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Foliar application of silicon, selenium, and zinc nanoparticles can
modulate lead and cadmium toxicity in sage (Salvia officinalis L.)
plants by optimizing growth and biochemical status
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Abstract

Different techniques have been used to alleviate metal toxicity in medicinal plants; accordingly, nanoparticles (NPs) have a
noticeable interest in modulating oxidative stresses. Therefore, this work aimed to compare the impacts of silicon (Si), sele-
nium (Se), and zinc (Zn) NPs on the growth, physiological status, and essential oil (EO) of sage (Salvia officinalis L.) treated
with foliar application of Si, Se, and Zn NPs upon lead (Pb) and cadmium (Cd) stresses. The results showed that Se, Si, and
Zn NPs decreased Pb accumulation by 35, 43, and 40%, and Cd concentration by 29, 39, and 36% in sage leaves. Shoot plant
weight showed a noticeable reduction upon Cd (41%) and Pb (35%) stress; however, NPs, particularly Si and Zn improved
plant weight under metal toxicity. Metal toxicity diminished relative water content (RWC) and chlorophyll, whereas NPs
significantly enhanced these variables. The noticeable raises in malondialdehyde (MDA) and electrolyte leakage (EL) were
observed in plants exposed to metal toxicity; however, they were alleviated with foliar application of NPs. The EO content
and EO yield of sage plants decreased by the heavy metals but increased by the NPs. Accordingly, Se, Si, and Zn NPS
elevated EO yield by 36, 37, and 43%, respectively, compared with non-NPs. The primary EO constituents were 1,8-cineole
(9.42-13.41%), a-thujone (27.40-38.73%), p-thujone (10.11-12.94%), and camphor (11.31-16.45%). This study suggests
that NPs, particularly Si and Zn, boosted plant growth by modulating Pb and Cd toxicity, which could be advantageous for
cultivating this plant in areas with heavy metal-polluted soils.
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Introduction 2022). Any metallic chemical substance with a relatively

high density that is poisonous and toxic even at low

Metalloids and trace metals can pollute soils through
industrial emissions, metal waste, pesticides, coal
combustion residues, mine tailings, leaded gasoline,
paints, chemical fertilizers, wastewater irrigation,
atmospheric deposition, and sewage sludge (Beduk et al.

Responsible Editor: Gangrong Shi

P4 Mitra Bakhtiari
Mitra.bakhtiari100@gmail.com

Department of Agronomy, Shahr-e-Qods Branch, Islamic
Azad University, Tehran, Iran

Department of Landscape Engineering, Faculty
of Agriculture, University of Tabriz, Tabriz, Iran

Department of Plant Genetics and Production Engineering,
Faculty of Agriculture and Natural Resources, University
of Mohaghegh Ardabili, Ardabil, Iran

concentrations is considered a trace metal (Khosropour
et al. 2022). Metals endanger the food chain and human
health by contaminating food and water. Cadmium (Cd)
is the most toxic trace metal to living organisms and
humans, with biological activity in both terrestrial and
aquatic organisms (Nasirzadeh et al. 2022). Agriculture
and industrial development have resulted in a higher
concentration of Cd in agricultural soils (Kiciniska et al.
2022). Cadmium is easily absorbed by plant roots and
transferred to aerial tissues due to its high mobility,
causing primary problems in animals and humans
(Nasirzadeh et al. 2022). It builds up in various organs
of the human body, particularly the kidneys (Wang et al.
2021a). Because Cd is similar to calcium in terms of
charge, ionic radius, and chemical behavior, it can easily
transfer to the human body and be stored at a high level
in various organs (Gutsch et al. 2018). Cadmium toxicity
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damages the liver and bones and can reduce Ca absorption
in the body. Soil lead (Pb) concentrations greater than
30 ppm are toxic and inhibit biochemical processes and
plant growth (Saleh et al. 2020). Plants exposed to Pb
accumulate more reactive oxygen species (ROS), which
causes cell death. Lead toxicity increases the production
of free radicals, which increases lipid peroxidation and
impairs plant nutrient balance (Baig et al. 2020).

