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Abstract

Calotropis procera presents high levels of medicinally important terpenes and phenolics with antiinflammatory, antimicrobial, and
antioxidant properties. The present study aimed to develop a suitable platform for mass production of pharmacological metabolites
and improvement of antioxidant activity of C. procera. Motivated by such aim, potential effects of magnetic nanoparticles (MNPs)
and salicylic acid (SA) on antioxidant defense response and essential oils in seedlings and hairy roots were investigated. 21-day-old
seedlings were treated by five levels of MNPs (0, 50, 100, 150, and 200 mg L™") and three SA concentrations (0.0, 0.05, 0.1 mM).
Moreover, the hairy roots about 2 cm were transferred into MS liquid medium supplemented with the above-mentioned
concentrations of MNPs and 0 and 0.01 mM SA. After treatment, total phenolics, flavonoids, flavonol, anthocyanin, activity of
polyphenol oxidase and L-phenylalanine ammonia-lyase, ferric-reducing antioxidant power, 2, 2-diphenyl-1-picrylhydrazyl and
production of essential oils were analyzed. Our results demonstrated that hairy root culture is a powerful alternative for improving
and inducing secondary metabolites of C. procera as compared to seedlings. Moreover, it was found that MNPs combined with SA
have the more ability than all other treatments to improve antioxidant activity and essential oil in both seedlings and hairy roots.
Here, 100 and 200 mg L~" MNPs combined with 0.01 mM SA had more pronounced impact on induction of pharmacological
constituents and antioxidant activity. Results suggest that MNPs and SA in hairy root culture can bring great insights into
development in vitro biosynthesis of valuable secondary metabolites.

Introduction

Calotropis procera, known as stabragh, is a species of flowering plant in the family Apocynaceae that its medicinal potential has
been known to traditional medicine. It is widely grown in Iran, Indonesia, tropical and North Africa, Western and South Asia. It is well-
known for its therapeutic properties as an anti-inflammatory, antimicrobial, antioxidant, anti-asthmatic anticancerous, and analgesic
substance (Murti et al. 2010). These pharmaceutical traits are plausibly attributed to major plant secondary metabolites. Hence,
regarding the pharmacological importance of C. procera, improving and increasing of natural pharmacological metabolites by
reproducible alternative approaches seems to be necessary.

Over recent years, hairy roots cultures is of paramount importance in enhancing the production of secondary metabolites due to the
genetic and biochemical stability, their rapid growth, low doubling time, eases of maintenance, and the preservation of the same
properties of the mother plant. The high potential of hairy root cultures to enhance production of high- compounds has been already
reported in many plant species (Kastell et al. 2015; Thiruvengadam et al. 2014). Nevertheless, various strategies have been recently
employed to improve the performance of hairy roots in increasing plant metabolite production. A number of scientific articles
suggest that elicitation through the application of biotic and abiotic components in hairy root media is one of the most practical
(Hedayati et al. 2020; Thilip et al. 2019). Accordingly, in this study, iron oxide nanoparticles (NPs) and salicylic acid (SA) are
considered as promising new abiotic elicitors to improve the metabolites of C. procera.

Iron oxide NPs with a special surface cover of magnetic particles, which have to be harmless and biocompatible, are constant, less
toxic, and less expensive, as compared with their native bulk compounds of the same materials (Wannoussa et al. 2015). Iron, as
one of the most distinguished constituents of several enzymes and an activator for metabolic processes, is an irreplaceable element
in virtually all living organisms. Besides, it has already demonstrated that iron tends to be a potent toxin responsible for the
overproduction of highly reactive oxygen species that lead to enhanced oxidative stress (Sharma et al. 2012). These characters
make it acts as a potent elicitor for the enhanced production of desired secondary metabolites when added exogenously in culture
media. However metal and metal oxides NPs because of their small size, the large specific surface area, high reactivity, great
subcellular transportation, and high bioavailability can be rapidly absorbed and exhibit different physiochemical properties which are
not present in naturally occurring materials (Rastogi et al. 2017).

Further, salicylic acid (SA) is thought to be another feasible approach to boost the biosynthesis of special secondary metabolites, as
well as minimize the possible adverse effects of iron oxide NPs because of its signaling role in plant defense responses and the
increase in cycle growth and nutrients uptake (Idrees et al. 2010).

To the best of our knowledge, no previous study has been performed regarding improving bioactive compound production and
antioxidant activities of C. procera, as a valuable medicinal herb native to Iran. Hence, this study aimed to provide an efficient
method to improve and increase production of the plant antioxidants and valuable metabolites. For this purpose, a comparative
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study of the effects of Fe;0, magnetic nanoparticles (MNPs) and SA on enhanced secondary metabolites and antioxidant
responses between seedlings and hairy roots of C.procera was carried out. Here, hydroponic culture was considered for seedlings
growth as a feasible alternative to traditional soil cultivation not only for having a large scale of uniform seedlings with high
percentage of bioactive substances, but also for the faster growth. Furthermore, in order to avoid any possible toxicity of synthetic
NPs, iron nanoparticle was synthesized by C. procera leaf extract.

Material And Methods

Seed culture and preparation of explants

Seeds of Calotropis procera were collected from wild-growing plant populations in Shahdad located in the Kerman province in the
southeastern region of Iran (30°25'03"N 57°42'24"E). Surface sterilization was carried out using ethanol 70% (v/v) for 20s and 20%
(v/v) of commercial bleach solution (5% active chlorine sodium hypochlorite; Sigma-Aldrich®, St. Louis, MO) for 10 min. After
washing several times with sterile water under laminar air-flow hood, the seeds were cultured in %4 Murashige and Skoog nutrient
medium (MS) (Murashige and Skoog 1962) containing 7.5 g L™ sucrose (Merck, Darmstadt, Germany) and kept in the growth
chamber (16 h light/8 h dark) at 25 °C. Finally, in vitro grown seedlings were used for both hairy root induction and synthesis of
magnetic nanoparticles.

