiO2 (II) at 100 ppm, can significantly enhance the accu-
mulation of sucrose in germinating seeds. This indicates 
the potential of these treatments to modulate sucrose 
metabolism and potentially improve the growth and 
development of the seedlings.

H2O2 concentration, CAT, and POX activity
Our results showed that the seed priming with bSiO2, 
nSiO2 (I), and nSiO2 (II) positively influenced the activi-
ties of CAT and POX enzymes in stevia seedlings. Among 
the treatments, the highest CAT activity (36.15  U mg−1 
protein) was observed in seedlings primed with nSiO2 (II) 
at 10 ppm, resulting in a significant increase of 45%, com-
pared to the control. Similarly, the highest POX activity 
(approximately 0.057 U mg−1 protein) was achieved in 
seedlings primed with nSiO2 (I) at 5, 10, and 25 ppm, as 
well as nSiO2 (II) at 10, 25, and 50 ppm. This represented 
a notable enhancement of 29% compared to the control 
(Table 1). Furthermore, seed priming with nSiO2 (I) up to 
25 ppm and nSiO2 (II) up to 10 ppm resulted in a signifi-
cant reduction in H2O2 concentration in the seedlings. 
However, higher concentration of nSiO2 (I) and nSiO2 
(II) led to an increase in H2O2 concentration. Notably, 
bSiO2 priming at 100 ppm exhibited the highest H2O2 
concentration (4.70 µmol g−1 FW), showing an increase 
of 11.37%, compared to the control. Conversely, the low-
est H2O2 concentration (3.1 µmol g−1 FW) was observed 

in nSiO2 (I) priming at 1 ppm, representing a reduction 
rates of 26% compared to control (Table 1).

These findings highlight the positive impact of bSiO2 
and nano-priming treatments on the activities of CAT 
and POX enzymes, as well as their influence on H2O2 
concentration in stevia seedlings.

Correlation analysis
Analyzing the correlation coefficients between differ-
ent traits in stevia seeds provides valuable insights into 
their relationships. The data obtained revealed signifi-
cant correlations among various responses. Specifically, 
positive correlations were observed between seedling 
dry weights, seed vigor, stem dry weight, root dry weight, 
seed germination, germination rate, α-amylase activity, 
root sucrose, and stem sucrose. On the other hand, nega-
tive correlations (P = 0.01) were found between cotyle-
don starch and seedling dry weight, seed vigor, stem dry 
weight, root dry weight, seed germination, germination 
rate, α-amylase activity, root sucrose, and stem sucrose. 
The correlation coefficients for these negative correla-
tions were −  0.66**, −  0.64**, −  0.64**, −  0.61**, −  0.61**, 
−  0.67**, −  0.69**, −  0.67**, −  0.64**, −  0.48, and −  0.49, 
respectively. Furthermore, negative correlations were 
observed between root starch concentration and root 
sucrose concentration, as well as between α-amylase 

Table 1  CAT and POX activity and H2O2 concentration in the treated seed with SiO2 NPs

Means ± standard deviations (SD) of three replicates followed by the same letters are not significantly different according to LSD’s multiple range test at P ≤ 0.05

The symbols [a, b, c, d, e, f, g, h, i] represent groups that are statistically significantly different from each other at a significance level of P < 0.05

Treatments Concentration
(ppm)

CAT activity
(U mg−1 protein)

POX activity
(U mg−1 protein)

H2O2 concentration
(µmol g−1 FW)

