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Abstract

Nutrient leaching is a major reason for fresh and ground water contamination. Menthol is the major
bioactive ingredient of Mentha arvensis L. and one of the most traded products of the global essential oil
market. The indigenous production of menthol crystals in the developing countries of the world can prove
to be the backbone for the local growers and poor farmers. Therefore, present research was designed to
check the effects of nanostructured plant growth regulators (PGRs) (28-homobrassinolide and ethephon)
with reduced leaching potentials on the essential oil and menthol (%) of Mentha arvensis L. The prepared
nanoformulations were characterized by the Fourier transform infrared (FTIR) spectroscopy, Laser
induced breakdown spectroscopy (LIBS), Differential scanning colorimetry-thermal gravimetric analysis
(DSC-TGA), Scanning electron microscopy (SEM) and Atomic absorption spectrometry (AAS). The
menthol (%) was determined by modified spectrophotometric and gas chromatographic (GC) method.
The highest essential oil (%) was obtained by the 28-homobrassinolide-Zn-NPs-L-Il (0.92 + 0.09%) and
ethephon-Ca-NPs-L-Ill (0.91 + 0.05%) as compared to the control (0.65 + 0.03%) and blank (0.62 + 0.09%).
The highest menthol (%) was obtained by the 28-homobrassinolide-Ca-NPs-L-I (80.06 + 0.07%), 28-
homobrassinolide-Ca-NPs-L-ll (80.48 + 0.09%) and 28-homobrassinolide-Ca-NPs-L-lIl (80.84 + 0.11%) and
ethephon-Ca-NPs-L-lll (81.53 + 0.17%) and ethephon-Zn-NPs-L-Il (81.93 + 0.26%) as compared to the
control (67.19 £ 0.14%) and blank (63.93 £+ 0.17%).

1. Introduction

The Mentha arvensis L. (menthol mint, wild mild, corn mint, Japanese mint and field mint) is an
important aromatic medicinal plant having number of applications in pharmaceutical industries,

cosmetic products and food and flavouring agents '. The essential oil of Mentha arvensis L. contains
many bioactive components such as oxygenated monoterpenes, monoterpene hydrocarbons, oxygenated
sesquiterpenes, sesquiterpene hydrocarbons, ester, ketone, alcohol and all terpene related compounds 2.
The menthol is the major secondary metabolite of Mentha arvensisL. ', having analgesic and pain
relieving effects, with transient receptor potential melastatin-8 (TRPM8) 3. According to an estimate, the
global essential oil market is valued approximately 10.3 billion USD in 2021 and expected to reach upto

16.0 billion USD by the end of 2026, with the CAGR of 9.3% “. As per the data of "Observatory of
Economic Complexity", menthol (C;yH,o0) is the world’s 2015th most traded product with the total

imports and exports upto millions of USD. As per the recent report of 2020, currently the global menthol
market is around 930 Million USD and expected to reach upto 1298.4 Million USD till the end of 2027,

with the CAGR of 4.8% during the forecasted period of 2021 to 2027 °.

The percentage of menthol in Mentha arvensis L. varies by varying the harvesting time, geographical
location, availability of water, fertility of soil, climate change, biotic and abiotic stresses and soil texture °.
Therefore, exogenous application of plant growth regulators (PGRs) (including plant growth promoters
and plant growth inhibitors) helps to ensure the additional salt stress, for triggering the biosynthesis of
secondary metabolites in plants. The nanostructured plant growth regulators have proved to be the
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proficient elicitors for stimulating the production of secondary metabolites, with the minimum agricultural
input /. These natural or synthetic biostimulants not only controls the total antioxidant compounds of
herbaceous plants but also elucidate the physiological responses and biochemical pathways for the
proper growth and development. Some of the major types of plant growth regulators include (i) auxins
(indole-3-acetic acid (IAA), indole-3-acetonitrile (IAN), indole-3-acetaldehyde (IAc), ethylindole acetate and
indole-3-pyruvic acid (IPyA)) (ii) cytokinins (ribosylzeatin, zeatin, iso-pentinyladenine and dihydrozeatin)
(iii) gibberellins (GA,, GA3 and GA;) (iv) ethylene releasing compounds (ethephon and ethrel) (v)
brassinosteroids (dolicholide, 28-homodolicholide, casta-sterone, dolichosterone, 28-homodolichosterone
and typhasterol) (vi) jasmonates (jasmonic acid) and (vii) strigolactones (strigol, GR,, and orobanchol).

