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A B S T R A C T

The present study was designed to determine the glaucine, quercetin and kaempferol contents in the root and
shoot parts of Nigella arvensis, treated for 21 days with different concentrations of the nanoparticles (NPs),
including titanium dioxide (TiO2), alumina (Al2O3) and nickel oxide (NiO) by high-performance liquid chro-
matography (HPLC). Results showed a significant increase in the total flavonoid and total alkaloid content in
treated plants. Glaucine content in shoot parts was significantly higher than the root parts. The highest amount of
glaucine was obtained in shoots and roots exposed to NiONPs at concentrations of 1000 and 2500 mg/L with up
to 3.2 and 2.6 fold increase compared to the control group, respectively. The maximum content of quercetin was
observed in the shoot and root parts under 50 mg/L NiONPs with 2.2 and 1.8 fold increase compared to the
control group, respectively. The kaempferol content was significantly decreased in all treatment, except for 1000
mg/L NiONPs treatment in the root parts, which was 2.9 fold higher than the control group. Apart from the toxic
effects of some NPs, our findings suggest that the NPs at specific levels can be considered as new and appropriate
elicitors for in vitro production and increasing the biosynthesis of secondary metabolites to use in pharmaceutical
applications.
1. Introduction

Metal and metal oxide nanoparticles have received specific attention
due to their unique properties and widespread applications in medical,
agricultural, industrial, consumer products, and military fields [1].
Nevertheless, the unknown release of these nanoparticles into the
ecosystem has caused global concern about their safety, environmental
health and potential phytotoxic effects [2, 3]. The physicochemical
properties of engineered nanoparticles (ENPs) including size, composi-
tion, surface charge, dissolution, and nature of the environmental tar-
geted matrices determine the fate of these particles in the environment
[4, 5].

Considering the importance of the interaction of ENPs with the bio-
logical systems, nowadays many researchers have investigated the effects
of different types of nanoparticles in humans, animals, and plants [3, 6].
The plants are an initial and very important element of ecological systems
and play a very vital role as significant ecological receptors in trans-
portation, translocation and accumulation of ENPs into the food chain
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[7]. A good and precise understanding of the interactions of plant sys-
tems with ENPs is very important for evaluating the toxicity and trans-
porting of ENPs in trophic chains [8].

However, the main functional mechanism of ENPs in biological sys-
tems is unknown, although the oxidative stress generated by reactive
oxygen species (ROS) is proposed as their toxic effects [3]. The produc-
tion of different antioxidant enzymes such as catalase (CAT), peroxidase
(POX) and superoxide dismutase (SOD) and non-enzymatic systems with
the production of defensive chemical compounds (metabolites) are
mechanisms through which plants can protect themselves from oxidative
stress, physiological damages, pathogenic attacks and UV radiation [9,
10].

Two types of metabolites are produced by plant cells, including pri-
mary and secondary metabolites. Primary metabolites (lipids, proteins
and carbohydrates), are directly involved in growth and metabolism and
secondary metabolites (alkaloids, flavonoids, phenolics, terpenoids,
essential oils, quinones, resins, tannins, lignins, steroids, etc.), are the
final products of primary metabolism and play crucial roles in the
2020
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protection of plants against diseases, pests and different environmental
stresses [11, 12]. Typically, secondary metabolites are synthesized by
plants against different biotic or abiotic elicitors/stresses and/or stimu-
lator molecules, which will possibly induce biochemical and physiolog-
ical processes of the objective plants and activate the defense
mechanisms [13, 14].

Thus, ENPs can act as chemical elicitors of plant defensive systems,
which are often operated by increased production of secondary metab-
olites [11]. Many researchers have studied the role of NPs as elicitors [15,
16, 17, 18, 19, 20]. Krishnaraj et al. (2012) indicated that the total
phenol content enhanced in Bacopamonnieri (L.) treated with biologically
synthesized silver nanoparticles (AgNPs), which it may be one of the
defense mechanisms of the plant against the mild stress condition [17].
Also, Khan et al. (2016) investigated the effect of different metal NPs,
including monometallic (Ag, Au, Cu) and bimetallic alloy (AgAu, AuCu,
AgCu) on contents of total flavonoid and phenolic in the milk thistle
plant. They showed that after 28 days of treatment, the maximum con-
tents of total phenolic and flavonoid were obtained against the mono-
metallic NPs as compared to bimetallic alloy NPs [21]. The production of
aloin was increased in cell suspension culture of Aloe vera treated with
TiO2 and Ag NPs as abiotic elicitors after 48 h elicitation, but its amount
was gradually decreased with time [18].

Nigella arvensis L. is an annual herb commonly known as wild fennel
or black bread weed and belongs to the genus Nigella and family
Ranunculaceae [22]. It is distributed in the Near East region, central and
south-east Europe to the Russian Federation and northern Africa [23]. It
has medicinal properties such as anti-inflammatory, antiallergic, anti-
viral and antihelminthic [24], as well as is locally used as a flavor for
cakes and bread [25].

N. arvensis contains several active compounds such as alkaloids and
flavonoids with various biological activities. For example alkaloids of
plant origin were shown to have potent antiviral activity against several
viruses, including the hepatitis B virus [26]. The existence of 12 flavo-
noids has reported in this plant, which most important of them included
quercetin and kaempferol [24]. Quercetin belongs to a subclass of fla-
vonoids called flavonols and has pharmacological properties and bene-
fits, including antioxidant, antidiabetic, antitumor, antiviral,
antibacterial, anticarcinogenic and anti-inflammatory [27, 28]. In addi-
tion to the above-mentioned properties, kaempferol has also been
applied for the treatment of numerous diseases, such as diabetes,
inflammation, anxiety, osteoporosis, neurodegenerative diseases, al-
lergies and infectious diseases as well as cardiovascular diseases and
some kinds of cancer [29]. Eight known aporphine alkaloids have been
isolated from N. arvensis, which main alkaloids are glaucine and brac-
teoline [30]. Aporphine alkaloids belong to alkaloids of the isoquinoline
type that process pharmacological activity, including antihyperlipidemic,
antidiabetic, antioxidant, antiobesity, and antivirus (anti-HIV's), cyto-
toxic, immunoregulatory activities and antiplatelet effects [31, 32].
Glaucine is also used in medicine as an antitussive agent [33].

Therefore, the main aim of this research was to evaluate the influence
of TiO2, Al2O3 and NiO NPs on biosynthesis and production of secondary
metabolites, including the contents of total flavonoids, total alkaloids,
glaucine, quercetin and kaempferol in endemic Nigella arvensis by HPLC
method.