Control – 24.77 ± 0.29l 0.044 ± 0.0003g 4.22 ± 0.09e

bSiO2 1 27.74 ± 0.30k 0.045 ± 0.0004fg 4.36 ± 0.04de

5 29.82 ± 1.58ij 0.046 ± 0.0010fg 4.36 ± 0.07de

10 30.38 ± 0.37g−j 0.049 ± 0.0004d−f 4.24 ± 0.05e

25 31.61 ± 0.18d−g 0.050 ± 0.0007de 4.42 ± 0.03de

50 31.20 ± 0.79f−i 0.050 ± 0.0009de 4.63 ± 0.01a−c

100 30.24 ± 0.24g−j 0.052 ± 0.0005cd 4.70 ± 0.02a

nSiO2 (I) 1 29.88 ± 0.15ij 0.047 ± 0.0006e−g 3.1 ± 0.04i

5 31.45 ± 0.49e−h 0.056 ± 0.0039a 3.46 ± 0.04 h

10 32.41 ± 0.54c−f 0.058 ± 0.0007a 3.68 ± 0.10 fg

25 33.09 ± 0.25cd 0.057 ± 0.0030a 3.87 ± 0.18f

50 32.81 ± 0.46c−e 0.056 ± 0.0005ab 4.53 ± 0.06b−d

100 31.72 ± 0.39d−g 0.055 ± 0.0004a−c 4.69 ± 0.02ab

nSiO2 (II) 1 29.29 ± 0.37j 0.052 ± 0.0012b−d 3.50 ± 0.05gh

5 29.93 ± 0.37h−j 0.055 ± 0.0004ab 3.62 ± 0.06gh

10 36.15 ± 0.29a 0.057 ± 0.0003a 3.67 ± 0.10 fg

25 34.66 ± 0.21ab 0.057 ± 0.0003a 4.48 ± 0.04 cd

50 33.25 ± 0.23bc 0.056 ± 0.0003a 4.55 ± 0.04b−d

100 32.90 ± 0.65c−e 0.051 ± 0.0005d 4.65 ± 0.04a−c
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activity and root starch concentration, with correlation 
coefficients of − 0.43** and − 0.55**, respectively (Fig. 4).

Discussion
Seed germination parameters
Long-term exposure of soil to fertilizers can lead to vari-
ous detrimental effects such as fertilizers leaching, dete-
rioration of the micro-ecological environment in the 
rhizosphere, nutritional imbalances, soil acidification 
caused by an increase in hydrogen cations, and signifi-
cant enhancement of heavy metal ion activity in the soil 
[29]. Seed priming is known to improve seed germina-
tion, thereby potentially increasing plant growth and 
yield. However, there is a need to optimize and test low-
cost, environmentally friendly seed treatment methods 
for high-value specialty crops [19].

This research aimed to evaluate the effectiveness of 
seed priming using silicon dioxide nanoparticles (includ-
ing nSiO2 (I) and nSiO2 (II) with different average sizes) in 
stevia rebaudiana, an important medical and industrial 
plant. The obtained results have demonstrated that the 
nano-primed seeds showed improved seed germination 
compared to the bSiO2 NPs. Also, the findings suggested 
that seed nano-priming with suitable concentrations of 

nSiO2 (I), and nSiO2 (II) not only accelerated the germi-
nation rate, but also significantly enhanced seed vigor, 
as indicated by increased weight of the root, shoot, and 
seedling compared to the control. It should be noted that 
the nanoparticles’ type, concentration, and application 
method play crucial roles in plant behavior and reactivity 
[30].

Furthermore, our results indicated that priming with 
nSiO2 (I) and nSiO2 (II) improved different germination 
parameters. Similar findings were reported by Behboudi 
et  al. [30] who observed increased germination index 
in barley with nano-priming using 30 and 60 SiO2 NPs. 
However, higher concentrations of SiO2 NPs showed 
more pronounced toxic effects on seedling length, shoot 
length and root length [30]. In our study, the highest con-
centration of nSiO2 (I) and nSiO2 (II) reduced the ger-
mination parameters. This suggests that priming with 
an appropriate concentration of NPs plays a critical role 
in germination parameters particularly seedling growth. 
Although there are limited studies on nano-priming with 
nSiO2 (I) and nSiO2 (II) specifically in stevia seeds. Some 
of studies suggested that the application of SiO2 NPs 
improved germination parameters in Agropyron elon-
gatum [31]. Seed priming with SiO2 NPs may stimulate 

Fig. 4  Pearson correlation coefficients among 14 quantitative traits on stevia seedling under the influence of SiO2NPs. The correlation coefficients 
with absolute values higher than 0.20 and 0.26 were significant at the statistical probability level of 5 and 1%, respectively
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pre-germination metabolic events such as increased 
water imbibition, cell elongation, and division, repair of 
damaged of nucleic acids, activation of reserve mobiliz-
ing enzymes, enhancement of antioxidant enzyme activi-
ties, and improvement of seedling emergence parameters 
[32].

In the present study, nSiO2 (I) and nSiO2 (II) demon-
strated great potential for agricultural applications as 
they enhanced the germination rate and physiological 
processes when compared to the control. However, the 
mechanism underlying nano-priming with nSiO2 (I), and 
nSiO2 (II) in inducing seed germination has not yet been 
reported in the literature.

α‑Amylase activity and starch concentration
Priming is a controlled method of hydrating seeds that 
triggers pre-germination metabolic processes, including 
enhanced water absorption and the activation of reserve 
enzymes such as amylase, cellulase, and xylanase with-
out initiating actual germination [32]. Nano-priming at a 
suitable concentration can stimulate seed germination of 
seeds by increasing α-amylase activity and starch metab-
olism [21]. In the present investigation, the seedlings 
primed with bSiO2 at 50 ppm showed higher α-amylase 
activity compared to the control. However, priming with 
nSiO2 (I) at 10 ppm, and nSiO2 (II) at 100 ppm induced 
the highest α-amylase activity. Additionally, the results 
showed a negative and significant relationship between 
starch and α-amylase activity. This correlation aligns with 
the observed starch decomposition and higher germina-
tion percentage in nano-primed seeds compared to the 
other priming treatments and control.