Various methods have been developed to reduce
metal toxicity in plants. Foliar nutrient application is an
effective method for preventing trace metal accumulation
in plant tissues. Nanoparticles (NPs) are a type of nutrient
application that is highly resistant to metal stresses. Because
of their small size and high active surface area, they can
easily penetrate plant cells (Afshari et al. 2021). Among the
nutrients, silicon (Si) is a quasi-essential element for plants,
with a plentiful supply in soils, primarily in the form of
insoluble silicates. As a soluble form of monosilicic acid,
it can be absorbed by plants and stimulate physiological
and biochemical processes. Zinc (Zn) is a trace element
that is essential for plant growth and development and has
an impact on plant physiology and development. Zinc also
enhances important biochemical processes in plants such
as photosynthesis and sugar transport (Aram et al. 2021).
Furthermore, selenium (Se) is a beneficial micronutrient for
humans and animals that acts as a cofactor and coenzyme
in the human body’s immune system (Ikram et al. 2021).
As a result, NPs play an important role in improving
plant physiology in response to environmental stresses
(Nasirzadeh et al. 2022).

Mint (Lamiaceae) is a family of aromatic and medicinal
plants known for their high nutritional and pharmacological
value. Sage (Salvia officinalis L.) is the most well-known
species in this family, native to the Middle East and Mediter-
ranean regions but now found all over the world (Ghorbani
and Esmaeilizadeh 2017). Sage is anticancer, antinocicep-
tive, antimicrobial, antimutagenic, antidementia, hypoglyce-
mic, and hypolipidemic (Ghorbani and Esmaeilizadeh 2017;
Jakovljevi et al. 2019). Furthermore, sage essential oil (EO)
is economically significant due to key compounds such as
thujone and 1,8-cineole (Kulak et al. 2020). As a result, find-
ing methods to maintain its growth, EO quality, and EO
quantity on contaminated soils is critical.

Recently, there is an interest in the use of NPs to alleviate
the metal toxicity in medicinal plants and crops. Accord-
ingly, the positive effects of Si (Siddiqui et al. 2020; El-
Saadony et al. 2021; Memari-Tabrizi et al. 2021), Se (Sardar
et al. 2022; Nasirzadeh et al. 2022; Babashpour-Asl et al.
2022), and Zn (Venkatachalam et al. 2017; Sharifan et al.
2020) have been addressed at heavy metal-induced toxic-
ity. However, little information is reported on comparing
these NPs in alleviating metal toxicity in medicinal plants.
Therefore, the present study was conducted to discover Se,
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Si, and Zn NPs in alleviating Pb and Cd stress on metal
accumulation, growth, lipid peroxidation, and EO quality
and quantity of sage plants.

Materials and methods
Plan materials and experimental design

Sage (S. officinalis L.) seeds were purchased from the
Pakan Bazr company in Iran. Soils from an unpolluted
area in an agricultural field were chosen and sterilized in
an oven. The experimental soil was a sandy loam with pH:
7.06, and EC: 0.97 dS m™! N: 0.21%, P: 13.1 mg kg™';
K: 276 mg kg™!, total Cd: 0.12 mg kg', Pb: 11.23 mg kg'.

The factorial experiment with soil metal stress and
foliar application of NPs was conducted in a completely
randomized design (CRD) in five replicates. To test met-
als toxicity, the soils were polluted by chloride cadmium
(CdCl,) at 40 mg kg~! soil for Cd stress and by lead nitrate
(Pb NO;) at 400 mg kg~ soil for Pb stress.

Metal concentration

To determine Cd and Pb concentrations in leaves and
roots, 0.2 g of dry matter was mixed with 4 ml of 65%
nitric acid (NO,) and kept at room temperature for 24 h.
Following that, the sample was placed in a 90°C oven for
5 h to allow the NO, to evaporate. After cooling, the sam-
ple was filtered through filter paper and the volume was
increased to 10 ml with distilled water. The concentration
of Cd and Pb was determined using ICP/MS (Khosropour
et al. 2019).

Plant weight

The plants were completely cut from the bottom of the
stem and dried in the shade. A digital scale with an accu-
racy of 0.001 g was used to measure the shoot weight of
plants (Afshari et al. 2021).

Chlorophyll (Chl) assay

The Arnon (1949) instruction was used to measure leaf
total Chl. For this, 0.2 g of fresh leaves were homogenized
in 8 mL of 80% acetone. The mixture was centrifuged at 4
°C for 15 min (3000 rpm). A spectrophotometer was used
to read supernatant at 645 and 663 nm.