Establishment of hairy roots

21-day-old seedlings of C. procera were used as a source of explants. Leaf explants were aseptically cut into small sections about
Tcm and wounded by sterile syringes. Then, these explants were immersed in an inoculation suspension consists of the pellet of
Agrobacterium rhizogenes strain A4 resuspended in %2 MS mediums with 6% sucrose and shaken for 30 min in the rotary shake. After
that, they were blotted on sterile filter paper and transferred to hormone free MS basal medium supplemented with 30 g L™ sucrose,
and 8 g L™ agar—agar (Merck) (pH=5.7). After 48 h of incubation in dark at 25+2 °C, all explants were washed with sterile water
containing 600 mg L™ cefotaxime, dried with sterile filter paper and placed on the MS medium supplemented with 600 mg L

T cefotaxime antibiotic to remove the bacteria. All co-cultured explants were incubated under dark conditions at 25+2 °C for 48h.
Thereafter, explants were sub-cultured in fresh MS medium every weeks and cefotaxime concentration was gradually reduced in
subsequent subcultures from 600 to 100 mg L. Finally, the one-month old hairy roots were transferred to MS liquid medium and
incubated on a shaker at 120 rpm under dark condition at 28 °C.

Hairy roots and seedlings treatment by abiotic elicitor
Elicitor preparation

MNPs and SA were used in elicitation process. The SA stock solution (1000 mg L") was prepared by dissolving 100 mg SA (Merck)
in 100 mL distilled water, and then sterilized by autoclaving.

MNPs were synthesized in average size about 11 nm using leaf extract of C. procera, iron (lll) chloride and iron (ll) as the precursor.
For preparation of leaf extract, 1 g of dried plant powder obtained from 30 days old seedlings was heated at 60 °C for 1 hour along
with continuous stirring on magnetic stirrer. After centrifugation of the homogenate at 15000 rpm for 20 min, the supernatant was
filtered with Whatman number 1 paper (Whatman, Maidstone, UK). The superparamagnetic Fe30, NPs were synthesized according
to the chemical co-precipitation, following the procedure of Yang et al. (2009) with slight modification. Briefly, 0.04 mol iron (ll)
chloride and 0.02 mol iron (1l) were dissolved in 120 mL distilled water and heated at 60 °C under a N, atmosphere with vigorous
mechanical stirring. Then, 1500 pL the aqueous solutions of C. procera extract and 10 mL of ammonia solution 25% was quickly
added to the mixture. The mixture was heated to 60 °C for 1 h under the same conditions. After cooling to room temperature, the
obtained NPs were collected magnetically, washed, and dispersed in 200 mL of 0.3 M trisodium citrate solution and heated at 80 °C
for 1 h. Finally, the precipitate was gathered using an external magnet and washed with acetone to eliminate the remaining trisodium
citrate. Finally, the MNPs were dried at 60 °C for 24 h (Ghasemi et al. 2019). After sterilizing of synthesized MNPs under laminar air-
flow hood for 20 minutes, a solution of 1000 mg L™ of MNPs was prepared in sterile water.

Seedlings treatment
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The mature and sterilized seeds of C. procera were germinated on moist filter paper in petri dishes at 25°C. After 10 days, uniform
seedlings were transferred to hydroponic system with Hoagland solution and were grown in the growth chamber at 25°C with a 16-h
photoperiod provided by white fluorescent lamps at a light intensity of 90 pmol m™2 s~ (Osram Sylvania, Versailles, KY). According
to method of Bastani et al. (2018) with slight modification, after the emergence of 4 to 6 leaves of the plant, different concentrations
(0, 50, 100, 150, and 200 mg L") of MNPs solution were sprayed on the leaves (seven times during two weeks to avoid leaf damage).
Also, different concentrations of SA (0, 0.01, 0.05 and 0.1 mM) were added to Hoagland solution. Since no statistical significant
difference was observed between the control (0.0 mM) and 0.017 mM SA application sliced across different concentrations (0, 50 and
100 mg L") of MNPs, data for the application of 0.01 mM were set aside and the experiment was continued with the application of
0, 0.05and 0.1 mM SA. Finally, after two weeks of the treatment, total phenolics, flavonoids, anthocyanin, flavonol, activities of
enzymes polyphenol oxidase (PPO) and L-phenylalanine ammonia-lyase (PAL), ferric-reducing antioxidant power (FRAP),
2,2-diphenyl-1-picrylhydrazyl (DPPH) and content of essential oils were measured.

Hairy roots treatment

First, the root pieces about 2 cm, obtained from four weeks old hairy roots of C. procera, were cultured in 50 mL of MS liquid medium
supplemented with different concentrations 0, 50, 100, 150, and 200 mg L™" MNPs and 0, 0.01 and 0.05 mM SA. All cultures were
incubated for 72 h on an orbital shaker at 120 rpm under continuous darkness at 28 °C. Subsequently, all samples washed several
times with sterile water under laminar air-flow hood, transferred into elicitor-free MS liquid medium and kept in aforementioned
condition for 21 days. Data related to jars with 0.05 mM SA application were removed due to growth arrest and the experiment was
continued with 0.0 and 0.01 mM SA application (Fig. 1). Then, like seedlings, the above-mentioned traits were analyzed.

Determination of total phenolic content

Total phenolic content was determined utilizing 95% (v/v) ethanol based on Ronald and Laima’s (1999) method. After homogenizing
0.1 g of leaf and hairy roots in 5 mL of 95% (v/v) ethanol, this solution was kept for 72 h in the dark at 25°C. The extract was
centrifuged at 4000 rpm for 10 min at 25°C. Then, 1 mL supernatant was mixed with 1 mL of ethanol 95% (v/v), T mL of 5% (w/v)
aqueous sodium carbonate, 3 mL of distilled water, and 0.5 mL of 50% (v/v) Folin-Ciocalteu phenol reagent (Merck) and kept for 1 h
in the dark at 25°C. Afterwards, the absorbance of each sample was determined at 725 nm using a UV-visible spectrophotometer (U-
6305 model, Jenway, UK). A standard curve was developed using gallic acid (Merck) and results were reported as mg of gallic acid g’
TFW.

Determination of total flavonoids and flavonol content

Total flavonoid content was analyzed using the aluminum chloride colorimetric method reported by Meda et al. (2005). In this
method, 0.2 g of fresh tissue (leaf and hairy root) was homogenized with 3 mL acidified methanol (Methanol: Acetic acid glacial 99:
1 v/v). After centrifuging at 10000 rpm for 15 min, 0.5 mL of the supernatant was mixed with 0.1 mL of 10% (w/v) aluminum
chloride (AICI5) solutions, and 0.1 mL of 1 M potassium acetate, 1.5 mL of 80% (v/v) methanol and 2.8 mL distilled water. Then, the
mixture was incubated at 25 °C for 30 min, followed by the measurement of absorbance at 415 nm against the blank.