2. Experimental

2.1. Nanomaterials, seeds and chemicals

Nanoparticles: TiO2NPs (80 vol% anataseþ20 vol% rutile), Al2O3NPs
(gamma), and NiONPs were purchased from Iranian Nanomaterial
Company (Mashhad, Iran). The physical characteristics of Al2O3, NiO and
TiO2 NPs reported by the supplier were as follows: NiONPs with the size
of 5–8 nm, nearly spherical morphology, purity of 99.5% and surface
area 50–100 m2/g, Al2O3NPs (gamma) with the size of 5 nm, nearly
spherical morphology, purity of 99.99% and surface area 150 m2/g and
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TiO2NPs (80 vol% anatase þ20 vol% rutile) with a size of 20 nm, nearly
spherical morphology, purity of 99% and surface area 10–45 m2/g. Seeds
of N. arvensis were purchased from Pakan Bazr Company (Isfahan, Iran).
Glaucine (Santacruz Co), methanol (HPLC grade, Merck) and HCl (Sig-
ma–Aldrich Chemical Co) were also supplied. All used organic solvents
were of HPLC grade.

2.2. Plant culture and preparation of extract

Seeds of N. arvensis were sterilized before germination (in 10% so-
dium hypochlorite solution for 10 min). They were germinated on sand
soaked with 0.1 strength modified Hoagland's solution. After ten days,
the solution was replaced with Hoagland solutions containing different
concentrations of TiO2NPs, NiONPs and Al2O3NPs (0, 50, 100, 1000 and
2500 mg/L). Before the replacement, the NP suspensions (100 mL) were
first sonicated in an ultrasonic water-bath for 90 min. All experiments
were performed in a greenhouse under semi-controlled conditions. All
treatments had three replicates, and the experiment lasted for three
weeks (21 days). Afterward, the plants were harvested and washed with
tap and distilled water. The shoot and root biomass were oven-dried at 65
�C for three days. Extraction was performed by the described method of
Zuo et al. [34], with minor modifications. The shoot and root samples of
N. arvensis (100 mg) were ground and extracted with 20 mL methanol
(80%) containing 0.15%HCl for 3h with 10min sonication. The obtained
extracts were centrifuged and solutions were separated. Aliquot of 20 μL
from the extract solutions were injected into the HPLC system.

2.3. Total alkaloid content

The total alkaloid contents of N. arvensis samples were analyzed by
the described method of Singh et al. with slight modifications [35]. Each
sample (100 mg) was extracted with 80% ethanol (10 mL) and then was
filtered and centrifuged at 5000 rpm for 10 min. Then, 1ml of each
extract was mixed with 1mL of FeCl3 solution (0.025M in 0.5M HCl) and
1mL of 1,10- phenanthroline (0.05M in ethanol). The reaction mixture
was incubated in a hot-water bath for 30 min at a temperature of 70 � 2
�C. After cooling down, the absorbance of the red color complex was
recorded at 510 nm. Finally, the total alkaloid content was calculated
using a standard curve plotted with glaucine, and the values are
expressed as mg glaucine (GC)/g of the dry weight of the plant.

2.4. Total flavonoid content

Determination of the total flavonoid content of N. arvensis was per-
formed using the colorimetric method as defined by Quettier–Deleu
(2000) with slight modifications [36]. A 1mL aliquot of methanolic
extract of each sample was mixed with 1 mL of aluminum chloride so-
lution (2%). After 60 min incubation at room temperature, the absor-
bance of the reaction mixture was recorded at 415 nm using a
spectrophotometer (Thermo Fisher Scientific, model 4001/4). The cali-
bration curve was plotted using quercetin, and the total flavonoid content
was expressed as mg quercetin/g of the dry weight of the plant.

2.5. HPLC analysis

All samples were analyzed by an isocratic method using a reversed-
phase HPLC system. The used instrument was a Knauer HPLC system
equipped with a Smartline 1000 quaternary pump version 7603, man-
ager 5000 version 7602, UV detector 2600 version 7605, dynamicmixing
chamber version 1119-1 and Chrom Gate HPLC software 3.1.7. The
Rheodyne injector was fitted with a 20 μL loop. The analytical separation
was performed on a Eurospher 100-5 C18 column (250� 4.6 mm, 5 μm).
The solvent system was a mixture of acetonitrile-water (25:75 v:v) con-
taining 0.05% ortho-phosphoric acid to achieve maximum separation and
sensitivity. This mobile phase was sonicated before to use and was
degassed before injection into HPLC. The flow rate was 1.0 mL/min and
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the injection volume for all samples was 20 μL. The analyses were
monitored at 282 nm for glaucine and 254 nm for quercetin and
kaempferol. Each determination was carried out in triplicate. All chro-
matographic analysis was performed at ambient temperature. The
chromatographic peaks of glaucine, quercetin and kaempferol in the
sample solutions were confirmed by comparing their retention time and
UV spectrum with those of the reference standard. Quantification was
made according to the linear calibration curves of the standard com-
pounds glaucine, quercetin and kaempferol.

2.5.1. Preparation of standard solutions and calibration curve
The stock solutions (100 μg/mL) of the alkaloid glaucine and the

flavonoids quercetin and kaempferol as the standard compounds were
prepared in methanol. The concentrations of 5, 10, 20, 30, 40 and 50 μg/
mL for glaucine and 0.5, 1, 2, 4, 6 μg/mL for quercetin and kaempferol
were prepared and stored at 4 �C. Different concentrations of standard
solutions (X) were injected into the HPLC system in triplicate, and the
average peak areas (Y) were calculated. Calibration curves were con-
structed by plotting peak areas versus concentrations of glaucine, quer-
cetin and kaempferol and the linear regression equations were
calculated.

2.6. Statistical analysis

All data were statistically analyzed using SPSS software (SPSS,
Version 18 for Windows, SPSS Inc., Chicago, USA). For determining the
significant differences at p < 0.05 level, the one-way analysis of variance
(ANOVA) and Duncan's multiple range test were performed. Analyzed
data were presented as the mean � standard error (Mean � S.E).

3. Results and discussion

Interactions of NPs with plants are very important for evaluating their
toxicity, transporting through a growth environment and penetration
into plant tissues [37]. Based on different studies, NPs are capable of
producing stress and generating excess ROS, which potentially affects the
activities of lipids, carbohydrates, proteins, and DNA in plants [38].
However, the influence of NPs on secondary metabolites content in
medicinal plants has been poorly studied. Thus, in the present study, we
evaluated for the first time the influence of TiO2, Al2O3 and NiO NPs on
secondary metabolites content, including the contents of total flavonoid,
total alkaloid, glaucine, quercetin and kaempferol in endemic N. arvensis
by HPLC method.