Total Chl (mg g™") = (20.2 X A645) — (8.02 X A663) X V/1000x W

Where A is the absorbance at respective wavelengths. V
is the final volume of extract, and W is the fresh weight in g.
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Relative water content (RWC) measurement

RWC was determined using fresh leaves in three steps.
The fresh weight (FW) of the leaves was determined, and
they were immersed in distilled water for 24 h to achieve
the saturation weight (SW). The samples were then dried
in an oven until the weight remained stable, at which point
it was determined to be dry weight (DW) (Dhopte and
Manuel 2002):

(FW — DW)

RWC=-— """
(SW — DW)

x 100

Malondialdehyde (MAD) measurement

To measure leaf MAD content, 0.5 g of fresh leaves was
mixed with 4 mL of 20% w/v trichloroacetic acid (TCA) con-
taining 0.5% thiobarbituric acid and then kept in a hot water
bath (95 °C) for 25 min and centrifuged at 14,000 rpm for 30
min. The samples were placed in a hot water bath for 30 min
and centrifuged at 10,000 rpm for 10 min. Samples were read
at a wavelength of 532 nm (Heath and Packer 1968).

Electrolyte leakage measurement (EL)

To measure EL, 1 cm discs of fresh leaves were prepared
and moved to Erlenmeyer’s containing 10 mL of twice-
distilled water. The EC was measured by a gauge digital EC
(EL, pS/cm) after shaking for 20 h. After that, the solution
was placed in an autoclave for 1 h at 120 °C and then its
EC was determined (EL, pS/cm) and calculated as follows
(Sheppard et al. 1995):

EL = [(EL2 - ELI)/EL1>]

Essential oil (EO) distillation

To obtain the EO, the aerial parts of the plants were har-
vested during the flowering stage and dried in the shade.
To obtain the EO content (w/w), 80—-100 g of dried samples
were used in Clevenger type apparatus via hydro-distilling
for 3 h. The EO yield was calculated based on dry plant
weight in each pot (Sefidkon et al. 2006).

Essential oil (EO) profile

Gas chromatography (GC) and gas chromatography-mass
spectrometry (GC-MS) were used to analyze the EOs. The
oil samples were dehydrated using dry sodium sulfate. After
injecting the EOs into the GC and determining the best

column temperature program, the EOs were diluted with
dichloromethane and injected into the GC-MS, where the
retention index, mass spectra, and related chromatograms
were determined, as well as the quantitative and qualitative
amounts of the EOs’ active ingredients. Varian 3400
GC-MS system equipment with AOC-5000 auto-injector
and DB-5 fused silica capillary column (30 m 0.25 mm
i.d.; film thicknesses 0.25 m) was used to analyze the EO
composition. Helium served as the carrier gas.

Identification of essential oil (EO) compounds

For the identification of components, retention time (RT)
and mass spectra of the compounds were compared with
those of authentic compounds or with data available from
the Wiley library and the literature (Adams 2007). A
mixture of n-alkanes (C8-C25) was used for further iden-
tification and calculation of retention indices (RI) of the
components.

Statistical analysis

Data were analyzed using SAS software version 9.2 and the
mean of data was compared using Duncan multiple range
test at 0.05 probability level. Agglomerative Hierarchical
Clustering (AHC) and principal component analysis (PCA)
were carried out by XLSTAT.

Results
Pb and Cd concentrations in leaves and roots

When plants were exposed to Pb, the concentration of Pb
in their leaves and roots increased significantly. The highest
Pb amount obtained in Pb-exposed plants without foliar NP
application was 8.83 mg g~! DW. Nonetheless, NPs reduced
Pb accumulation in sage roots and shoots. In Pb-exposed
plants, Se, Si, and Zn NPs reduced Pb accumulation by 23,
30, and 22% for roots and 35, 43, and 40% for shoots, respec-
tively, when compared to the control. Cadmium toxicity fol-
lowed a similar pattern, with remarkable decreases in its
accumulations in sage tissues following NPs. Silicon NPs
reported the greatest reduction in shoot Cd (39%), followed
by Zn NPs (36%), and Se NPS (29%). As a result, NPs may
inhibit the accumulation of Cd and Pb in sage tissues, par-
ticularly in the leaves (Table 1).