The brassinosteroids are naturally occuring steroidal hormones of plants that induce the stress tolerance
in aromatic herbs, by regulating the production of reactive oxygen species (ROS) in living cells. The
exogenous application of 28-homobrassinolide improves catalytic activities of monodehydroascorbate
reductase, superoxide dismutase, dehydroascorbate reductase, ascorbate peroxidase, glutathione
reductase and catalases. The 28-homobrassinolide also improves the redox potential of naturally
occuring antioxidant compounds of plants to tolerate abiotic stresses 8. The ethephon belongs to the
ethylene releasing compounds that potentially interferes with the growth processes and hormonal
systems of plants. Ethephon is a known plant growth retardant (PGR), having growth inhibiting effects. It
improves the opening and closing of stomata, induces the sterility of pollens, influences the biosynthesis
of secondary metabolites, enhances the herbicidal efficacy, eradicates the pests, and depresses the
formation of vesicular arbuscular mycorrhizae. The mode of action of ethephon in plants is quite similar
to the mode of action of auxins that involve two step processes including (i) biosynthesis of abscisic acid
and (ii) production of ethylene in plants ®10. Therefore, present research was designed to check the
effects of nanostructured PGRs (28-homobrassinolide and ethephon) on the essential oil contents and
menthol percentage of Mentha arvensis L.

2. Materials and methods
2.1. Chemicals and reagents

All the chemicals, reagents and gas chromatographic standards used in this research work were of
analytical grade.

2.2. Preparation of nanostructured PGRs

2.2.1. Ethylene diammine tetraacetic acid based
nanoparticles

The 28-homobrassinolide-EDTA-NPs and ethephon-EDTA-NPs were prepared by separately dissolving 90
g of 28-homobrassinolide (pH = 3-4) and ethephon (pH =2) in 80 mL and 30 mL of distilled water
(reaction temperature: 35°C, reaction time: 1 hour and stirring intensity: 700 rpm). After the 1 hour of
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continuous stirring, 5.364 g of Na,EDTA.2H,0 (dissolved in 10 mL of distilled water), was added in the
reaction mixtures (reaction temperature: 35°C, reaction time: 1 hour and stirring intensity: 700 rpm). The
28-homobrassinolide formed smooth, creamy and thick off-white paste which changed into thin, off-
white and easily stirrable precipitates (pH = 4-5) while ethephon showed no change in physical state
except off-white colour changed into pure white grains (pH = 3). After the completion of stirring period,
concentrated HCIl was added (pH = 2) in the mixtures (reaction temperature: 35°C, reaction time: 4 hours
and stirring intensity: 1000 rpm) and let them to stir again. After the 4 hours of stirring, the prepared NPs
were allowed to settle, upper liquid layers were decanted, and NPs were dried (at 45°C for about 6 to 8
hours) for further use.

2.2.2. Silica based nanoparticles

The 28-homobrassinolide-Si-NPs and ethephon-Si-NPs were prepared by dissolving 90 g 28-
homobrassinolide (pH = 4) and ethephon (pH = 2) separately in 130 mL and 140 mL of distilled water
(reaction temperature: 35°C, reaction time: 1 hour and stirring intensity: 700 rpm). After the completion of
1 hour, 3.5 g Na,05Si.9H,0 was added in the reaction mixtures (pH = 9) and allowed to stir again
(reaction temperature: 35°C, reaction time: 1 hour and stirring intensity: 700 rpm). This stirring period lead
to the formation of off-white precipitates of 28-homobrassinolide and converted smooth skin paste of
ethephon into brownish gelatinous liquid, having shiny appearance. After the 1 hour of continuous
stirring, highly concentrated H,SO, was gradually added in a dropwise manner till the pH = 5.5. In case of
28-homobrassinolide, only few drops changed the colour of granular solution into light green, while no
change was observed in the physical state of ethephon. At this pH range, the concentrated solution of
CaCl, was added in the mixtures and let them to stir again (reaction temperature: 35°C, reaction time: 12
hours and stirring intensity: 700 rpm). As a result of this stirring, clear solution of 28-homobrassinolide
turned into white foamy mixture while clear brown solution of ethephon changed into densely clouded
brownish liquid. After 12 hours of stirring, dark brownish liquid was converted into light brown solution.
These mixtures were centrifuged at 4000 rpm, upper liquid layers were separated and thick precipitates
were dried (at 45°C for about 6 to 8 hours) and finely ground.