3.1. Total alkaloid content

In the present study, based on ANOVA analysis, there was a signifi-
cant difference in the content of the total alkaloid of N. arvensis between
the treatment and control groups at p � 0.05. In all treatment groups, the
total alkaloid content was significantly increased compared to the control
groups except for the treatment groups of 50 mg/L of Al2O3 and TiO2
NPs, in which the level of total alkaloid was reduced (Figure 1). The
highest total alkaloid content was observed at the treatment of 100 mg/L
Al2O3NPs followed by 100 and 1000 mg/L NiONPs (Figure 1). Alkaloids
are one of the major groups among the three main groups of natural plant
products (terpenes, phenolic compounds, and alkaloids), which are
influenced by different elicitors [11]. In the present study, different
treatments of NPs led to an increase of the total alkaloid content
compared to control groups except for the treatments of 50mg/L of Al2O3
and TiO2 NPs (Figure 1). This increase was more than 50% in the
treatments of 100–1000 mg/L Al2O3NPs and NiONPs. Similarly, in the
study of Ghorbanpour et al. (2015), the increased alkaloid content in
Hyoscyamus niger L. exposed to 20, 40 and 80 mg/L TiO2NPs (10–15 nm
in size) was attributed to the greater accumulation of dry matter and
increased alkaloid biosynthesis under treatment conditions [39].
Furthermore, the authors suggested that the key enzymes (i.e.
3

potrecin-N-methyltransferase and hyoscyamine 6-β-hydroxylase)
involved in the biosynthesis of tropane alkaloids may be affected in the
treatment with NPs, which refers to the metabolic compatibility of
treated plants in response to the harmful and side effects created by these
NPs [39].

3.2. Total flavonoid content

The total flavonoid content of N. arvensis increased significantly (p <

0.001) upon exposure to all three nanoparticles compared to the control
group (Figure 2). As seen in Figure 2, the highest amount of total fla-
vonoids among all treatments was observed for the treatment of 100 mg/
L NiONPs with a 2.5 fold increase compared to control. Also, the
increased total flavonoid content was observed in Al2O3NPs treatment at
concentrations of 50–2500 mg/L. Moreover, after exposure to TiO2NPs,
the total flavonoid content enhanced 2.2 times at the concentration of
1000 mg/L compared to control. Flavonoids, as an important class of
natural antioxidants, play a significant role in the removal of free radicals
and the chelation of metal ions. Under biological and non-biological
stresses such as drought, salinity, heavy metals, etc., which produces
ROS and oxidative stress in plants and limits the efficiency of carboxyl-
ation, the activity of ROS detoxifying enzymes may be reduced in chlo-
roplasts, in which case the plants ultimately increases the biosynthesis of
ROS-removing flavonoids against these stresses [40]. Therefore, with the
production of ROS inN. arvensis under stress to applied NPs in the present
study by releasing metallic ions inside the plant, the plant increases the
biosynthesis of flavonoids (Figure 2) to chelate the metal ions and pre-
vent the formation of free radicals.

In the similar studies on Vigna radiata, Phaseolus vulgaris, Triticum
aestivum, Lemna minor and Spirodela polyrhiza treated with AgNPs (50
mg/L) and NiONPs (50 and 120 mg/L), the total flavonoids content was
increased [41, 42, 43], but in the study of Javed et al. (2016) on Stevia
rebaudiana exposed to zinc oxide nanoparticles (ZnONPs), it was
increased at concentrations of 0.1 and 1 mg/L and decreased at higher
concentrations of 10, 100 and 1000 mg/L [44]. In another study by
Ghorbanpour (2015), increased the total flavonoid content was reported
in Salvia officinalis treated with TiO2NPs (at concentrations of 0, 10, 50,
100, 200 and 1000mg/L) compared to the control [45], that these results
are accordance with the results of the present study.

3.3. Identification and quantification of glaucine, quercetin and
kaempferol

To our knowledge, no phytochemical investigations on the alkaloid
and flavonoid contents of N. arvensis have been conducted, and we report
here for the first time. This study describes the quantification of the
alkaloid glaucine and the flavonoids quercetin, and kaempferol by HPLC
method in roots and shoots of N. arvensis growing in five groups: un-
treated group (as a control) and treated groups with TiO2NPs, NiONPs
and Al2O3NPs at concentrations of 50, 100, 1000 and 2500 mg/L for 21
days. The method linearity was tested using the standard solutions of
glaucine, quercetin, and kaempferol. The calibration curve of glaucine
was linear in the range of 5–50 μg/mL, with a correlation coefficient of
0.998 and a linear equation of Y ¼ 44155Xþ1831 (Figure 3A). Also, the
calibration curves of quercetin and kaempferol were linear in the range of
0.5–6 μg/mL, with the correlation coefficients of 0.997 and 0.998 and the
linear equations of Y ¼ 55721X-10727 and Y ¼ 65538Xþ13096,
respectively (Figure 3B).

Figure 4 shows HPLC chromatograms of standard samples of glau-
cine, quercetin and kaempferol at the highest concentration. A good
separation was achieved at the retention time of 8.2 min for glaucine in
root and shoot organs during the working day at a wavelength of 282 nm
(Figure 4A). As shown in related chromatograms, the retention time of
quercetin was in the range of 26–28 min and the retention time of
kaempferol was achieved in the range 27–30 min in the root and shoot
organs at a wavelength of 254 nm (Figure 4B and C).



Figure 2. Effects of Al2O3NPs, NiONPs, and TiO2NPs on the total flavonoid content of N. arvensis. Data represent as Mean � S.E (n ¼ 3). Different letters in each
column are statistically significant differences between concentrations of the same treatment at p < 0.05 level (Duncan's test).

Figure 1. Effects of Al2O3NPs, NiONPs, and TiO2NPs on the total alkaloid content of N. arvensis. Data represent as Mean � S.E (n ¼ 3). Different letters in each column
are statistically significant differences between concentrations of the same treatment at p < 0.05 level (Duncan's test).
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3.3.1. Determination of glaucine content
Based on the analysis of variance in terms of the glaucine content, a

significant difference at the level of p < 0.001 was observed between the
various treatment groups and the control group in the shoots and the
roots of N. arvensis under stress to three different types of studied NPs
(Figure 5). In the shoots and roots of N. arvensis treated with NiONPs, the
glaucine content was significantly increased compared to the control
group. In the shoots, the highest glaucine content was recorded at a
concentration of 1000 mg/L of NiONPs, so that its level was increased to
4

3.2 fold compared to the control group (Figure 5A). Also, in the root part,
the glaucine content was increased at a concentration of 2500 mg/L of
NiONPs by 2.5 fold increase against the control group. Among the
different treatments, it was observed a decrease in the content of glaucine
at a concentration of 50 mg/L NiONPs in the root part of the plant
(Figure 5B).