The content of total flavonol content in plant methanolic extracts was estimated by Miliauskas et al. (2004). 1 mL of sample was
mixed with 1 mL AICl3 (2% w/v) and 3 ml sodium acetate (5% w/v). The absorbance was read at 440 nm after incubation at 250 °C
for2.5 h.

Quercetin (Merck) solutions in methanol were used for constructing the standard curve. The result was expressed as pg g™ FW.
Determination of anthocyanin content

Anthocyanin was assayed by adapting the modified Wagner's (1979) method using acidified methanol (Methanol: HCI 99: 1 v/v). 0.1
g of leaf and hairy root were homogenized in 5 mL of acidified methanol and kept at 25°C for 24 h in the dark. After centrifugation of
the homogenate at 4000 rpm for10 min at room temperature, the absorbance of each supernatant was measured at 550 nm. The

extinction coefficient 33,000 (MM cm™) was used to calculate the amount of total anthocyanin expressed as pmol g™ FW.
Determination of phenylalanine ammonialyase (PAL)
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0. 2 g leaf and hairy root were extracted with 50 mM Tris-HCI buffer (pH=8.8) containing 15 mM 2-B-mercaptoethanol. The mixture
was centrifuged at 15000 rpm for 30 min at 4°C. The clear supernatant was assayed for PAL activity under standard conditions
(Goldson et al.2008). PAL activity was analyzed according to Zucker (1965). The reaction mixture contained 1 mL of 50 mM Tris-HClI
buffer (pH=8.8), 100 pL of enzyme extract, 500 pL of 10 mM L-phenylalanine (Merck), and 500 pL deionized water. After 1 h of
incubation at 37 °C, the reaction was stopped by the addition of 100 pL of 6 M HCI. Increase in absorbance due to PAL activity was
recorded at 290 nm. The activity was expressed as unit mg™' protein.

Determination of polyphenol oxidase (PPO)

For enzyme extraction, 0.2 g of fresh tissue (leaf and hairy root) was homogenized with 3 mL 50 mM sodium phosphate buffer
(pH=6.8) containing 0.1 M ethylenediaminetetraacetic acid (Merck). After centrifugation of the homogenate at 172000 rpm for 15 min
at 4°C, the supernatant was collected for the enzyme assay, described as follows.

The activity of PPO was estimated by adding 200 pL of the extracts to a mixture of 0.1 M phosphate buffer (pH=7) and 25 mM 4-
methylcatechol (Sigma-Aldrich), following the procedure of Cosetang and Lee (1978) with slight modification. The absorbance was
measured at 420 nm. The reaction time for PPO was 1 min, and the activity was reported as unit mg™ protein.

Determination ferric-reducing antioxidant power (FRAP)

The antioxidant capacity of plant extracts was determined employing iron reduction according to method of Hu et al. (2016). For this
purpose, 0.2 g of fresh tissue (leaf and hairy root) was homogenized with 3 mL methanol. After centrifugation of the homogenate at
12000 rpm for 20 min at 4°C, 2.5 mL of the supernatant was added to 2.5 mL of 0.2 M sodium phosphate buffer (pH=6.6) and 2.5
mL of 1% (w/v) potassium ferricyanide (Merck). Blank samples were established for both methanol and deionized water-extracted
controls. The samples and blanks were kept in a water bath for 20 min at 50°C. After being warmed, 2.5 mL of 10% (w/Vv) trichloro
acetic acid (Merck) was added to the reaction mixtures. All reaction mixtures were, then, centrifuged at 12000 rpm for 20 min at 4°C.
Finally, 5 mL of the supernatant was mixed with 5 mL of deionized water and 1 mL of 0.1% (w/v) ferric chloride (w) and their
absorbance was measured at 700 nm against a blank utilizing a spectrophotometer.

Determination of 2, 2-diphenyl-1-picrylhydrazyl (DPPH)

The DPPH radical scavenging was carried out according to the Wu and Wang (2009) with slight modifications. At first, 0.2 g of plant
sample was extracted with 3 mL methanol. The extracts were centrifuged at 12000 rpm for 20 min at 4°C. After preparation of plant
extracts, 20 pL of each extract was added to 180 pL of a 100 uM DPPH methanol solution. The mixed liquid was shook forcefully
and allowed to react at room temperature. After 30 min, the absorbance of the sample was measured at 517 nm by
spectrophotometer.

Determination of essential oils

Gas chromatography-mass spectrometry (GC/MS) was used for identification of essential oil components in C. procera. For this
purpose, a Hewlett—Packard 5890 GC (Hewlett Packard, Waldbronn, Germany), provided with a flame ionization detector (HP-5970
mass-selective detector) and a 50 m x 0.20 mm HP-5 (cross-linked phenyl-methyl silicon) column with 0.25 pm film thickness was
selected. The FID was kept at 250 °C, temperature program was 100—-250 °C with changes of 4°C min™ and ionization energy was 70
eV. Helium was utilized as carrier gas, the flow through the column was 1 mL min™, and the split ratio was set to 100:1. Identification
was established upon sample retention time and mass recorded (Li et al. 2009; Davies 1990).

Statistical analysis

All experiments were conducted in an entirely random design with three replicates, and results were given as averages + standard
deviations. One-way analysis of variance (ANOVA) with Duncan’s tests was used to determine significant differences between
multiple groups of data at the 5% level.

Result
MNPs characterization
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The synthesized magnetic nanoparticles were characterized by scanning electron microscopy (SEM), transmission electron
microscopy (TEM), atomic force microscope (AFM), dynamic light scattering (DLS), X-ray diffraction (XRD), and vibrating sample
magnetometer (VSM). The size and morphology of MNPs were characterized using SEM and TEM. SEM image demonstrated that
the MNPs are almost spherical in shape and have a narrow size distribution (Fig. 2A). The TEM image of the MNPs confirmed these
results in more details and it also showed that the average size of MNPs was approximately 11 nm with a low aggregation (Fig. 2B).
To investigate the morphology and microstructure of MNPs, AFM experiments were also employed. AFM images in Fig. 2C-D indicate
two -dimensional (2D) and three-dimensional (3D) topographies of MNPs, respectively. In addition, DLS was performed to obtain the
size and surface charge of nanoparticles. As shown in Fig. 2E, the average diameter of the MNPs was about 61 nm, which was
greater than the diameters obtained by TEM. It was due to the hydration of the nanoparticles in the aqueous solution which was
consistent with previous studies (Ghasemi et al. 2019). Also, XRD patterns shown in Fig. 2F confirmed the crystal structures of the
synthesized MNPs. The significant peaks of iron oxide particles were observed in 20 = 18.4, 30.27, 35.65, 37.30, 43.34, 47.45, 53.77,
57.33,62.96, 66.20, 67.27 and 71.44 which was consistent with the ICSD standard pattern (NO. 158745) and assigned the crystalline
structure of MNPs. VSM curve was obtained to quantify of field dependent magnetism of the nanoparticles (Fig. 2G). The absence of
a hysteresis loop in the magnetization curve confirmed the super-paramagnetic characteristic for MNPs with saturation
magnetization of 61.10 emu/g.