2.2.3. Calcium based nanoparticles

The 28-homobrassinolide-Ca-NPs and ethephon-Ca-NPs were prepared by dissolving the 90 g of 28-
homobrassinolide (pH = 3—4) and ethephon (pH = 2) in 80 mL and 30 mL of distilled water separately
(reaction temperature: 35°C, reaction time: 1 hour and stirring intensity: 700 rpm). After the 1 hour of
continuous stirring, 850.32 g Ca(NO3),.4H,0 (pH = 5) was added in the reaction mixtures (reaction
temperature: 35°C, reaction time: 1 hour and stirring intensity: 700 rpm), resulting in the conversion of
pale yellow granular solution of 28-homobrassinolide into smooth off-white paste (pH = 2). However, no
change was observed in the physical state of ethephon (pH = 2). After this stirring period, 850.32 g of
Na,CO5 (pH = 10) was added in the above mentioned solutions (reaction temperature: 35°C, reaction time:
1 hour and stirring intensity: 700 rpm), resulting in the formation of yogurt like creamy mixture of 28-
homobrassinolide (pH = 6) from smooth off-white paste. However, mixture of ethephon reduced the
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reaction temperature and showed a unique property of instant bubbling after the addition of Na,COs, due
to the release of carbon dioxide and ethylene gas. After the completion of 1 hour, fully concentrated
solution of NaOH was added in a dropwise manner, till the pH =10 and allowed the mixtures to stir again
(reaction temperature: 35°C, reaction time: 18 hours and stirring intensity: 700 rpm). In case of ethephon-
Ca-NPs, the apparent colour of ethephon changed from champion brown to golden brown and then dark
brown to the dark black. After 18 hours of continuous stirring, both the mixtures were centrifuged at 4000
rpm, decanted and dried (at 45°C for about 6 to 8 hours).

2.2.4. Zinc based nanoparticles

The 28-homobrassinolide-Zn-NPs and ethephon-Zn-NPs were prepared by dissolving 90 g 28-
homobrassinolide (pH = 2) and ethephon (pH = 2) separately in 70 mL and 30 mL distilled water (reaction
temperature: 35°C, reaction time: 1 hour and stirring intensity: 700 rpm). After this period of time, 0.104 g
Zn(NO3),.6H,0 (pH = 6) was added in the reaction mixtures and let them to stir (reaction temperature:
35°C, reaction time: 1 hour and stirring intensity: 700 rpm). This stirring period led the formation of thick
off-white granular solution of 28-homobrassinolide having pH = 3 and converted skin off-white paste of
ethephon into easily stirrable quite thin solution (pH = 2). After the 1 hour of stirring period, 0.075 g
Na,SO, (pH = 8) was added in the solutions and let them to stir again (reaction temperature: 35°C,
reaction time: 1 hour and stirring intensity: 700 rpm). The 28-homobrassinolide showed no change in
physical state while ethephon showed conversion of smoothly stirring off-white solution into turbid
mixture. After the completion of stirring, concentrated NaOH was added in the mixture (reaction
temperature: 35°C, reaction time: 15 hours and stirring intensity: 700 rpm), resulting in the formation of
light green solution (pH = 8) of 28-homobrassinolide and crystal clear pure golden liquid (pH =9) of
ethephon. After the 15 hours, both these reaction mixtures were allowed to settled, upper liquid layers
were decanted, and skin off-white and dark brown precipitates were dried (at 45°C for about 6 to 8 hours)
for further use.

2.3. Preparation of Hoagland solution

The Hoagland solution was prepared by mixing the macro-nutrients, micro-nutrients and complexing
agents as per the calculations mentioned in .