The glaucine content in the shoot and root parts of the plant treated
with Al2O3NPs also showed a significant increase compared to the con-
trol group, but a slight decrease was observed at a concentration of 1000



Figure 3. Standard curve of A) glaucine and B) quercetin and kaempferol.

Figure 4. Choromatogram of standard samples of A) glaucine, B) quercetin and C) kaempferol at the highest concentration.

Figure 5. Effects of TiO2NPs, Al2O3NPs, and NiONPs on the glaucine content in the shoots (A) and roots (B) of N. arvensis. Data represent as Mean � S.E (n ¼ 3).
Different letters in each column are statistically significant differences between concentrations of the same treatment at p < 0.05 level (Duncan's test).
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mg/L. The highest level of glaucine in the shoots treated with Al2O3NPs
was observed at a concentration of 2500 mg/L that was 36.8% higher
than control. Also, the highest level of glaucine in the roots was observed
at concentrations of 100 and 2500 mg/L with a 1.6 fold increase
5

compared to the control group (Figure 5B). The content of glaucine was
increased in the plants treated with TiO2NPs at concentrations of 2500
and 50 mg/L in the shoots and roots by 2.4 and 1.7 fold compared to the
control group, respectively. Among different treatments of TiO2NPs at



Figure 6. Effects of TiO2NPs, Al2O3NPs and NiONPs on the quercetin content in the shoots (A) and roots (B) of N. arvensis. Data represent as Mean � S.E (n ¼ 3).
Different letters in each column are statistically significant differences between concentrations of the same treatment at p < 0.05 level (Duncan's test).

Figure 7. Effects of TiO2NPs, Al2O3NPs and NiONPs on the kaempferol content in the shoots (A) and roots (B) of N. arvensis. Data represent as Mean � S.E (n ¼ 3).
Different letters in each column are statistically significant differences between concentrations of the same treatment at p < 0.05 level (Duncan's test).
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the root part, a decreasing trend was observed in the glaucine content
(Figure 5B), while its amount at the shoot part was reduced only at a
concentration of 1000 mg/L compared to other treatments (Figure 5A).

Accordingly, Shakeran et al. (2015) showed that AgNPs have an
active role in the increased level of atropine in Datura metel [46].
Therefore, these applied NPs can increase the content of secondary me-
tabolites owing to several reasons. Firstly, the NPs can act as a signal
molecule to induce the production of plant secondary metabolites and
physiological responses, but their mechanisms of action are not clear
[47]. Secondly, the entrance of NPs into plant cells and their accumula-
tion induce ROS generation, lipid peroxidation (by the accumulation of
ROS) and increased malondialdehyde content and thus activate the plant
antioxidant responses that one of them may increase the production of
secondary metabolites [48, 49, 50, 51]. Thirdly, NPs have significant
effects on the transcriptional regulation of specific genes and the activity
of basic enzymes of biosynthetic pathways of alkaloids or are involved in
the production of secondary metabolites [20, 52]. Furthermore, Jasmo-
nate, as an important regulator of plant growth, stimulates several plant
defense responses, for instance, the biosynthesis of secondary metabo-
lites. Therefore, it seems that NPs may help in signal transduction path-
ways that promote the induction of jasmonate genes in cells under
treatment [53].

Our results are accordance with the findings of Ghorbanpour et al.
(2015), who showed that the hyoscyamine content was increased at the
highest concentration of TiO2NPs (80 mg/L), while the content of alka-
loid scopolamine was enhanced at the lowest concentration (20 mg/L)
[39]. Some studies have shown that TiO2NPs in plants affect the nitrogen
metabolism with improving the activity of some enzymes such as
6

glutamate dehydrogenase and nitrate reductase and also increasing the
growth and photosynthesis rate. In addition, these NPs increase the
amount of protein and stimulate the expression of plant genes by
enhancing nitrogen metabolism and its production [54]. Therefore, in
our research, studied NPs probably increase the production of alkaloid
glaucine by enhancing nitrogen metabolism.

In our study, the glaucine content was decreased against 1000 mg/L
of TiO2NPs and Al2O3NPs and 2500 mg/L of NiONPs. The decreased
production of glaucine content may be due to the toxic effects of NPs on
the mitotic index (genotoxic) and DNA or gene expression [55]. The
increased time of treatment with Fe3O4NPs and their concentration
resulted in a decline in the production of the alkaloid tropane [56]. These
results suggest that these NPs can be applied as new, important and
potent elicitors to increase the large-scale production of secondary me-
tabolites in plant biotechnology.

3.3.2. Determination of quercetin and kaempferol contents
The successfully validated and established HPLC–UV method was

applied for simultaneous quantification of the flavonol aglycones of
quercetin and kaempferol in the shoot and root samples of N. arvensis
under 21-days stress to NPs. Each analyte in the prepared samples was
quantified using the peak area ratio according to the calibration curve of
each standard.

The results indicated that the applied treatments affected the quer-
cetin and kaempferol contents in the shoot and root samples of
N. arvensis. As shown in Figure 6A, the quercetin content in the shoot part
was significantly increased upon exposure to all treatment groups over
the control group except for treatments of 50 mg/L Al2O3NPs and 1000
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mg/L TiO2NPs. The highest content of quercetin was observed signifi-
cantly in shoots (0.97 mg/g) and roots (0.45 mg/g) treated with NiONPs
at a concentration of 50 mg/L by 2.2 and 1.8 folds increase compared to
the control group, respectively and then it was observed at the concen-
tration of 1000 mg/L NiONPs (Figure 6). Furthermore, after treatment
with Al2O3NPs at concentrations of 2500 mg/L in shoots and 1000 mg/L
in roots, the quercetin content was increased 22% and 43%, respectively
in comparison with the control group. Also, in the treatment with
TiO2NPs, the highest content of quercetin was recorded at concentrations
50 mg/L in shoots (Figure 6A) and 2500 mg/L in roots (Figure 6B)
against the untreated group by 1.5 and 1.3 fold increase, respectively. As
shown in Figure 6B, the reduction in quercetin content mostly occurred
in the roots because the roots were in direct contact with the nano-
particles stress and thus are more susceptible to this stress.