Plant weight

Heavy metals (Pb and Cd) significantly (P0.05) decreased
plant weight, but foliar-applied NPs modulated oxidative
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Table 1 Metal accumulation in

” . Heavy metal Nanoparticles Root Pb Shoot Pb Shoot Cd Root Cd
sage plant tissues under Si, Se,
and Zn nanoparticles in Cd and Non-toxicity Non-NPs 0.02:£0.00¢ 0.02:£0.00¢ 0.01+0.31¢ 0.01£0.00¢
Pb-polluted soils Se 0.01:0.00 0.01:0.00 0.01£0.45 0.01:£0.00¢
Si 0.02+0.01¢ 0.02+0.01¢ 0.01+0.29¢ 0.01+0.00¢
Zn 0.02+0.00¢ 0.02:+0.00¢ 0.01+0.51¢ 0.01+0.00¢
cd Non-NPs 0.03+0.00¢ 0.03+0.00¢ 1.16+0.21° 0.41+0.05*
Se 0.03+0.01¢ 0.03+0.01¢ 0.49+0.26° 0.29+0.02°
Si 0.02+0.01¢ 0.02:+0.01¢ 0.40+0.12° 0.25+0.02¢
Zn 0.02+0.00¢ 0.02:+0.00¢ 0.43+0.43¢ 0.26+0.01%
Pb Non-NPs 8.83+0.34° 4.67+0.17 0.01+0.21¢ 0.01+0.00¢
Se 6.77+0.12° 3.00+0.22° 0.01+0.16¢ 0.01+0.00¢
Si 6.17+0.34¢ 2.63+0.05¢ 0.01+0.09¢ 0.01+0.00¢
Zn 6.83+0.29° 2.80+0.16° 0.01+0.09¢ 0.010.00d

Values are means + standard deviation (SD). Different letters show statistically significant differences

among treatments at P < 0.05

stresses by increasing plant weight. When compared to non-
polluted soils, Cd and Pb stresses reduced shoot weight by 41
and 35% (Fig. 1a), and root weight by 50 and 33% (Fig. 1b),
respectively. However, NPs played a significant role in
increasing plant weight. In comparison to non-sprayed plants,
Se, Si, and Zn NPs caused 25, 40, and 44 % increases in shoot
weight (Fig. 1a) and 11, 25, and 16% increases in root weight
(Fig. 1b), respectively. Therefore, Cd was more toxic than

a

Ocontrol OSe-NPs ®Si-NPs OZn-NPs

Shoot weight (g)

Control

Root weight (g)

Control

Heavy metal stress * Foliar applied nanoparticles

Fig.1 Shoot a and root b weight of sage plants under Si, Se, and
Zn nanoparticles in Cd and Pb-polluted soils. Values are means +
standard deviation (SD). Different letters show statistically significant
differences among treatments at P < 0.05
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Pb, and Si and Zn NPs were more effective in increasing sage
plant weight.

Relative water content (RWC) and chlorophyll
content

Plants exposed to Pb and Cd stress had noticeable reductions
in RWC, whereas NPs had remarkable effects on improving
RWLC. In this regard, Cd and Pb-exposed plants experienced
28 and 22% decreases in RWC, respectively, compared with
the control. In contrast, Se, Si, and Zn NPs enhanced RWC
in Cd-stressed plants by 18, 23, and 22%, respectively,
when compared with non-NPs application (Fig. 2a). Total
chlorophyll followed the RWC trend after the treatments
in this study. Compared with the non-polluted treatment,
remarkable reductions of total chlorophyll were observed in
Cd (36%) and Pb (29%) contaminated soils without foliar-
applied NPS. However, NPs especially Si NPs improved
total chlorophyll in Cd (37%) and Pb (31%) exposed plants
(Fig. 2b). Totally, Cd and Pb toxicity led to decreased RWC
and chlorophyll but NPs, particularly Si NPs, improved these
variables.