2.4. Preparation of field and application of doses

The freshly harvested young stems of Mentha arvensis L. were collected from the Rosa Project of
Institute of Horticultural Sciences, University of Agriculture, Faisalabad, Pakistan. These healthy stems
were cut into 5to 7.5 cm pieces and placed into 8 to 10 cm deep furrow at the approximate distance of
45 cm 2. The young plants were watered at alternate days for 21 days after plantation, prior to the
application of doses . After the growth of young plants, both nanostructured PGRs and fixed
concentration nutrient media, were applied to the plants at three different concentrations (low: 25 ppm
(Level-l), medium: 100 ppm (Level-ll) and high: 250 ppm (Level-lll)) for consecutive 20 weeks through root

application 3.
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2.5. Harvesting and extraction of essential oil

After the completion of dose application and growth of Mentha arvensis L., the healthy and matured
plants were harvested and shade dried, prior to the extraction of essential oil '*. The essential oil was

extracted through Clevenger type hydrodistillation apparatus '°. The extracted essential oil was collected
in separate containers, dried through anhydrous sodium sulphate, filtered with micro-filters and
refrigerated for the further analysis. The essential oil (%) was calculated as per the following formula

(Eq. 1):

Netweightofessentialoil (g)

Yieldof tialoil (%) =
ieldofessentialoil (%) Totalweightofdriedbiomass (g)

2.6. Determination of chemical constituents of essential oil
2.6.1. Spectrophotometric determination

All the essential oil samples were subjected to colorimetric assay for the determination of menthol (%) in
Mentha arvensis L. as per the specifications mentioned in '®'7. The standard equation obtained from
standard curve of variable concentrations of GC-grade menthol was y = 0.0185x 4 0.0922 with

R? = 0.989.

2.6.2. Gas chromatographic analysis

After the spectrophotometric determination of menthol (%), some selected essential oil samples were
subjected to gas chromatographic analysis using BK-GC,4,q Gas Chromatograph, Biobase, China as per

the experimental protocol mentioned in 8.

2.7. Biological activities
2.7.1. Total phenolic contents (TPC)

The TPC of aqueous extracts of Mentha arvensis L. were determined by experimental protocols as
mentioned in '°. The standard equation obtained by standard curve of gallic acid for the assessment of
TPCwasy = 0.0137x + 0.2987 with R* = 0.9897.

2.7.2. Total flavonoid contents (TFC)

The TFC of aqueous extracts of Mentha arvensis L. were determined by experimental protocols as
mentioned in '°. The standard equation obtained by the standard curve of catechin for the assessment of
TFCwasy = 0.0044x — 0.0566 with R* = 0.989.

2.7.3. DPPH free radical scavenging activity
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The DPPH free radical scavenging potentials of aqueous extracts of Mentha arvensis L. were determined

by experimental protocols as mentioned in '°. The DPPH free radical scavenging potentials (%) were
calculated as per the following formula (Eq. 2):

Sampleabsorbance

DPPH ingactivity () = 100 —
scavengingactivity (%) 00 [Controlabsorbance

] x100......... Eq.2

2.7.4. Reducing power ability (RPA)

The RPA of aqueous extracts of Mentha arvensis L. were determined by experimental protocols as

mentioned in '°. The standard equation obtained by the standard curve of gallic acid for the assessment
of RPAwasy = 0.0114x — 0.0455 with R> = 0.989.

2.8. Assessment of physiochemical characteristics
2.8.1. Photodegradation

The photodegradation profiles of 28-homobrassinolide, ethephon and their corresponding NPs were
determined by exposing the 250 ppm solutions to the natural sunlight, for about 8 to 10 hours daily at
35°C upto 28 days. The UV-Vis spectra were recorded from 340 to 800 nm at (i) day 0 (ii) day 1 (iii) day 3

(iv) day 5 (v) day 7 (vi) day 14 and (vii) day 28, using 721(D) spectrophotometer, China 20722,

2.8.2. Thermal degradation

The thermal degradation profiles of 28-homobrassinolide, ethephon and corresponding NPs were
determined by heating the 250 ppm solutions at variable temperatures ranges for 8 to 10 hours daily. The
UV-Vis spectra were recorded from 340 to 800 nm at (i) 30°C (ii) 35°C (jii) 40°C (iv) 45°C (v) 50°C (vi) 55°C

and (vii) 60°C, using 721(D) spectrophotometer, China 2324,

2.8.3. Leaching potential

The leaching potentials of 28-homobrassinolide, ethephon and their corresponding NPs were determined
by adding the 50 mL of 250 ppm solution in a glass column, having the internal diameter of 20 mm, filled
with sand (particle size: 0.05 mm to 2.00 mm), silt (particle size: 0.002 mm to 0.05 mm) and clay (particle
size: 0.002 mm). The standard equations obtained from standard curves of 28-homobrassinolide,
ethephon and their corresponding NPs at variable concentrations were havingR2 > 0.99. The obtained
leachate solutions were also analyzed by 721(D) spectrophotometer, China at the A, of NPs 2°.