Accordance with ANOVA analysis of kaempferol content inN. arvensis
under treatment with TiO2, Al2O3 and NiO NPs, there was a significant
difference between the treatment and control groups (Figure 7). Under
NPs stress the kaempferol content showed an irregular reduction in the
shoots (Figure 7A) and roots (Figure 7B) compared to the untreated
group. Of course, a remarkable increase in the content of kaempferol
occurred in treatment with NiONPs at a concentration of 1000 mg/L in
the root part with a 2.9 fold increase in comparison to the control group
(Figure 7B). The lowest content of kaempferol was observed in the plant
treated with Al2O3NPs in the roots and shoots at concentrations of 2500
and 50 mg/L, respectively.

Based on studies, the exposure of plants in the cell suspension culture
to the elicitors, including different NPs, induces a cascade of signal
transduction, which leads to the expression of different genes encoding
the enzymes involved in the biosynthetic process of secondary metabo-
lites [57].

The excessive production of free radicals, including superoxide,
hydrogen peroxide, and hydroxyl in the plant cells following contact with
NPs, can be another potential mechanism, which leads to increased
production of secondary metabolites. According to Jobs et al. (1997), the
production of hydrogen peroxide may alter the redox state of plant cells
and act as a signaling molecule for the induction of biosynthetic path-
ways of secondary metabolites [58]. The contents of different classes of
secondary metabolites, including phenolic compounds, flavonoids, sa-
ponins, iridoids, caffeic acid, and rosmarinic acid, have been enhanced as
a result of increasing the content of hydrogen peroxide during exposure
to carbon nanotubes, Al2O3 and NiO NPs [3, 55].

Moreover, in the study of Javed et al. (2016) on Stevia rebaudiana
treated with ZnONPs, the steviol glycoside content was increased in 1
mg/L ZnONPs compared to control, but it was decreased at higher con-
centrations of 100 and 1000 mg/L. They stated that ZnONPs act as
oxidative stress by releasing metallic ions or free radicals into the culture
medium. Therefore, at a high concentration of NPs (1000 mg/L), an
imbalance occurs between the antioxidant activity and the oxidative
pressure, and hence the plant growth is disturbed and the amount of
steviol glycoside is decreased [44].

Also, it has been reported that an increase in the aloin content of Aloe
vera treated with TiO2NPs until 48 h and its reduction after that may be
related to the toxic effects of TiO2NPs or its impacts on genes expression
[18]. In addition, the enhancement of hypericin and hyperforin in plant
exposed to zinc and iron oxide NPs, has been attributed to jasmonate
hormone, which plays a significant and important role in stimulating
hormone for plant defense responses, including the increased biosyn-
thesis of secondarymetabolites under different stress conditions, and NPs
may play a significant role in the process of signal transduction that
regulates the jasmonate producing genes in treated cells [53]. The effects
of Ni on the content of hypericin and hyperforin were studied by Morch
et al. [59]. In this study, the reduction of 15–21 folds in hypericin content
and hyperforin below the detection limit compared to the control group
attributed to the metabolic changes in the plant, including synthesis of
7

organic compounds to detoxify the nickel and changes in absorption and
accumulation of other important metals (such as molybdenum and iron)
in plant metabolism, which may result in the inactivation of specific
enzymes activity or biosynthetic processes of secondary metabolites
[59]. These studies confirm the increased or decreased contents of the
flavonoids quercetin and kaempferol in the shoot and root parts of
N.arvensis treated with different NPs. Therefore, it has been shown that
different nanoparticles at various concentrations and conditions can have
different effects on plants by activation of particular mechanisms.

4. Conclusions

We analyzed for the first time the contents of the aporphine alkaloid
glaucine and the flavonol aglycones quercetin and kaempferol in the root
and the shoot extracts of Iranian species of N. arvensis using a simple
HPLC method with UV detection. Furthermore, in the present study, we
demonstrated the effects of different levels of three NPs (TiO2, Al2O3, and
NiO NPs) on the contents of total alkaloids and total flavonoids and as
well as the content of glaucine, quercetin, and kaempferol. The
comparative study showed increased production of total alkaloids, total
flavonoids and glaucine content in the shoot and root parts compared to
the control group. This increase could be a sign of antioxidant response of
the plant against stress conditions caused by different NPs. Quercetin
content was increased in the shoot and root parts exposed to all con-
centrations of NiONPs and higher concentrations of TiO2 and Al2O3 NPs.
Kaempferol content was decreased in treated plants due to the toxic ef-
fects of NPs. However, these results showed that some NPs at specific
levels can be used as appropriate elicitors for in vitro production of sec-
ondary metabolites for medicinal applications of plants. NPs should be
used with caution; they can alter the production of plant compounds thus
affecting their medicinal value.

Declarations

Author contribution statement

A. Chahardoli: Conceived and designed the experiments; Performed
the experiments; Analyzed and interpreted the data; Contributed re-
agents, materials, analysis tools or data; Wrote the paper.

M. Modarresi: Performed the experiments; Contributed reagents,
materials, analysis tools or data.

N. Karimi: Conceived and designed the experiments; Contributed
reagents, materials, analysis tools or data.

S. Chahardoli: Contributed reagents, materials, analysis tools or data.

Funding statement

This research did not receive any specific grant from funding agencies
in the public, commercial, or not-for-profit sectors.

Competing interest statement

The authors declare no conflict of interest.

Additional information

No additional information is available for this paper.

Acknowledgements

We would like to thanks the Research Councils of Kermanshah Uni-
versity of Medical Sciences and Graduate School of Razi University for
providing research facilities for this study.



M. Modarresi et al. Heliyon 6 (2020) e04265
References

[1] A.M. Schrand, M.F. Rahman, S.M. Hussain, J.J. Schlager, D.A. Smith, A.F. Syed,
Metal-based nanoparticles and their toxicity assessment, Wiley Interdiscip. Rev.
Nanomed. Nanobiotechnol. 2 (2010) 544–568.

[2] Z. Hossain, G. Mustafa, S. Komatsu, Plant responses to nanoparticle stress, Int. J.
Mol. Sci. 16 (2015) 26644–26653.

[3] C. Azam, K. Naser, M. Xingmao, Q. Farshad, Effects of engineered aluminum and
nickel oxide nanoparticles on the growth and antioxidant defense systems of Nigella
arvensis L, Sci. Rep. 10 (2020).