Effect of magnetic nanoparticles and salicylic acid on total phenolic, flavonoids, flavonol, and anthocyanin content

It was clearly observed from Fig. 3 that MNPs and SA effected significantly on the total phenolic content of hairy roots and seedlings
of C. procera. In comparison with nontreated control, both SA concentrations under MNPs treatments prompted a notable increase in
the total phenolic content of leaf, whereas SA alone had no significant effects on this content. Moreover, concentrations < 100 mg
L™" of MNPs increased this content by about 1.5 times higher than that of the control. The highest phenolic content (2.2 fold
increase) was found when seedlings were subjected to 200 mg L™" MNPs and 0.1 mM SA treatment as compared with control

(Fig. 3A). The results also showed that 150 and 200 mg L™' MNPs under 0.01 mM SA treatment induced an increase in the phenolic
content of hairy roots, while these MNPs concentrations alone decreased it in compare to the control sample (Fig. 3B). The highest
increase in this content of hairy roots was observed at 200 mg L' MNPs and 0.01 mM SA treatment by 34%.

Flavonoid content in seedlings and hairy roots of C. copticum was increased by all treatments tested. The highest content of
flavonoid achieved by 69.5% and 98.5% in seedlings during interaction between 200 mg L™' MNPs and 0.1 mM SA, and in hairy roots
at 100 mg L' MNPs and 0.01 SA treatments, respectively, compared with that of the controls (Fig. 3C-D).

For flavonol, results revealed that the maximum content in seedlings was obtained for treatments at 100, 150 and 200 mg L' MNPs
with 0.1 SA, which was 1.2 times higher than that of control sample (Fig. 3E). Also, hairy roots received 200 mg L™! MNPs combined
with 0.01 SA had significantly higher flavonol content when compared to controls (by 45.3% over control), while the content of
flavonol was lowered by 18.47% in the hairy roots treated by 200 mg L™' MNPs alone (Fig. 3F).

Also, the MNPs and SA applications showed the significant effect for anthocyanin content in all samples. The both SA treatments
alone increased anthocyanin content of seedlings about 1.2 fold more than the control (Fig. 3G). However, no significant difference
was observed between 0.05 and 0.1 mM SA application. In addition, this content further increased when SA was applied with MNPs,
compared with that in SA treatments alone. For instance, 0.1 mM SA treatment with 200 mg L™" MNPs increased anthocyanin by
66%, while 0.1 mM SA alone induced an increase by 28.7% relative to the control. Nevertheless, the highest level of anthocyanin was

observed at 200 mg L™' MNPs by 71.5% in comparison with the control. Like seedlings, a similar trend in the anthocyanin content
was observed in the hairy roots (Fig. 3H). This content increased gradually with an increase in the concentration of MNPs. Adding of

SA with 200 mg L™ MNPs in media resulted in the maximum of anthocyanin content in the hairy roots about 4 times higher than
that of the control.

Effect of magnetic nanoparticles and salicylic acid on PAL and PPO

PAL and PPO activity was positively affected by MNPs and the application of SA with MNPs or SA alone in seedlings and hairy
roots. For instance, activity of PAL increased by 672, 726.2 and 669% following exposure of seedlings to 200 mg L™" MNPs, 0.1 mM
SA and 200 mg L™ MNPs with 0.1 mM SA, respectively (Fig. 4A). Likewise, MNPs treatment alone showed a positive effect on PAL in
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hairy roots, but a reduction was observed when combined with SA. However, the observed decreases of activity with these values
were still significantly higher than the untreated control (Fig. 4B).

The other results of this research include the increase of PPO activity in seedlings and hairy roots under all treatments, with the
exception of the foliar application of 50 and 100 mg L™ MNPs in seedlings (Fig. 4C-D). As compared to control samples, the highest
concentration of MNPs combined with the highest concentration of SA increased PPO activity by 42.76% and 650.2% in seedlings
and hairy roots, respectively.

Effect of magnetic nanoparticles and salicylic acid on FRAP and DPPH

Significant differences were shown for FRAP and DPPH among different levels of individual and combined treatment of MNPs and
SAin Figure3. DPPH level in seedlings was positively changed by MNPs treatments, so that increased up to 81% of the control at 200
mg L™ MNPs (Fig. 5A). DPPH level also showed an increase under SA treatment alone or with MNPs. Respect to the control, the
highest level was obtained at 0.05 mM SA with foliar application of 50 mg L™! MNPs from 12.9 to 91.8%. Although, the results
showed a reduction in the DPPH value for the other treatments of SA alone or with MNPs, those amounts were still higher than those
of the control. Similarly, DPPH level in hairy roots highly increased in relation to the severity of MNPs (Fig. 5B). DPPH content
increased by 76.6 and 77.3% in 200 mg L™, following exposure of roots to MNPs alone or in combination with 0.01 mM SA,
respectively.

FRAP level showed a different response to MNPs treatment in seedlings and hairy roots, so that increased at 200 mg L™' from 46 to
57% in seedlings and reduced from 48 to 10.37% in hairy roots (Fig. 5C-D). SA treatment alone had no positive effect on FRAP level
in seedlings but was effective in hairy roots. The maximum FRAP value was found at 200 mg L' MNPs and the high concentration
of SAin both seedlings and hairy roots, about 1.7 times higher than that of the control.