2.8.4. MTT cytotoxic assay
2.8.4.1. Isolation of living cells

The MTT cytotoxic assay was performed by isolating the living cell suspensions from healthy leaves of
Mentha arvensis L. as per experimental protocols mentioned in 2°.
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2.8.4.2. Method of preparation of negative control (NC)

The negative control was prepared by obtaining the standard equation from standard curve
(y = 0.0441x + 0.481withR* = 0.9914) using the variable concentration of living cell suspensions
as per the experimental protocols mentioned in 2.

2.8.4.3. Method of preparation of positive control (PC)

The positive control was prepared by adding variable concentrations of nanostructured PGRs (25, 50, 75,
100, 125, 150, 175, 200, 225 and 250 ppm) in 2 pL of living cell suspensions, followed by the shaking at
200 rpm. All the next steps were according to the experimental protocols as mentioned in 2722, The viable
cell concentrations (%) were calculated according to the following equation (Eq. 3):

PC SOrpbance - NC SOrpance
Cellviability (%) = —orence) — ZAbsobance) o ... (Eq.3)

PC (Absorbance)

2.9. Characterization techniques

2.9.1. Fourier transform infrared spectroscopy (FTIR)

The functional groups of 28-homobrassinolide, ethephon and their corresponding NPs were determined
by using the Agilent Cary 630 FTIR spectrometer, USA as per the experimental protocols mentioned in 2°.

2.9.2. Laser induced breakdown spectroscopy (LIBS)

The elemental analysis of 28-homobrassinolide, ethephon and their corresponding NPs was performed
by using the LIBS: model Q-Smart 850 and NOVA Quantal, France as per the instrumental specifications

and experimental protocols mentioned in °°.
2.9.3. Differential scanning colorimetry-thermogravimetric
analysis (DSC-TGA)

The thermal stability of 28-homobrassinolide and ethephon was determined by using the SDT Qgqq V20 9

Build 20, Crawley, UK as per the instrumental specifications mentioned in 37.

2.9.4. Scanning electron microscopy (SEM)

The surface characteristics and morphological properties of the 28-homobrassinolide-Ca-NPs and
ethephon-Zn-NPs were determined by Nova NanoSEM 450, FEI, Oregon, USA as per the experimental

protocols and instrumental specifications mentioned in 32.

2.9.5. Atomic absorption spectroscopy (AAS)

The trace metal analysis of 28-homobrassinilide-Zn-NPs and ethephon-Zn-NPs were performed by using

Z-8200 polarized Zeeman atomic absorption spectrophotometer (AAS) Hitachi, Japan with instrumental
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specifications as mentioned in 33.

2.10. Statistical analysis

The highest menthol (%) of Mentha arvensis L., grown by applying the three different concentrations (low:
25 ppm (Level-l), medium: 100 ppm (Level-ll) and high: 250 ppm (Level-lll)) of nanostructured PGRs were
statistically compared by using ANOVA along with post-hoc Tukey HSD test 34.

3. Results and discussion
3.1. Physical attributes and percentage yield of essential oil

In the present study, Mentha arvensis L. was grown by the application of nanostructured PGRs (EDTA-
NPs, Si-NPs, Ca-NPs and Zn-NPs) at three different dose concentrations [Level-I: 25 ppm, Level-ll: 100
ppm and Level-lll: 250 ppm], to check their effects on the yield and menthol (%) of essential oil. The
results of present study showed that the essential oil yield of Mentha arvensis L., grown by applying the
above mentioned nanoformulations ranged from 0.92 + 0.09 to 0.65 + 0.09%. The highest essential oil
yield was obtained by the Mentha arvensis L., grown by the application of 28-homobrassnolide-Zn-NPs-L-
Il as brassinosteroids and all the structural analogues are known to have significant influence on the
physiological attributes and biochemical processes of aromatic medicinal plants. These steroidal
hormones have been reported to regulate the photosynthetic processes 3° and catalytic potentials of
several enzymes 36.