[4] G. Cornelis, K. Hund-Rinke, T. Kuhlbusch, N. Van den Brink, C. Nickel, Fate and
bioavailability of engineered nanoparticles in soils: a review, Crit. Rev. Environ. Sci.
Technol. 44 (2014) 2720–2764.

[5] W.J.G.M. Peijnenburg, M. Baalousha, J. Chen, Q. Chaudry, F. Von der kammer,
T.A.J. Kuhlbusch, J. Lead, C. Nickel, J.T.K. Quik, M. Renker, A review of the
properties and processes determining the fate of engineered nanomaterials in the
aquatic environment, Crit. Rev. Environ. Sci. Technol. 45 (2015) 2084–2134.

[6] J. Boczkowski, P. Hoet, What’s new in nanotoxicology? Implications for public
health from a brief review of the 2008 literature, Nanotoxicology 4 (2010) 1–14.

[7] H. Zhu, J. Han, J.Q. Xiao, Y. Jin, Uptake, translocation, and accumulation of
manufactured iron oxide nanoparticles by pumpkin plants, J. Environ. Monit. 10
(2008) 713–717.

[8] J.L. Gardea-Torresdey, C.M. Rico, J.C. White, Trophic transfer, transformation, and
impact of engineered nanomaterials in terrestrial environments, Environ. Sci.
Technol. 48 (2014) 2526–2540.

[9] H. Fazal, B.H. Abbasi, N. Ahmad, M. Ali, Elicitation of medicinally important
antioxidant secondary metabolites with silver and gold nanoparticles in callus
cultures of Prunella vulgaris L, Appl. Biochem. Biotechnol. 180 (2016) 1076–1092.

[10] P. Venkatachalam, N. Priyanka, K. Manikandan, I. Ganeshbabu, P. Indiraarulselvi,
N. Geetha, K. Muralikrishna, R.C. Bhattacharya, M. Tiwari, N. Sharma, Enhanced
plant growth promoting role of phycomolecules coated zinc oxide nanoparticles
with P supplementation in cotton (Gossypium hirsutum L.), Plant Physiol. Biochem.
110 (2017) 118–127.

[11] M. Hatami, K. Kariman, M. Ghorbanpour, Engineered nanomaterial-mediated
changes in the metabolism of terrestrial plants, Sci. Total Environ. 571 (2016)
275–291.

[12] P. Misra, P.K. Shukla, K. Pramanik, S. Gautam, C. Kole, Nanotechnology for crop
improvement, in: Plant Nanotechnol., Springer, 2016, pp. 219–256.

[13] D.-X. Zhao, C.-X. Fu, Y.-S. Han, D.-P. Lu, Effects of elicitation on jaceosidin and
hispidulin production in cell suspension cultures of Saussurea medusa, Process
Biochem. 40 (2005) 739–745.

[14] J. Zhao, L.C. Davis, R. Verpoorte, Elicitor signal transduction leading to production
of plant secondary metabolites, Biotechnol. Adv. 23 (2005) 283–333.

[15] B. Ghasemi, R. Hosseini, F.D. Nayeri, Effects of cobalt nanoparticles on artemisinin
production and gene expression in Artemisia annua, Turk. J. Bot. 39 (2015)
769–777.

[16] F. Ghanati, S. Bakhtiarian, Effect of methyl jasmonate and silver nanoparticles on
production of secondary metabolites by Calendula officinalis L (Asteraceae), Trop. J.
Pharm. Res. 13 (2014) 1783–1789.

[17] C. Krishnaraj, E.G. Jagan, R. Ramachandran, S.M. Abirami, N. Mohan,
P.T. Kalaichelvan, Effect of biologically synthesized silver nanoparticles on Bacopa
monnieri (Linn.) Wettst. plant growth metabolism, Process Biochem. 47 (2012)
651–658.

[18] M. Raei, S.A. Angaji, M. Omidi, M. Khodayari, Effect of abiotic elicitors on tissue
culture of Aloe vera, Int. J. Biosci. 5 (2014) 74–81.

[19] K. Yarizade, R. Hosseini, Expression analysis of ADS, DBR2, ALDH1 and SQS genes
in Artemisia vulgaris hairy root culture under nano cobalt and nano zinc elicitation,
Ext. J. App. Sci. 3 (2015) 69–76.

[20] B. Zhang, L.P. Zheng, W. Yi Li, J. Wen Wang, Stimulation of artemisinin production
in Artemisia annua hairy roots by Ag-SiO2 core-shell nanoparticles, Curr. Nanosci. 9
(2013) 363–370.

[21] M.S. Khan, M. Zaka, B.H. Abbasi, A. Shah, Seed germination and biochemical
profile of Silybum marianum exposed to monometallic and bimetallic alloy
nanoparticles, IET Nanobiotechnol. 10 (2016) 359–366.

[22] J. Havlik, L. Kokoska, S. Vasickova, I. Valterova, Chemical composition of essential
oil from the seeds of Nigella arvensis L. and assessment of its actimicrobial activity,
Flavour Fragr. J. 21 (2006) 713–717.

[23] T.G. Tutin, V.H. Heywood, N.A. Burges, D.H. Valentine, S.M. Walters, D.A. Webb,
Flora Europaea, in: Lycopodiaceae to Platanaceae., Flora Eur., 1, Lycopodiaceae to
Platanaceae, 1964.

[24] K.A. Al-Mzaein, N.A.S. Al-Kadhi, M.M. Marbut, Extraction of Flavonoid compounds
from Nigella Arvensis Linn seeds & to study their physiological effects on female
reproductive system, Med. J. Tikrit. 1 (2007) 64–69.

[25] S. Facciola, Cornucopia: a Source Book of Edible Plants, Kampong publications,
1990.

[26] M. Aljofan, H.J. Netter, A.N. Aljarbou, T. Ben Hadda, I.E. Orhan, B. Sener,
B.A. Mungall, Anti-hepatitis B activity of isoquinoline alkaloids of plant origin,
Arch. Virol. 159 (2014) 1119–1128.

[27] C.R.S. Phani, C. Vinaykumar, K.U. Rao, G. Sindhuja, Quantitative analysis of
quercetin in natural sources by RP-HPLC, Int. J. Res. Pharm. Biomed. Sci. 1 (2010)
19–22.

[28] B. Moghaddasian, A. Eradatmand, A. Alaghemand, Quantitative analysis of
quercetin in different parts of Capparis spinosa by HPLC, Ann. Biol. Res. 3 (2012)
5775–5778.
8

[29] J.M. Calderon-Montano, E. Burgos-Mor�on, C. P�erez-Guerrero, M. L�opez-L�azaro,
A review on the dietary flavonoid kaempferol, Mini Rev. Med. Chem. 11 (2011)
298–344.