Malondealdehyde (MDA) and electrolyte leakage
(EL)

Oxidative stress caused by Cd and Pb increased MDA and
EL in sage plants, whereas NPS decreased these variables.
The MDA and EL levels were highest in plants exposed
to Cd toxicity without foliar NPs. In non-sprayed plants,
Cd and Pb stress increased MDA by 46 and 34% (Fig. 3a)
and EL by 30 and 19% (Fig. 3b), respectively. The most
intriguing results were obtained for NPs by decreasing MDA
and EL. For example, Se, Si, and Zn led to 14, 22, and 20%
declines in MDA (Fig. 3a) and 16, 17, and 18% reductions
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Fig.2 Relative water content (RWC) a and total chlorophyll
content b of sage leaves under Si, Se, and Zn nanoparticles in Cd
and Pb-polluted soils. Values are means + standard deviation (SD).
Different letters show statistically significant differences among
treatments at P < 0.05
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Fig.3 Malondialdehyde (MDA) a and electrolyte leakage (EL) b of
sage plants under Si, Se, and Zn nanoparticles in Cd and Pb-polluted
soils. Values are means + standard deviation (SD). Different letters

show statistically significant differences among treatments at P<0.05

in EL (Fig. 3b) compared with non-foliar application of NPs
in plants with Cd toxicity.

Essential oil (EO) content and EO yield

The EO content and EO yield of sage plants decreased
by the heavy metals but improved by the NPs. Upon non-
foliar application, 20 and 15% reductions in EO content
were respectively observed in Cd and Pb-exposed plants
in comparison to the control. In contrast, NPs elevated
EO content, with 15, 31, and 24% increases for Se, Si, and
Zn NPs, respectively, relative to non-foliar NPs in plants
experiencing Cd stress (Fig. 4a). The EO yield followed
the pattern of EO content upon heavy metals and NPs. In
non-NP plants, 2.1 and 1.8-fold increases were observed
in Cd and Pb-exposed plants, respectively. In non-stressful
plants, Se, Si, and Zn NPS elevated EO yield by 36, 37, and
43%, respectively, compared with non-NPs (Fig. 4b).

Essential oil (EO) profile

The GC/MS analysis revealed 25 compounds, which
accounted for more than 98% of the total EO profile.
The main EO constituents were 1,8-cineole, a-thujone,
p-thujone, and camphor with different amounts of heavy
metals and NPs. The Cd and Pb toxicity led to elevated
1,8-cineole, ranging from 9.42% in Se NPs without heavy

a

Ocontrol OSe-NPs ®Si-NPs OZn-NPs

1.2
bc

cd

0.8

0.6

EO (%)

0.4

0.2

Control

120

100

80

60

40

EO yield (mg plant ')

20

Control
Heavy metal stress * Foliar applied nanoparticles

Fig.4 Essential oil (EO) percentage a and EO yield b of sage plants
under Si, Se, and Zn nanoparticles in Cd and Pb-polluted soils.
Values are means + standard deviation (SD). Different letters show
statistically significant differences among treatments at P<0.05
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metal stress to 13.41% in Pb stress and Si NPs. The amount
of a-thujone was obtained in a range of 27.40 to 38.73%,
with increasing upon the NPs. Like a-thujone, p-thujone
increased when plants were sprayed with NPs. it differed
from 10.12% without heavy metals toxicity and NPs (con-
trol) to 12.94% in Cd stress and Zn application. Camphor
mainly increased with NPs as Se, Si, and Zn NPs increased
it by 20, 12, and 21%, respectively, compared with control.
Relative to sesquiterpene, the monoterpenes described the
major amount of EO compositions in sage plants (Table 2).

Multivariate analysis

According to PCA eigenvalues, F1 justified a-thujone and
camphore, while F2 explained 1,8 cineole and a—thujone.
Additionally, 1,8-cineole negatively correlated with
o—thujone and camphore (Fig. 5a). Based on AHC, three

distinct clusters were identified with cluster 1: T1 (Non-
toxicity + Non-NPs), TS (Pb + Non-NPs), T6 (Pb + Se),
T9 (Cd + Non-NPs), and T10 (Cd + Se), cluster 2: T2 (Non-
toxicity +Se) and T3 (Non-toxicity + Si), and T4 (Non-
toxicity + Zn), and cluster 3: T7 (Pb + Si), T8 (Pb + Zn),
T11 (Cd + Si), and T12 (Cd + Zn) (Fig. 5b).