According to 3/, the foliar sprays of 10”7 M 28-homobrassinolide remarkably increased the percentage of
menthyl acetate (225.0-187.5%), menthol (135.9-134.1%) and menthone (180.0-161.1%) in the
essential oil of Mentha arvensis L. It has also been reported by 38 that Mentha arvensis L. showed higher
biomass yield and improved essential oil (%) (including menthol, L-menthone, isomenthone and menthyl
acetate) at 10”7 M concentration of 28-homobrassinolide as compared to the lower (10~ ® M) and higher
(1078 M) concentrations. In addition to the plant growth regulator (PGR), Zn-NPs itself acts as an
important growth promoter of the aromatic medicinal herbs, by enhancing the nutrient absorption
capacity of number of essential macronutrients. In some previous studies, 3°° reported the similar
effects on essential oil contents of Ocimum sanctum and Mentha piperita by the exogenous application
of zinc. In another study, #! mentioned the 4.73% increase in menthol (%) in essential oil of menthol mint

at 5.0 mg Zn kg™ ! application of doses.

3.2. Determination of chemical constituents of essential oil
3.2.1. Spectrophotometric determination

As per the results obtained by the present research, the menthol percentage of essential oil of Mentha
arvensis L., grown by applying all the above mentioned nanoparticles were in the range of 81.93 + 0.26 to
54.01 £ 0.04%. The highest menthol contents were obtained by the essential oil of Mentha arvensisL.,
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grown by the application of ethephon-Zn-NPs-L-Il as ethylene releasing auxin based compounds shows
positive synergism in improving the production of menthol °. According to 42, the essential oil of pepper-
mint showed significant increase in percentage of isomenthone and neoisomenthol by the foliar
application of 250 ppm ethephon. Similarly, #> mentioned the higher biosynthesis of terpenoids in
Cannabis sativa L., upon exogenous application of 100 pM ethephon. As per the data reported by °,
ethephon provides abiotic stress to the aromatic plants and triggers the biosynthesis of abscisic acid,
resulting in the higher production of essential oil. Additionally, Zn-NPs are also known to triggers the
production and release of essential oil with higher menthol percentage as zinc activates the antioxidant
enzymes and stress proteins under abiotic stresses such as excessive salt and severe water shortage **.

3.2.2. Gas chromatographic analysis

The major and minor chemical constituents of essential oil of Mentha arvensis L., grown by applying the
28-homobrassinolide-Ca-NPs-L-lll and ethephon-Zn-NPs-L-ll are shown (Table 1). According to the gas
chromatographic analysis, the I-menthol is a major chemical constituent of essential oil of Mentha
arvensis L., with menthone, 1,8-cineol, eugenol, camphor, myrcene, a-pinene, y-terpinene, linalool, borneol
and d-menthol being the minor one. The menthol (%) of Mentha arvensis L., grown by the application of
28-homobrassinolide-Ca-NPs-L-l1l (82.18 + 0.05%) and ethephon-Zn-NPs-L-ll (84.64 + 0.02%) is much
higher as compared to the control (67.23 + 0.13%) and blank (63.98 + 0.16%). In a previous study, 4° also
reported the higher menthol (38.27%) and menthone (29.87%) contents in essential oil of Mentha piperita
L., by the exogenous application of 24-epibrassinolide (24-eBL). In another study, 3/ reported the 135.9%
increase in the menthol production in corn mint (Mentha arvensis L.), by the foliar application of three
different plant growth regulators (PGRs) including the 28-homobrassinolide.
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Table 1
Gas chromatographic analysis of essential oil of Mentha arvensis L.