Enhanced germination and establishment of seedlings 
can be attributed to efficient starch metabolism, whereas 
reduced activities of α-amylase and dehydrogenase, along 
with a lower accumulation of soluble sugars, contribute 
to inadequate stand establishment characteristics [33]. 
Furthermore, it can be proposed an additional hypothesis 
suggesting that the penetration of nSiO2 (I), and nSiO2 
(II) into seeds may play a crucial role as nano-catalyst in 
the hydrolysis of starch catalyzed by α-amylase, thereby 
increasing the rate of reaction. The utilization of micro-
nutrient encapsulating biopolymer-based nano-system 
has been recommended as a smart priming agent for sev-
eral applications ensuring soil fertility and environmental 
safety are not compromised [15]. Increasing α-amylase 
activity in primed seeds can enhance seedling vigor and 
embryo development [34]. This increased α-amylase 
activity promotes the breakdown of starch and subse-
quent increase in sucrose levels in the roots and shoot of 
stevia seedlings.

In a prior study discovered that the priming of stevia 
seeds using hydro-priming with dH2O, ascorbic acid, 
potassium chloride, and benzylamine purine resulted in 
a significant increase in α-amylase enzyme activity [33]. 
The researchers proposed that the observed enhance-
ment in α-amylase and dehydrogenase activities likely 
contributed to improvements in germination percent-
age and rate [33]. Seed priming with all concentra-
tions of nSiO2 (I) and nSiO2 (II) significantly enhanced 
α-amylase activity compared to bSiO2 and the control. 
These findings are consistent with other research con-
ducted on wheat, which has also shown that Zn-CNPs 
priming leads to an increase in α-amylase activity [35]. 
Consequently, nano-primed seeds exhibited increased 
hydrolysis of starch and the subsequent release of solu-
ble sugars [30]. Although starch is vital of energy stor-
age polysaccharides are involved in seedling growth 
[36]. Our results revealed a reduction in starch con-
tent in nano-primed seeds. Similarly, seed priming 
with nSiO2 (I), and nSiO2 (II) led to a decreased starch 
concentration in stevia seedlings. The reduction of 
starch during seed germination is critical as dry seeds 
require the mobilization the storage compounds within 
the starchy endosperm to initiate cellular metabolism 
and growth [37]. The elevated activity of α-amylase, a 
crucial enzyme in starch degradation, observed in the 
cotyledons of nano-priming treatments can be attrib-
uted to the increased concentration of sucrose resulting 
from its utilization as an energy source by the seeds. 
The relationship between α-amylase activity and the 
conversion of starch to sucrose contributes to improved 
seed germination and seedling growth. Results of some 
studies also indicated a positive correlation between 
sucrose levels and the germination percentage of Med-
ica gotruncatula seeds [38]. Notably, the highest con-
centration of sucrose in the root and shoot tissues of 
seedlings was observed in the seeds primed with nSiO2 
(II) at concentrations of 100 ppm.

Free carbohydrate (sucrose)
Sugar metabolism plays a key role in determining seed-
ling vigor during germination and early seedling devel-
opment. Carbohydrates, which serve as crucial carbon 
sources for living cells, are utilized in various biosyn-
thetic processes. During seed germination, a complex 
physiological process, storage materials are broken 
down, leading to the production of small molecules 
such as sucrose and glucose. These molecules play 
essential roles in sustaining the growth and develop-
ment of emerging seedling [39]. Sucrose is the primary 
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form of free carbohydrate in seedlings. Although 
fructose and glucose were not detected in the HPLC 
analysis, this could be attributed to their rapid con-
version into energy or utilization in other germination 
mechanisms.

Our findings align with previous studies that have 
shown the stimulatory effect of exogenous applications of 
SiO2 on carbohydrate accumulation. For instance, Simlat 
et al. [16] demonstrated that low doses of SiO2 (5 and 20 
µM) significantly improved seed germination and plant-
let properties in Stevia rebaudiana Bertoni, while higher 
doses had an inhibitory effect. Soluble sugars, including 
sucrose, undergo dynamic changes during seed germina-
tion and early seedling growth, and they serve as reliable 
indicators of seedling emergence and growth [19].