Effect of magnetic nanoparticles and salicylic acid on essential oil components

In the study of the effects of the MNPs and SA on oil compositions of hairy roots and seedlings of C. procera, 43 compounds were
identified (Table 1 and 2). Terpenes make up the major components of the oil; of those, the most important ones were a-terpineol,
alpha-pinene, camphor, alpha-thujone, p-cymene, linalool, geranial, germacrene D, and B-ocymene. Data presented in Table 1 reveal
that relative to the control, the supplementation of hairy roots media with 100 mg L™' MNPs and 0.01 mM SA generally increased the
amount of a-terpineol (31.2%), alpha-pinene (6.9%), camphor (11%) and p-cymene (9.5%). The content of linalool and germacrene D
were increased to a level 2 times higher than that of the control by 200 mg L™ MNPs with SA. Furthermore, camphene, limonene,
carvacrol, octanol, decanal, myrtenal, cis-pulegone oxide, borneol, thymoquinone, and alpha- longipinene were only detected in hairy
roots. Among these aroma constituents of C. procera, camphene and carvacrol were increased by about 73% under 200 mg L™
MNPs and 0.01 mM SA, in comparison to controls; while limonene and decanal were decreased by 54 and 48.7%, respectively. In
contrast with the untreated cultures, the content of octanol was increased by 75% and that of borneol was raised by 42.8% at 100 mg
LT MNPs and 0.01 mM SA.
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Table 1
Constituents of hairy roots essential oils of C. procera treated with synthesized magnetic nanoparticles and salicylic acid using

GC/MS

Essential oil Number Retention Control 0.01lmM 100 mg 200 mg 100 mg L™’ 200 mg L™"
components , SA L LT MNPs +0.01mM  MNPs +0.01mM

Time MNPs  MNPs  SA SA

(min)
Tricyclene 1 1024 152 1.0d 1.2b 11¢ 0.9¢ 1.2b
alpha-pinene 2 1036 2.9¢ 3.0° 2.8 2.6° 3.1 2.6°
Alpha-thujone 3 1043 2.3b 2.0d 1.0¢ 21¢ 2 42 2 od
camphene 4 1100 5.1 5.4 6.19 6.9° 7.9 8.82
Sabinene 5 1133 1.0f 2.1d 2.5b 2 08 2 62 2 9C
myrcene 6 1147 2.7° 2.9 3.1° 2.6¢ 1.9f 2.4°
A-phellandrene 7 1176 1.7f 2.0 264 3.4¢ 41> 5.02
alpha-terpinen 8 1197 1.8¢ 15¢ 1.9b 21a 1.8¢ 1.69
1,8-Cineol 9 1214 2.5 2.0¢ 2.2b 2.0¢ 1.6° 2.1°
3-Hexanal 10 1229 1.9f 252 2.1d 2 ocC 2 3b 2 08
2-pentyl furan 11 1240 1.6° 1.4d 1.72 1.5¢ 172 1.3¢
B-Ocymene 12 1251 1.4° 1.7° 1.5 1.6° 1.8° 1.5¢
Limonene 13 1266 792 7.7b 6.8¢ 5 7d 4.6° 3 6f
p-Cymene 14 1280 2.1° 1.99 1.7¢ 2.0° 2.3° 1.9
Alpha- 15 1291 1.3 1.1f 1.69 1.7¢ 1.9 2.1
Terpinolene
octanol 16 1320 0.8f 1.0d 0.9¢ 1.1¢ 1.42 1.2b
Cinnamene 17 1346 2.5 2.9b 1.8d 2.9b 2 0¢ 1.8d
myrtenal 18 1384 1.02 1.69 1.7¢ 1.8b 1.64 1.4¢
Nonanal 19 1408 11¢ 1.4¢ 1.3d 1.5b 1.3d 1.62
cis-pulegone 20 1425 2.3b 2. 53 2.1d 1.9¢ 2 4¢ 16f
oxide
Trans linalool 21 1456 272 2.4b 1.6f 21¢ 2 od 1.7¢
oxide
Citronellal 22 1487 102 164 1.7¢ 158 1.8b 1.4f
a-Ocapaen 23 1498 1.2¢ 1.3 1.4° 1.6 1.4° 1.8
Camphor 24 1536 1.8¢ 2.02 1.64 1.9b 2 02 1.69
Linalool 25 1582 4.0f 4.3¢ 5.3d 6.4¢ 7.5b 8.62
borneol 26 1596 1.4f 1.6d 1.8b 158 2 02 1.7¢

* Val)ues represent the mean of three replicates and dissimilar letters are significantly different according to Duncan's test (P <
0.05
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Essential oil
components

Bornyl acetate
Terpinen-4-ol
Thymoquinone
carvacrol

Citronellyl
acetate

decanal
Benzaldehyde
Geranial
Citronellol
a-Terpineol
Benzyl acetate

alpha-
longipinene

Methyl Eugenol

Humulene
epoxide

Germacrene D

Phenyl
acetaldehyde

Cubenol

Number

27
28
29
30

31

32
33
34
35
36
37

38

39

40

41

42

43

Retention

Time
(min)

1606
1618
1637
1660

1677

1696
1716
1741
1772
1790
1869

1921

2016

2033

2069

2226

2259

Control

1.94
1.84
5.92
1.5

1.3¢

8.02
2.28
2.0°
1.4¢
1.6¢
1.8°

0.7¢

1.9¢

1.2d

3.5

1.0¢

1.3b

0.00lmM 100 mg
SA L-1
MNPs
2.1b 2.0¢
2.0b .28
5.6° 4.8°
2.3b 2.1¢
1.5¢ 1.6°
7.8b 6.9¢
1.9¢ 2.0b
2.12 1.8d
1.6° 1.7°
2.0b 1.8¢
1.5d 2.0@
0.9d 11.12
2.2@ 2.0b
1.4b 1.3¢
3.9¢ 4.69
0.8¢ 0.94
1.14 1.2¢

200 mg
L-1
MNPs

2.1b
1.9¢
3.74
2.0d

1.5¢

5.84
1.84
1.2f
1.92
1.6¢
1.3f

1.2¢

1.7d

1.1¢

5.5¢

1.1b

1.48

100 mg L™’
MNPs +0.01TmM
SA

1.7¢
1.6¢
2.8¢
1.8¢

1.82

4.9¢
1.68
1.48
1.59
2.12
1.4¢

0.94

1.5¢

1.4b

6.6°

1.0¢

1.3b

200 mg L™’
MNPs +0.01TmM
SA

2.22
1.8¢
1.9f
2.6

1.44

41f
1.4f
1.9¢
1.7°
2.0°
1.6°

1.3b

1.2f

1.68

7.8¢2

1.28

1.0¢

* Values represent the mean of three replicates and dissimilar letters are significantly different according to Duncan's test (P <