[30] S. Philipov, T. Doncheva, R. Istatkova, A. Vitkova, Alkaloids from Nigella arvensis
(Ranunculaceae), Phytol. Balcan 10 (2004) 253–255.

[31] C. Ma, J. Wang, H. Chu, X. Zhang, Z. Wang, H. Wang, G. Li, Purification and
characterization of aporphine alkaloids from leaves of Nelumbo nucifera Gaertn and
their effects on glucose consumption in 3T3-L1 adipocytes, Int. J. Mol. Sci. 15
(2014) 3481–3494.

[32] J. Chen, K. Gao, T. Liu, H. Zhao, J. Wang, H. Wu, B. Liu, W. Wang, Aporphine
alkaloids: a kind of alkaloids’ extract source, chemical constitution and
pharmacological actions in different botany: a review, Asian J. Chem. 25 (2013)
10015.

[33] G.B. Lapa, O.P. Sheichenko, A.G. Serezhechkin, O.N. Tolkachev, HPLC
determination of glaucine in yellow horn poppy grass (Glaucium flavum Crantz),
Pharm. Chem. J. 38 (2004) 441–442.

[34] Y. Zuo, H. Chen, Y. Deng, Simultaneous determination of catechins, caffeine and
gallic acids in green, Oolong, black and pu-erh teas using HPLC with a photodiode
array detector, Talanta 57 (2002) 307–316.

[35] D.K. Singh, B. Srivastava, A. Sahu, Spectrophotometric determination of Rauwolfia
alkaloids: estimation of reserpine in pharmaceuticals, Anal. Sci. 20 (2004) 571–573.

[36] C. Quettier-Deleu, B. Gressier, J. Vasseur, T. Dine, C. Brunet, M. Luyckx, M. Cazin,
J.-C. Cazin, F. Bailleul, F. Trotin, Phenolic compounds and antioxidant activities of
buckwheat (Fagopyrum esculentum Moench) hulls and flour, J. Ethnopharmacol. 72
(2000) 35–42.

[37] K. Ve�ce�rov�a, Z. Ve�ce�ra, B. Do�cekal, M. Oravec, A. Pompeiano, J. T�ríska, O. Urban,
Changes of primary and secondary metabolites in barley plants exposed to CdO
nanoparticles, Environ. Pollut. 218 (2016) 207–218.

[38] C.M. Rico, J.R. Peralta-Videa, J.L. Gardea-Torresdey, Chemistry, biochemistry of
nanoparticles, and their role in antioxidant defense system in plants, in:
Nanotechnol. Plant Sci., Springer, 2015, pp. 1–17.

[39] M. Ghorbanpour, M. Hatami, M. Hatami, Activating antioxidant enzymes,
hyoscyamine and scopolamine biosynthesis of Hyoscyamus niger L. plants with nano-
sized titanium dioxide and bulk application, Acta Agric. Slov. 105 (2015) 23–32.

[40] S. Kumar, A.K. Pandey, Chemistry and biological activities of flavonoids: an
overview, Sci. World J. 2013 (2013).

[41] N. Saeideh, J. Rashid, Effect of silver nanoparticles and Pb (NO3)2 on the yield and
chemical composition of mung bean (Vigna radiata), J. Stress Physiol. Biochem. 10
(2014).

[42] S. Najafi, R. Heidari, R. Jamei, Influence of silver nanoparticles and magnetic field
on phytochemical, antioxidant activity compounds and physiological factors of
Phaseolus vulgaris, Tech. J. Engin. App. Sci. 3 (2013) 2812–2816.

[43] A.M. Saleh, Y.M. Hassan, S. Selim, H. AbdElgawad, NiO-nanoparticles induce
reduced phytotoxic hazards in wheat (Triticum aestivum L.) grown under future
climate CO2, Chemosphere 220 (2019) 1047–1057.

[44] R. Javed, M. Usman, B. Yücesan, M. Zia, E. Gürel, Effect of zinc oxide (ZnO)
nanoparticles on physiology and steviol glycosides production in micropropagated
shoots of Stevia rebaudiana Bertoni, Plant Physiol. Biochem. 110 (2017) 94–99.

[45] M. Ghorbanpour, Major essential oil constituents, total phenolics and flavonoids
content and antioxidant activity of Salvia officinalis plant in response to nano-
titanium dioxide, Indian J. Plant Physiol. 20 (2015) 249–256.

[46] Z. Shakeran, M. Keyhanfar, G. Asghari, M. Ghanadian, Improvement of atropine
production by different biotic and abiotic elicitors in hairy root cultures of Datura
metel, Turkish J. Biol. 39 (2015) 111–118.

[47] M. Hatami, M. Ghorbanpour, Defense enzyme activities and biochemical variations
of Pelargonium zonale in response to nanosilver application and dark storage,
Turkish J. Biol. 38 (2014) 130–139.

[48] J.S. Kim, E. Kuk, K.N. Yu, J.-H. Kim, S.J. Park, H.J. Lee, S.H. Kim, Y.K. Park,
Y.H. Park, C.-Y. Hwang, Antimicrobial effects of silver nanoparticles, Nanomed.
Nanotechnol. Biol. Med. 3 (2007) 95–101.

[49] S. Arora, P. Sharma, S. Kumar, R. Nayan, P.K. Khanna, M.G.H. Zaidi, Gold-
nanoparticle induced enhancement in growth and seed yield of Brassica juncea,
Plant Growth Regul. 66 (2012) 303–310.

[50] C.O. Dimkpa, J.E. McLean, D.E. Latta, E. Manang�on, D.W. Britt, W.P. Johnson,
M.I. Boyanov, A.J. Anderson, CuO and ZnO nanoparticles: phytotoxicity, metal
speciation, and induction of oxidative stress in sand-grown wheat, J. Nanoparticle
Res. 14 (2012) 1125.

[51] Z. Lei, S. Mingyu, W. Xiao, L. Chao, Q. Chunxiang, C. Liang, H. Hao, L. Xiaoqing,
H. Fashui, Antioxidant stress is promoted by nano-anatase in spinach chloroplasts
under UV-B radiation, Biol. Trace Elem. Res. 121 (2008) 69–79.

[52] A. Manivannan, P. Soundararajan, Y.G. Park, B.R. Jeong, Chemical elicitor-induced
modulation of antioxidant metabolism and enhancement of secondary metabolite
accumulation in cell suspension cultures of Scrophularia kakudensis Franch, Int. J.
Mol. Sci. 17 (2016) 399.