Our result indicated that nano-priming with nSiO2 
(II) at concentrations up to 100 ppm increased the level 
of sucrose compared to the control (Fig. 3). Despite the 
reduction in starch concentration during the seed ger-
mination, there was an increase in sucrose concentration 
suggesting a significant mobilization of reserves for seed-
ling growth.

H2O2 concentration, CAT and POX activity
If nano-priming leads to toxicity the germination and 
seedling growth, we would expect to observe an increase 
in oxidative damage and a decrease in antioxidant 
enzyme activity. Conversely, if nano-priming improves 
seedling parameters, we would anticipate an increase in 
antioxidant enzymes activity compared with control. In 
our experiment, we evaluated the effects of seed priming 
with bSiO2, nSiO2 (I), and nSiO2 (II) on seedling H2O2 
concentration, CAT, and POX activity (Table 1).

Based on recent concepts in plant seed physiology, it 
has been established that seed germination is completed 
when the reactive oxygen species (ROS) signaling occurs 
within an oxidative window [21]. Therefore, the presence 
of ROS as a signal is necessary for the initiation of germi-
nation. However, excessive ROS concentration can cause 
oxidative damage and hinder germination. In our results, 
germination parameters decreased at higher concentra-
tions of NPs-priming agents. We quantified the H2O2 
concentration in the seedlings. H2O2 concentration, as an 
important ROS species, is associated with the weakening 
of the endosperm cap and an increase in embryo elonga-
tion during seed germination [39]. A significant increase 
in H2O2 concentration was observed in the primed seeds 
with high concentrations of nano-priming agents.

Additionally, it was found that primed seeds with 
1  ppm nSiO2 (I) were more effective than none-primed 
seeds in reducing the accumulation of H2O2. However, 
nSiO2 (I) up to 25 ppm and nSiO2 (II) up to 10 ppm 
increased the H2O2 concentration compared to the 

control. In our experiment, to some extent, the reduction 
in H2O2 level might be attributed to the repair of the seed 
and organelle membranes after priming. Therefore, the 
nano-priming technique could act as a highly effective 
factor in protecting plant cells from oxidative degrada-
tion by decreasing H2O2 concentration (Table 1).

Enzymatic and non-enzymatic antioxidants play a 
crucial role in seed germination. These antioxidant sys-
tems effectively control ROS accumulation and regulate 
germination processes [40]. Our results indicate that 
nano-priming increased CAT and POX activity. CAT 
and POX activity showed a positive correlation with ger-
mination parameters, particularly seed vigor. It appears 
that the enhanced antioxidant properties in nano-primed 
seeds may have a positive effect on seed vigor [41]. The 
high levels of CAT and POX activity observed in nano-
priming may be attributed to the induction of H2O2 by 
high concentrations of nSiO2 (I), and nSiO2 (II) given 
the correlation between antioxidant enzymes and H2O2. 
In addition to germination, nutritional quality is of great 
importance. Interestingly, pretreatment that modifies 
seed metabolism not only improves germination but also 
has a positive impact on productivity [42]. For instance, 
a previous study [19] demonstrated that nano-priming 
increased the growth and yield of watermelons while 
maintaining nutritional quality. As part of our ongoing 
research, we are investigating the effects of nano-priming 
on stevia plant growth, yield, steviol glycosides, and plant 
safety.

Conclusions
In conclusion, the seed priming technique using nSiO2 
(I) at 10 ppm demonstrated significant positive effects 
on seed germination and subsequent seedling growth. 
This was achieved through the enhancement of various 
physio-biochemical processes, such as the activation 
of amylase, degradation of cotyledon starch, increase in 
sucrose concentration in seedlings, and augmentation 
of antioxidant enzyme activity in stevia seedlings. These 
improvements directly contributed to improved germi-
nation rates and the development of stronger seedlings. 
Moreover, the utilization of nano-priming with n SiO2 
(I) at 10 ppm resulted in superior outcomes compared 
to higher doses of nanoparticles, making it a more effi-
cient and cost-effective approach. The affordability of the 
materials used in this method further supports its feasi-
bility for commercial implementation.

Furthermore, employing these novel technological sys-
tems for seed treatment holds great potential for achiev-
ing higher agricultural yields. Importantly, the treatment 
exclusively targeted the seeds, ensuring that these formu-
lations did not come into direct contact with the envi-
ronment. This safeguarded against any potential risk of 
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nanoparticle contamination in water bodies or the soil, 
emphasizing the sustainability and food safety aspects of 
this approach. By utilizing this seed priming technique, 
farmers can enhance crop productivity while minimizing 
environmental concerns.
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