0.05)
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Table 2

Constituents of leaf essential oils of C. procera treated with synthesized magnetic nanoparticles and salicylic acid using GC/MS

Essential oil Num. RT Control 100 200 0.05mM 0.1 100mg 200 mg
components mg mg SA mM -1 L1
L L SA MNPs+ MNPs+
MNPs  MNPs 0.05mM  0.05mM
SA SA
Tricyclene L 1024 2 g2 24 210 23° 141 2.2 1.79
alpha-pinene 2 1036 15 22 300 209 18" 3.3¢ 5.1b
Alpha-thujone 3 1043 9 qc 2.0¢ 2 9b 342 20¢ 1.7d 1.68
Undecene 4 1100 40 25 24° 310 250 25 2.2¢
Sabinene 5 1133 g1b 19" 220 27° 322 24° 2.19
&-2-Carene 6 1147 20e 16" 179 342 23¢ 22 2.5
A-phellandrene 7 1176 13 2 of 3 64 1.60 249 35e 5.3b
3-Hexanol 8 1197 9 qd 1.7f 1.9¢e 2 5a 1.7  ogb 213¢
1,8-Cineol 9 1214 12 cRAN X L VA 269  3.6° 6.0
3-Hexanal 10 1229 2 ¢c 220 254  28b 209 302 2.4°
Z-pentyl furan 1 1240 342 26c 23f 25 229 28P 2.1h
B-Ocymene 12 1251 2.8 18" 200 27° 292 2.5 1.8
p-Cymene 13 1280 q.9c 150 170 240 1.8¢  1.8d 2.0°
Alpha-Terpinolene 14 1291  g7a 3.4¢ 2.9d 2 1f 350 93e 1.79
Heptanal 15 1311 332 31 26° 209 31> 2,09 2.2¢
Cinnamene 16 1346 790 149 149 24P 322 17° 1.8
Pelargonaldehyde 17 1389 o b 293 2.7b 1.99 292 95¢ 2 of
Nonanal 18 1408 q.od 250 220 22P 2.0° 22° 1.7f
Fenchone 19 1417 34 18" 210 20 3.1° 1.9 2.4°
Trans linalool 20 1456 1 gf 2 5b 2.4¢ 293 179 2.1d 1.8f
oxide
Citronellal 21 1487 1 4f 4.0d 2.1e 1.39 120 g.2b 4.6°
a-Ocapaen 22 1498 2 2b 174 200 310 2.0° 2.0° 1.6
Camphor 23 1536 1.29 43¢ 200 1b 129 47b 2.2¢
Linalool 24 1582 2 gd 24" 31°  32P 3720 24 2.5
Carbaldehyde 25 1594 o gb 2 5d 2gb 2 6¢ 300 29¢ 2 of
Bornyl acetate 26 1606 9 5 2 od 260 2 08 332 18f 1.79

100
mg L™’
MNPs
+

0.1mM
SA

2.0
3.8°
1.5
2.24
2.54
1.9f
41¢°
1.69
4.44
2.6°
2.4¢

2.0¢

2.1f
2.54
1.9¢
2.24
1.8¢
2.3d

1.9¢

6.62
1.6¢
5.98
2.09
2.2¢

1.79

200
mg L™’
MNPs

+
0.1mM
SA

1.6"
5.82
1.5
2.0¢
2.2f
1.5
6.62
2.3
7.0°
2.4¢
2.1h
1.79
2.0°
1.79
2.1f
1.6
2.1¢
1.8¢
2.4°

1.6"

4.6°
1.4f
2.69
2.5
2.0

1.6"

* Values represent the mean of three replicates and dissimilar letters are significantly different according to Duncan'’s test (P <

0.05)
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Essential oil Num. RT Control 100 200 0.05mM 0.1 100mg 200mg 100 200

components mg mg SA mM -1 L1 mgL? mglL™"
L L SA MNPs+ MNPs+ MNPs MNPs
MNPs  MNPs 0.05mM 0.05mM + +

SA SA 0.1mM  0.1mM
SA SA
Terpinen-4-ol 27 1618 12 46° 234 13 149 48° 2.0 4.7° 1.8
a-Furole 28 1647 q6e 166 24> 199 27°  1.49 2.3° 1.5° 2.3°
1-Nonanol 29 1663 33P 249 220 350 3.0° 1.2 1.69 1.9f 1.5"
Citronellyl acetate 30 1677 9gb 1.3¢ 2.0°¢ 260 2ga 1.1 2.0¢ 1.44 2 0¢
Hotrienol 31 1690 16 1. 170 192 169 1.8° 1.7° 1.6¢ 1.7¢
Benzaldehyde 32 1716 22 199 21¢ 17¢ 26> 1.2 1.49 1.5° 1.2h
Germacrene D 33 1728 3o 300 229 19f 29° 1.0 2.1¢ 1.49 2.1¢
Geranial 34 1741 1.4 300 52¢  1.69 15" 3.8° 6.6 4.6 7.7
Citronellol 35 1772 320 18 194 35 31° 1.9 1.8¢ 1.5° 1.5°
a-Terpineol 36 1790 250 312 204 27P 27 1.6° 1.6 2.0¢ 1.50
Benzyl acetate 37 1869 21e 250 18 21e 24> 18 2.3° 2.2¢ 1.3
Ethyl Maltol 38 1919 qgd 129 16" 24P 25 1.9 1.8 17 1.9°
Methyl Eugenol 39 2016 57b 219 19f 200 24° 1.89 1.6" 2.0 1.5
Humulene 40 2033 q6° 132 13°  26° 170 1af 1.49 1.6° 1.3¢

epoxide

Nerolidol 41 2054 2 g 220 23° 189 26° 16" 2.1 1.9f 1.1
Phenyl 42 2246 25 146 16 150 18> 1.5 1.1f 0.8" 1.09

acetaldehyde

Cubenol 43 2259 1 b 1.6 1.19 1.3¢ 08f 1.8° 0.8 0.9¢ 1.1d

* Val)ues represent the mean of three replicates and dissimilar letters are significantly different according to Duncan's test (P <
0.05

Besides, studying the essential oil components obtained from the plant seedlings revealed that among the treatments tested, SA
alone especially concentrations of 0.05 mM SA had the best effect on these components (Table 2). For instance, 0.05 mM SA
induced a significant increase in alpha-thujone content by 70%, p-cymene by 26%, linalool by 23%, methyl eugenol by 7%, and 1-
nonanol by 6% as compared to the control seedlings. Like hairy roots, camphor is one of the constituents of the C. procera that was
detected in seedlings and increased by 391.6% under 100 mg L™' MNPs and 0.1 mM SA treatment. Likewise, geranial and alpha-
pinene are other important compounds that increased up to 5.5 and 3.8 times more than the control under 200 mg L™" MNPs and 0.1
mM SA treatment, respectively. Moreover, undecene, 6-2-carene, 3-hexanol, heptanal, fenchone, a-furole, hotrienol, ethyl maltol and
nerolidol were only observed in seedlings.