Discussion

The current study demonstrated that when plants were
exposed to heavy metals, Pb and Cd accumulation increased
in the tissues. The accumulation of Pb and Cd in roots was
higher than in shoots, as previously reported by Nasirzadeh
et al. (2022) on wheat and Babashpour-Asl et al. (2022)
on coriander plants. Cadmium, due to its high mobility,
can easily transfer from plant roots to aerial parts (Ismael

Table 2 Essential oil profile under silicon (Si), selenium (Se), and zinc (Zn) nanoparticles (NPs) in heavy metal polluted soils

Compound RI Non-toxicity Lead Cadmium
Non-NPs  Se Si Zn Non-NPs  Se Si Zn Non-NPs  Se Si Zn

Tricyclene 925 0.24 0.43 0.66 0.25 0.16 0.97 0.89 0.23 1.27 1.05 0.64 0.52
a-Pinene 935 3.12 3.19 2.75 2.72 1.27 2.34 243 1.87 3.21 2.63 0.87 2.03
Camphene 953 2.18 2.51 1.22 1.12 3.21 2.76 1.26 1.54 2.52 1.76 243 2.19
Sabinene 975 0 0.16 043 0.87 0.1 0.76 0.86  0.56 0.78 0.56 0.67 0.62
B-Pinene 983 1.49 1.54 1.98 1.78 2.14 2.16 2.76 2.07 2.98 2.33 245 2.56
B-Myrcene 990  0.62 0.88 1.02 .12 045 0.48 0.26 034 087 0.54 0.56 0.48
a-Terpinene 1021 043 0.34 0.16 0.54 1.34 0.94 0.45 0.65 0 0.24 0.76 0.82
p-Cymene 1030 1.08 0.76 0.23 0.78 1.22 0.98 0.76 0.22 1.26 1.12 0.87 0.88
Limonene 1033 0.99 1.28 0.55 0.43 1.34 1.68 2.01 1.98 243 2.27 243 2.81
1,8-Cineole 1040 13.28 9.42 11.88 11.03 10.21 11.05 1341 1278 11.85 1191 1323 13.24
y-Terpinene 1062 0.55 0.59 0.45 0.87 1.23 0.87 0.98 0.65 1.23 1.34 0.65 0.76
o-Terpinolene 1090 0.15 0.32 0.23 034 098 0.34 0.45 0.87 0.87 0.76 0.23 0.34
o-Thujone 1120  31.36 36.15 3874 36.23 28.65 3041 3256 3211 27.40 29.94 3258 3225
B-Thujone 1129 10.15 10.3 12.54 11.54 10.87 11.23 1274 11.87 10.11 11.56 12.87 12.94
Camphore 1160 12.98 15.62 1455 1578 13.76 1645 1578 1522 11.31 1254 1283 1198
3-Neo-thujanol 1177 0.25 0.37 0.24 0.87 0.67 0.98 0.78 1.02 0.98 0.87 0.65 0.74
Borneol 1182 2.33 1.74 1.43 2.03 1.87 1.23 1.54 1.78 1.87 1.45 1.23 1.07
Terpinen-4-ol 1189 0.34 064 0.22 0.67 0.76 0.34 056  0.67 0.98 0.65 0.76  0.55
Bornyl acetate 1288 0.6 0.49 0.01 0.21 0.98 0.78 0.87 094 093 0.23 0.25 0.34
E-p-caryophyllene 1424 2.75 3.09 2.17 2.65 3.76 2.14 2.45 2.87 3.14 2.54 1.76 1.58
Aromadendrene 1443 146 1.13 0.67 0.54 2.16 0.15 0.65 1.23 2.15 2.15 2.15 2.32
a-Humulene 1462 6.4 4.86 421 3.78 5.6 4.23 3.12 3.67 4.23 3.56 2.76 2.93
ledene 1494  0.84 0.65 0.76 0.76 0.87 0.92 0.76 0.98 0.87 0.78 0.75 0.82
Spathulenol 1590 3.2 0.78 0.87 0.92 3.12 222 1.15 1.71 3.14 3.16 2.75 2.48
Verticiol 2063 1.54 2.45 1.02 1.14 2.85 1.76 0.52 0.87 2.68 2.55 223 1.08
Monoterpenes 82.02 86.56 89.27 89.18 81.19 86.74 9133 8737 82.87 83.74 8696 87.12
Sesquiterpenes 16.19 1294 9.72 9.79 18.34 11.42  8.65 11.33  16.19 1474 12.38 11.21
Total (%) 98.21 99.50 98.99 9897 99.53 98.16 99.98 98.7 99.06 98.48 99.34 98.33
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Fig.5 Principal component
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et al. 2019), posing a threat to the food chain (Liu et al.
2020). As a result, techniques for inhibiting heavy metal
uptake by plants must be developed. The NPs inhibited the
accumulation of Pb and Cd in the roots and, in particular,
the shoots of sage plants. Accordingly, deleterious effects
of Cd and Pb due to increased ROS in plant tissues have
been reported by Hussain et al. (2020). Foliar application