Sr. Chemical
No constituents

Essential oil of Mentha arvensis L. grown with the application of PGRs

28-Homobrassinolide-Ca-  Ethephon-Zn- Control Blank
NPs-L-llI NPs-L-l treatment

Percentage composition of chemical constituents

Major Chemical Constituents

1 I-Menthol 82.18+0.05 84.64 + 0.02 67.23+0.13 6398z
0.16

2 Menthone 0.07+0.07 0.0009 + 0.09 4.45+0.04 094+
0.04

3 1,8-Cineol 0.60+0.04 2.69+0.01 10.11+0.05 259z
0.01

Minor Chemical Constituents

1 Eugenol 0.05+0.01 0.003+0.04 1.03+0.03 171+
0.05

2 Camphor 0.07+0.04 0.0009 + 0.02 2.69+0.07 1.31%
0.08

3 Myrcene 16.40+0.05 5.50+0.04 3.91+0.06 2299+
0.03

4 a-Pinene 0.13+0.08 0.12+0.02 0.06+0.15 095+
0.02

5 y-Terpinene 0.18+0.09 1.03+0.09 1.78+0.10 0.89+
0.06

6 Linalool 0.05+0.02 0.39+0.05 2.81+0.03 3.94+
0.10

7 Borneol 0.29+0.01 5.34+0.01 5.93+0.08 0.56
0.06

8 d-Menthol 0.0004 +0.03 0.29+0.08 0.0023 £ 014+

0.07 0.09
Total Percentage 100.00 100.00 100.00 100.00

In some previous researches, #246748 a|so reported the highly positive effects of ethephon (Phosfon D)
sprays on the essential oil production and menthol (%) of different aromatic plants. In addition to the

PGRs, zinc has also been reported to enhance the biosynthesis of menthol in herbaceous plants

41,49,50

In addition to the I-menthol, some exceptions have been observed in other chemical constituents of
essential oil of Mentha arvensis L., such as (a) 28-homobrassinolide-Ca-NPs-L-lll (myrcene: 16.40 +
0.05%) (b) ethephon-Zn-NPs-L-l (borneol: 5.34 + 0.01%) (c) control (menthone: 4.45 + 0.04%, 1,8-cineol:




10.11 £ 0.05% and myrcene: 5.93 + 0.08%) and (iv) blank (myrcene: 22.99 + 0.03% and linalool: 3.94 +
0.10%). According to the 2, these variations in the essential oil constituents might also be due to the
climatic conditions, seasonal variations and number of biotic and abiotic stresses, capable of altering the
biosynthetic pathways of aromatic medicinal herbs.

3.3. Biological activities
3.3.1. Total phenolic contents (TPC)

The results of present study showed that the total phenolic contents of aqueous extracts of Mentha
arvensis L., grown by applying the different types of nanoformulations ranged from 50.41 + 0.02 to 33.11
+0.03 mg/L of GAE. The highest total phenolic contents were obtained by the Mentha arvensis L., grown
by the application of ethephon-Si-NPs-L-l as ethylene releasing compounds have been reported to
enhance the production of phenols in plants. According to °', the exogenous application of ethephon
caused 82% and 20% increase in anthocyanins and 24 hydroxycinnamic acid in hairy root cultures of
black carrot. It has also been reported by °2 that foliar application of ethephon remarkably increased the
total phenolic contents in tempranillo grapes. It has been reported by °3 that 1000 ppm solution of
ethephon increased the total phenolic contents of Citrus limon L. According to the °*, Beta vulgaris L.
exhibited the higher production of total phenolic contents by applying the ethephon. In addition to the
ethephon, some additional impacts might also be attributed to the presence of silica nanoparticles as
silica possesses enough potential to alter the hormonal system of plants. The ®° holds the view that silica
improved the catalytic potential of glucose-6-phosphate dehydrogenase in Mung bean sprouts.

3.3.2. Total flavonoid contents (TFC)

In the present study, the aqueous extracts of Mentha arvensis L., grown by applying all the above
mentioned nanoformulations showed the total flavonoid contents ranging from 136.36 + 0.01 to 14.12
0.12 mg/L of CE. The highest total flavonoid contents were obtained by the aqueous extract of Mentha
arvensis L., grown by the application of 28-homobrassonolide-L-ll because moderate level of plant growth
regulators can trigger the biosynthesis of secondary metabolites, by altering the physiological responses
in Lamiaceae®®. According to °/, 1.0 mg L™ ' dose concentration of 24-epibrassinolide (24-eBL) produced
the highest flavonoid contents in transgenic hairy roots of Echinacea purpurea L. Moench. There are also
some evidences to suggest that 0.0 to 0.5 uM dose concentration of 24-epibrassinolide (EBL) can trigger
the production of secondary metabolites in dragonhead (Dracocephalum moldavica L.) °8. Many scholars
hold the view that 28-homobrassinolide and all the structural analogues can reduce the biotic and abiotic
stresses in medicinal plants by altering the hormonal responses and producing the higher quantities of

antioxidant compounds °°72.