[53] E. Sharafi, S.M. Khayam Nekoei, M.H. Fotokian, D. Davoodi, H. Hadavand Mirzaei,
T. Hasanloo, Improvement of hypericin and hyperforin production using zinc and
iron nano-oxides as elicitors in cell suspension culture of St John’s wort (Hypericum
perforatum L.), JMPB 2 (2013) 177–184.

[54] F. Yang, C. Liu, F. Gao, M. Su, X. Wu, L. Zheng, F. Hong, P. Yang, The improvement
of spinach growth by nano-anatase TiO2 treatment is related to nitrogen
photoreduction, Biol. Trace Elem. Res. 119 (2007) 77–88.

[55] M. Ghorbanpour, J. Hadian, Multi-walled carbon nanotubes stimulate callus
induction, secondary metabolites biosynthesis and antioxidant capacity in
medicinal plant Satureja khuzestanica grown in vitro, Carbon N. Y. 94 (2015)
749–759.

http://refhub.elsevier.com/S2405-8440(20)31109-9/sref1
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref1
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref1
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref1
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref2
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref2
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref2
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref3
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref3
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref3
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref4
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref4
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref4
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref4
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref5
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref5
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref5
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref5
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref5
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref6
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref6
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref6
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref7
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref7
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref7
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref7
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref8
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref8
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref8
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref8
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref9
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref9
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref9
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref9
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref10
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref10
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref10
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref10
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref10
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref10
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref11
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref11
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref11
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref11
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref12
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref12
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref12
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref13
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref13
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref13
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref13
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref14
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref14
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref14
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref15
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref15
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref15
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref15
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref16
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref16
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref16
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref16
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref17
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref17
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref17
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref17
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref17
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref18
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref18
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref18
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref19
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref19
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref19
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref19
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref20
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref20
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref20
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref20
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref20
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref21
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref21
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref21
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref21
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref22
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref22
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref22
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref22
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref23
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref23
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref23
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref24
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref24
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref24
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref24
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref24
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref25
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref25
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref26
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref26
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref26
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref26
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref27
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref27
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref27
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref27
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref28
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref28
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref28
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref28
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref29
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref29
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref29
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref29
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref29
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref29
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref29
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref29
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref30
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref30
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref30
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref31
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref31
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref31
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref31
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref31
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref32
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref32
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref32
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref32
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref33
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref33
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref33
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref33
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref34
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref34
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref34
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref34
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref35
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref35
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref35
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref36
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref36
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref36
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref36
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref36
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref37
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref37
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref37
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref37
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref37
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref37
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref37
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref37
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref37
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref37
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref37
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref38
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref38
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref38
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref38
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref39
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref39
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref39
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref39
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref40
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref40
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref41
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref41
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref41
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref41
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref41
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref42
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref42
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref42
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref42
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref43
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref43
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref43
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref43
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref43
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref44
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref44
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref44
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref44
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref45
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref45
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref45
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref45
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref46
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref46
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref46
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref46
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref47
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref47
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref47
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref47
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref48
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref48
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref48
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref48
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref49
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref49
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref49
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref49
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref50
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref50
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref50
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref50
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref50
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref51
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref51
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref51
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref51
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref52
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref52
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref52
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref52
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref53
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref53
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref53
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref53
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref53
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref54
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref54
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref54
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref54
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref54
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref55
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref55
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref55
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref55
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref55


M. Modarresi et al. Heliyon 6 (2020) e04265
[56] F. Moharrami, B. Hosseini, A. Sharafi, M. Farjaminezhad, Enhanced production of
hyoscyamine and scopolamine from genetically transformed root culture of
Hyoscyamus reticulatus L. elicited by iron oxide nanoparticles, Vitr. Cell. Dev. Biol.
53 (2017) 104–111.

[57] J. Ponti, R. Colognato, H. Rauscher, S. Gioria, F. Broggi, F. Franchini, C. Pascual,
G. Giudetti, F. Rossi, Colony forming efficiency and microscopy analysis of multi-
wall carbon nanotubes cell interaction, Toxicol. Lett. 197 (2010) 29–37.
9

[58] T. Jabs, M. Tsch€ope, C. Colling, K. Hahlbrock, D. Scheel, Elicitor-stimulated ion
fluxes and O2� from the oxidative burst are essential components in triggering
defense gene activation and phytoalexin synthesis in parsley, Proc. Natl. Acad. Sci.
94 (1997) 4800–4805.

[59] S.J. Murch, K. Haq, H.P.V. Rupasinghe, P.K. Saxena, Nickel contamination affects
growth and secondary metabolite composition of St. John’s wort (Hypericum
perforatum L.), Environ. Exp. Bot. 49 (2003) 251–257.

http://refhub.elsevier.com/S2405-8440(20)31109-9/sref56
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref56
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref56
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref56
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref56
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref57
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref57
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref57
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref57
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref58
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref58
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref58
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref58
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref58
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref58
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref58
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref59
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref59
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref59
http://refhub.elsevier.com/S2405-8440(20)31109-9/sref59

	Variations of glaucine, quercetin and kaempferol contents in Nigella arvensis against Al2O3, NiO, and TiO2 nanoparticles
	1. Introduction
	2. Experimental
	2.1. Nanomaterials, seeds and chemicals
	2.2. Plant culture and preparation of extract
	2.3. Total alkaloid content
	2.4. Total flavonoid content
	2.5. HPLC analysis
	2.5.1. Preparation of standard solutions and calibration curve

	2.6. Statistical analysis

	3. Results and discussion
	3.1. Total alkaloid content
	3.2. Total flavonoid content
	3.3. Identification and quantification of glaucine, quercetin and kaempferol
	3.3.1. Determination of glaucine content
	3.3.2. Determination of quercetin and kaempferol contents


	4. Conclusions
	Declarations
	Author contribution statement
	Funding statement
	Competing interest statement
	Additional information

	Acknowledgements
	References