of NPs can alter the Cd and Pb transporters by influencing
metal accumulation in plant tissues (Hussain et al. 2020;
Babashpour-Asl et al. 2022). Because of their small size and
high active surface, nanoparticles can easily enter plant cells
and improve tolerance to environmental stresses (Afshari
et al. 2021; Memari-Tabrizi et al. 2021). It has been reported
that Si can regulate the expression of genes involved in
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metal accumulation in plant tissues. For example, the down-
regulated gene expression related to Cd transport in the
shoot (OsLCT1 and OsNramp5) has been addressed (Cui
et al. 2017). Furthermore, metal accumulation is affected
by the quantity and type of NPs. Hussain et al. (2020)
demonstrated that Si decreased Cd and Pb accumulation in
grains, whereas Se increased Cd and decreased Pb amounts
in rice grains. Babashpour-Asl et al. (2022) demonstrated
significant decreases in Cd accumulation for shoot and root
of Cd-exposed coriander plants, which is consistent with
the current study’s findings. Therefore, different results
in inhibiting or accelerating metal accumulations in plant
tissues can be observed depending on the type and dosage
of NPs.

Heavy metal toxicity reduced plant weight, but NPs
modulated the corresponding stress. Heavy metals cause
plants to produce more ROS by altering antioxidant
activity (Khosropour et al. 2022). As a result, they inhibit
the activity of Calvin-cycle enzymes, disrupt ionic
exchange, and demolish chloroplast, ultimately reducing
plant biomass (Handa et al. 2018). Nanoparticles, on the
other hand, increased plant weight by improving growth
conditions. In comparison to Se, Si and Zn NPs improved
plant weight more effectively. Zinc and Si play important
roles in the activation of chlorophyll enzymes, which
affects plant growth and weight (Mahmoud et al. 2019).
Similarly, the positive role of Si NPs (Ali et al. 2019;
El-Saadony et al. 2021), Se NPs (Wang et al. 2021a, 2021b;
Nasirzadeh et al. 2022), and Zn NPs (Hussain et al. 2018;
Rizwan et al. 2019a) have been addressed on plant growth.

Heavy metals lowered chlorophyll content, but
nanoparticles continued to increase photosynthesis
content. They have a detrimental effect on stomatal size
and density in epidermal cells, which slows transpiration
and multiplies intercellular CO2 content in leaves
(Khosropour et al. 2022; Sardar et al. 2022). The declines
in metal-exposed plants might be attributed to the
increased oxidation of photosynthesis pigments (Hussain
et al. 2021). As a consequence, reductions in chlorophyll
content have been disclosed in plants exposed to Pb and
Cd, including Coriandrum sativum L. (Sardar et al. 2022),
Triticum aestivum L. (Ozfidan-Konakci et al. 2018), and
Persicaria hydropiper L. (Hussain et al. 2021). The NPs,
particularly Zn and Si, modulated the photosynthesis
rate by boosting the enzymatic activity of the Calvin
cycle. The NPs used in this research were less than 50
nm in size, enabling them to penetrate plant cells and
influence biochemical processes such as photosynthesis
(Babashpour et al. 2022). Similarly, the foliar application
of Si (Ali et al. 2019; Memari-Tabrizi et al. 2021;
El-Saadony et al. 2021), Se (Sardar et al. 2022; Qi et al.
2021), and Zn (Bashir et al. 2021; Hussain et al. 2021)
NPs on heavy metal toxicity have been addressed.
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The RWC, like chlorophyll, is diminished by heavy
metals and increased by NPs. Relative water content is a
useful indicator for determining plant water status, which
can affect biochemical processes in plant cells (Khosropour
et al. 2022). To control the water status in plant cells, plants
change their stomatal opening and closing in response
to metal toxicity. Conversely, the NPs improved growth
conditions by raising the RWC. Memari-Tabrizi et al. (2021)
demonstrated improved RWC with Si NPs on coriander
plants exposed to Cd toxicity. As a direct consequence,
NPs, particularly Si and Zn, had a positive effect on
chlorophyll content and RWC in sage plants grown in Cd
and Pb-polluted soils.