Discussions

This study aimed at provision appropriate platform for fast and cost-effective production of pharmacological metabolites in high
quantities and improvement of antioxidant activities of C. procera. Here, according to the results, hairy root culture achieved a high
attention due to high growth rate in less time, eases of maintenance and affordable nutrition, as compared to seedlings grown under
hydroponic condition. There are numerous reports of high potential of hairy root cultures in increasing the production and
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accumulation of high-value specialized plant metabolites of many species (Garagounis et al. 2020; Ghararia et al. 2020).
Nonetheless, developing of the successful hairy root transformation in each plant species depends on many factors, such as
explants type, cultivar, culture conditions, Agrobacterium strain, inoculation methods and duration of plant tissue-bacterial
suspension. In this study, we have successfully established a hairy-root protocol for C. procera, as a tool for fast production of a
large number of secondary metabolites. Hairy root induction appeared in leaf explants about 10 days post-infection from wounded
sites only with strain A4 of A. rhizogenes. Besides, a more rapid growth of roots was also obtained after transfer to liquid medium
during a month.

Furthermore, in this study, addition of MNPs and SA to the growth medium was emerged as an efficient strategy to induce or
enhance synthesis of the secondary metabolites. This study confirmed that the additions of MNPs and SA at the certain
concentration could elevate total phenolics, flavonoids, flavonol, and anthocyanin (Fig. 3). Phenolic and flavonoid compounds are
the largest group of plant secondary metabolites with antioxidant and antiradical defense activity. These compounds can directly
react with reactive oxygen species (ROS) to form stable and relatively nontoxic macromolecular radicals because of hydroxyl groups
of their structure (Bendary et al. 2013). In addition, some of them are considered to be liable for stimulation the synthesis of
endogenous antioxidant molecules in the cell (Coté et al. 2010). Given their therapeutic perspective, tremendous innovations are
underway in the process of discovering phenolic compounds from various plants and improving them. Countless studies reported
that phenolic metabolism can be stimulated by different biotic and abiotic stresses (Ahuja et al. 2012; Cesco et al. 2010). Here, for
the first time, different concentrations of MNPs and SA were applied in C. procera seedlings and hairy roots to increase the
production of secondary metabolites such as phenolic, flavonoid, flavonol, and anthocyanin, which in normal conditions are found in
plant cells in low levels. The result showed that among all treatments applied, the highest concentration of MNPs (200 mg L™") along
with SA was the most effective to enhance the content of these compounds when compared to the control samples. It has been
proposed that the accumulation of these compounds is closely correlated with ROS burst caused in cells by the elicitors.

In addition, the increase of the phenolics seems to be related to the activities of PAL and PPO enzymes (Ghorbanpour and Hadian
2015).In this study, a significant relationship between these enzymes and enhancement of total phenolics biosynthesis following
exposure to 200 mg L™! MNPs with 0.1 mM SA in both seedlings and hairy roots has been observed (Fig. 4). This study is in
agreement with previous report by Tato et al. (2013), who suggested that a rise in PAL activity, a key enzyme in pathway of
biosynthesis of phenolic compounds, is correlated with accumulation of total phenolics in Parietaria judaica L. Similarly, significant
correlation between the production of phenolic compounds and PAL activity has also been reported in D. kotschyi hairy-root by
Nourozi group (2019) and in Salvia miltiorrhiza hairy roots by Yan et al. (2006). In other study, alteration of phenolics as a result of
the increase PAL activity affected by phytoregulators has been reported as well (Blanch et al. 2020). Like PAL, an increase in PPO
activity could also be considered as a marker of plant reaction to adverse environmental conditions. This enzyme plays an important
role in oxidation of a great number of phenolic compounds. In Satureja khuzestanica under multi-walled carbon nanotubes
treatments (Ghorbanpour and Hadian 2015) and in hazel cell suspension cultures under static magnetic field (SMF) and SMF
combined with the salicylic acid treatments (Rezaei et al. 2010) had been reported similar to the present results.

Moreover, a significant correlation between the total phenol content and antioxidant capacity (DPPH scavenging activity, FRAP
value) was observed in C. procera seedlings and hairy roots affected by MNPs and SA, which indicates most phenolics were the
major contributors to the free radical scavenging (Fig. 5). These results are in a good line with previous reports that showed a
positive relationship between total flavonoid content and antioxidant activity in Zingiber officinale after foliar application of SA
(Ghasemzadeh et al. 2012). Similar trend in phenolic content and antioxidant activity in in soybean (Shokrollahi et al. 2018), Citrus
sinensis L. (Huang et al. 2008), and Punica granatum L. (Zhuang et al. 2011) was also reported. Likewise, anthocyanin was shown
as another of potent antioxidant compound with high DPPH activity in C. procera that is consistent with other report (Shih et al.
2010). Therefore, these observed strong correlations between these secondary metabolites and antioxidant activity confirm that
phenolics, flavonoids, and anthocyanin are the main constituents contributing to the antioxidant activity in C. procera.

Furthermore, in this investigation, it has been demonstrated that MNPs and SA are very potential elicitors for induction the essential
oil of the seedlings and hairy roots of C. procera. It seems that the MNPs and SA alter essential oils production by stimulating the
expression of genes involved in the relevant biosynthetic pathway. Our results indicate that terpenes with a wide range of industrial
and medicinal applications are the major constituents of the oils in both seedlings and hairy roots as shown in Tabl 1-2. In this
investigation, these components were strongly influenced by MNPs and SA, resulting in significant differences between oils content

Page 12/21



of seedlings and hairy roots. For instance, 100 mg L™! MNPs and 0.01 mM SA treatments induced a significant increase in content
of a-terpineol by 110% in hairy roots, while 100 mg L™' MNPs alone increased it up to 24% in seedlings. Antihypertensive, anti-
inflammatory and anticancer properties of a-terpineol have already been proven (Khaleel et al. 2018). Likewise, the content of linalool
and germacrene D was increased by all treatments applied in hairy roots whereas these treatments decreased germacrene D in
seedlings. Previous reports indicated that the increase observed in terpene concentrations under abiotic treatments is correlated with
trade-off in carbon skeletons allocation between growth and defense (Razavizadeh et al. 2019). Here, based on previous studies on
the potential of Fe-NPs and SA (Mozafari et al. 2018) in increase of photosynthetic pigments, it is proposed that both treatments
through motivating photosynthesis processes and subsequent the enhancement of the carbohydrate content may increase the
production of secondary metabolites.

Another significant achievement in this research is presence carvacrol, limonene, and camphene with highly potent biological and
pharmacological properties in hairy roots. Carvacrol is a monoterpenoid of the phenolic group that have been illustrated in recent
studies to have antioxidant, antimicrobial, anti-mutagenic, analgesic, anti-platelet, anti-inflammatory, and anti-tumor activities
(Nostro and Papalia 2012). Camphene has shown strong potential in reduction plasma cholesterol and triglycerides in rats with
hyperlipidemia (Vallianou et al. 2011). Also, it is reported that limonene can decrease overall stress levels and improve markers of
inflammation. Due to the pharmacological importance of these compounds, increasing their content could be valuable. Here, it was
shown that 200 mg L™' MNPs and 0.01 mM SA increased carvacrol and camphene by about 73% in comparison to controls. There
are similar reports of an increase in secondary metabolites due to the application of Fe-NPs (Mohasseli et al. 2020) and SA
(Mendoza et al. 2018) individually. To the best of our knowledge, there was no report of the combined effects of Fe;0,-MNPs and SA
on essential oil components till date. Our results suggest that MNPs combined with the SA treatment would be very beneficial in
stimulating production of phenolics compounds, flavonoids and main essential oils C. procera. However, the exact involved
mechanisms are not yet completely unraveled and transcriptomic and proteomic studies of defense genes and proteins are need to
view to fully understand about modulation effects of these treatments.

In conclusion, this experiment provides the first report on the optimized use of synthesized magnetic nanoparticles combined with
the salicylic acid to enhance the biosynthesis of pharmaceutical metabolites including phenolics compounds, flavonoids and main
essential oils in C. procera seedlings and hairy roots. Hairy root culture is recommended as more efficient alternative for the higher
production of the secondary metabolites and improving pharmacological constituents, especially when the media is supplemented
to MNPs and SA. Despite almost similar antioxidant responses and main components of essential oil in seedlings and hairy roots,
faster growth of hairy roots that reduces the process time to attain high product concentrations and the presence of special
compounds such as carvacrol and camphene corroborate the effectiveness of the proposed hairy root culture relative to seedlings.
Regarding the highest content of secondary metabolites and medicinal constituents, we suggest that the use of 100 and 200 mg L™’
MNPs combined with 0.01 mM SA in hairy root culture is a promising tool for improvement of valuable antioxidant compounds of C.
procera.
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MNPs[mg L™

Figure 1

Phenotype of hairy roots of C. procera treated with different concentrations of magnetic nanoparticle (MNP) and salicylic acid (SA).
Hairy roots were treated with 50, 100, 150, and 200 mg L' MNPs and 0, 0.01 and 0.05 mM SA for 72 hours, and then transferred into
elicitor-free MS liquid medium for 21 days.
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Figure 2

SEM (A) and (B) TEM images, two -dimensional (C) and three-dimensional (D) AFM images, DLS (E), XRD pattern (F), and hysteresis
loop (G) of magnetic nanoparticles
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Figure 3

Comparison of secondary metabolites in leaf and hairy root of C. procera treated with different concentrations of magnetic

nanoparticle (MNP) and salicylic acid (SA). 21-day-old seedlings were treated with 0, 50, 100, 150, and 200 mg L™ MNPs and 0.0,

0.05and 0.1 mM SA every other day up to 2 weeks. Moreover, hairy roots were treated with above-mentioned concentrations of

MNPs and 0 and 0.01 mM SA for 72 hours, and then transferred into elicitor-free MS liquid medium for 21 days. After treatment, total

phenolic (A-B), flavonoids (C-D), flavonol (E-F) and anthocyanin (

G-H) in leaf and hairy roots were measured, respectively. Values

represent the mean of three replicates and dissimilar letters are significantly different according to Duncan’s test (P < 0.05).
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Figure 4

Comparison of enzymatic activities of phenylalanine ammonia lyase (PAL) and polyphenol oxidase (PPO) in leaf and hairy root of C.
procera treated with different concentrations of magnetic nanoparticle (MNP) and salicylic acid (SA). 21-day-old seedlings were
treated with 0, 50, 100, 150, and 200 mg L™ MNPs and 0.0, 0.05 and 0.1 mM SA every other day up to 2 weeks. Moreover, hairy roots
were treated with above-mentioned concentrations of MNPs and 0 and 0.01 mM SA for 72 hours, and then transferred into elicitor-
free MS liquid medium for 21 days. After treatment, PAL (A-B) and PPO activities (C-D) in leaf and hairy roots were measured,

respectively. Values represent the mean of three replicates and dissimilar letters are significantly different according to Duncan'’s test
(P < 0.05).
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Figure 5

Comparison of 2, 2-diphenyl-1-picrylhydrazyl (DPPH) and ferric-reducing antioxidant power (FRAP) in leaf and hairy root of C.
procera treated with different concentrations of magnetic nanoparticle (MNP) and salicylic acid (SA). 21-day-old seedlings were
treated with 0, 50, 100, 150, and 200 mg L™ MNPs and 0.0, 0.05 and 0.1 mM SA every other day up to 2 weeks. Moreover, hairy roots
were treated with above-mentioned concentrations of MNPs and 0 and 0.01 mM SA for 72 hours, and then transferred into elicitor-
free MS liquid medium for 21 days. After treatment, DPPH (A-B) and FRAP (C-D) in leaf and hairy roots were measured, respectively.
Values represent the mean of three replicates and dissimilar letters are significantly different according to Duncan’s test (P < 0.05).
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