Plant stress is primarily determined by cell membrane
indicators such as MDA and EL. The MDA and EL levels
increased in response to stress, but NP levels decreased.
Increased MDA and EL are signs of plant damage, similar
to proteins and lipids, that occur primarily in stressful
situations by elevating ROS (Rizwan et al. 2019b; Huang
et al. 2019). Furthermore, this study found that Cd was
more harmful than Pb because it accumulated more MDA
and EL in sage plants. Metal nanoparticles have a positive
effect on antioxidant capacity, resulting in lower MDA and
EL (Fatemi et al. 2021). Adrees et al. (2021) mentioned that
Zn NPs altered MDA in wheat grown on Cd-exposed soils.
Furthermore, when rice plants were sprayed with Si NPs,
Rizwan et al. (2019b) evidenced 28 and 44% decreases in
EL and MDA, respectively. Theodore, the current study
found that NPs could indeed minimize MDA and EL in
sage plants exposed to Cd and Pb stress.

Pb and Cd toxicity lowered EO content and yield.
Because EO yield is calculated using plant weight and EO
content, changes in plant weight have a noticeable impact
on EO yield. Plants exposed to metal toxicity reduce
their secondary metabolism, including the biochemical
pathways of EO content. Memari-Tabrizi et al. (2021) on
summer savory plants and Babashpour-Asl et al. (2022) on
coriander plants addressed the declines in EO content and
yield under 20 mg Cd kg~! soil. Cadmium had a greater
effect on EO than Pb, as did other variables. Cadmium can
affect all stages of plant growth, from seed germination
to development. Cd alters phytohormones like auxin and
abscisic acid during seed germination. Cadmium inhibits
mitotic division of meristematic cells, causing root length
and weight to decrease and root diameter to increase. It
also disrupts the balance of nutrients and water for plants,
affecting the production of secondary metabolites such as
EO (Haider et al. 2021). However, when sage plants were
exposed to Cd and Pb toxicity, the NPs, particularly Si
and Zn, increased EO yield. Specific functions of Si and
Zn in plants include improved water absorption, nutrient
uptake, gas exchange, and phytohormone adjustment (El
Moukhtari et al. 2021). Improvements in EO yield have
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previously been documented for Si (El-Saadony et al.
2021; Mukarram et al. 2021), Se (Babashpour-Asl et al.
2022), and Zn NPs (Esmaielpour et al. 2020; Shahhoseini
et al. 2020).

The main EO profile consisted of 1,8-cineole,
a-thujone, B-thujone, and camphor, which had previously
been reported in various studies (Rioba et al. 2015; Kulak
et al. 2020). 1,8 cineole is a major herbal product with
high antioxidant and anti-inflammatory properties, as well
as a noticeable role in respiratory and heart decreases
(Cai et al. 2021). It differed significantly depending on
the treatments, with metal toxicity declining and NPs
growing. Thujone is a monoterpene ketone found primarily
in Artemisia absinthium, Salvia officinalis, Tanacetum
vulgare, and Thuja occidentalis. This compound has
anticancer, antidiabetic, and immune-boosting properties
(Zamboriné Németh and Nguyen 2020). Cadmium and Pb
stress reduced a-thujone and B-thujone levels, whereas
NPs increased these chemicals. Heavy metals, on the
other hand, reduced camphore, whereas NPs elevated it.
As a consequence, variations in the main EO compositions
of sage plants might well be likely as a result of these
treatments, which may be beneficial for pharmacological
and medicinal purposes.

Conclusions

The current study discovered that nanoparticles have vary-
ing effects on metal toxicity. Silicon and zinc nanoparticles
are the most effective at reducing heavy metal oxidative
stress. Metal accumulation in sage plant tissues can be
reduced by using nanoparticles. Changes in essential oil
yield and profile can be observed when plants are sprayed
with nanoparticles and exposed to metal toxicity, accord-
ing to the essential oil profile. As a result, the current
study suggested applying foliar silicon to lessen the tox-
icity of lead and cadmium in sage plants. This is important
for growing the plant in areas with heavy metal-polluted
soils, and it can also be advantageous for the food and
human health industries.
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