3.3.3. DPPH free radical scavenging activity

The obtained results showed that DPPH free radical scavenging potentials (%) of aqueous extracts of
Mentha arvensis L., grown by applying the above mentioned PGRs ranged from 87.78 +0.17 t0 20.25
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0.06%. Both the 28-homobrassonolide-Si-NPs-L-l and 28-homobrassonolide-Zn-NPs-L-lll showed the
significant improvements in DPPH free radical scavenging potentials because the additional input of
brassinosteroids (as steroidal hormones) stimulate the production of osmotic constituents and
antioxidant compounds in plants. It also regulates the phytohormones and stress responses in aromatic
medicinal herbs 3. It has been reported that exogenous application of homobrassinolide enhanced the
DPPH free radical scavenging potentials of methanolic extracts of Mentha arvensis L. upto 35.83% 64.
The findings of present research work are also supported by the ©°, dealing with the solvent based
extraction (combination of ethylene glycol and choline chloride as deep eutectic solvents) of antioxidant
compounds. According to 3°, higher concentrations of 28-homobrassinolide can enhance the DPPH free
radical scavenging activities of Mentha arvensis L., due to the increased catalytic potentials of carbonic
anhydrases.

3.3.4. Reducing power ability (RPA)

In the present research work, the reducing power abilities of aqueous extracts of Mentha arvensisL.,
grown by applying the above mentioned nanoformulations ranged from 92.37 + 0.23 to 16.55+ 0.01
mg/L of GAE. The highest reducing power ability was exhibited by the aqueous extract of Mentha
arvensis L., grown by application of ethephon-L-l as the lower concentrations of ethylene releasing
compounds trigger the hormonal system of plants, responsible for producing the antioxidants and
phytochemicals . According to 7, Solanum melongena L. also showed the significant variations in
antioxidant compounds by the exogenous application of 0.15% 2-CEPA (ethephon). According to recent
research, exogenously applied ethylene releasing ethephon (2-chloroethyl phosphonic acid) significantly
improved the antioxidant enzymatic system and number of photosynthetic processes in rice (Oryza
sativa L.) ®8. There is another evidence to suggest that ethephon (source of ethylene) induces higher
production of secondary metabolites, more specifically antioxidant compounds in black carrot hairy root

culture ®1.

3.4. Assessment of physiochemical characteristics
3.4.1. Photodegradation

The photodegradation profiles of nanostructured PGRs showed that almost all the NPs are highly photo-
stable. All these chemical compounds showed no change in the UV-Vis spectra ranging from 340 to 800
nm, indicating the longer shelf-life with maintenance of actual structure. Only the small changes were
observed in the UV-Vis spectrum of ethephon-Zn-NPs ranging from 340 to 380 nm. These effects might
be attributed to the m—1* and n—n* transitions of phosphorous based functional groups of ethephon.
As per the data obtained by "Environmental Protection Agency" (EPA), the ethephon (C,H¢CIO5P) is a
highly resistant compound of nature, and shows only slight structural variations when come in contact
with the living organisms of soil, under aerobic conditions ®°. However, ethephon-Zn-NPs showed only
slight variations and these effects can be due to the additional input of nanostructured zinc. In a recently
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conducted research, /% mentioned the significant improvements in thermal stabilities, chemical
characteristics and photocatalytic properties of zinc at nanoscale.

3.4.2. Thermal degradation

Thermaldegradation profile of ethephon, ethephon-Si-NPs and ethephon-Zn-NPs are shown (Fig. 1). The
thermal degradation profiles of nanostructured PGRs showed that all the nanoformulations are highly
thermally stable except for the few as mentioned here in detail. The UV-Vis spectrum of ethephon showed
minor variations, ranging from 340 to 400 nm, due to the release of ethylene gas. In a previous research
article, 7" reported the higher thermal stabilities of ethylene releasing plant growth inhibitors that lead to
the formation of di-hydrogen phosphate under alkaline conditions. In case of ethephon-EDTA-NPs, only
slight fluctuations were observed in the UV-Vis spectrum ranging from 340 to 390 nm. However, these
transitions are very less as compared to the pure ethephon, due to the higher thermal stabilities of EDTA-
NPs. In a previously published research, /2 reported the higher thermal stability of EDTA due to its
degradation temperature ranging from 200 to 260°C. During the decomposition of EDTA, only the
ethylenic bond (C—N) breaks to produce the two stable compounds including the (i) N-(2-
hydroxyethyl)iminodiacetic acid and (ii) iminodiacetic acid.

Similarly, the UV-Vis spectrum of ethephon-Si-NPs also showed some variations in the pattern ranging
from 340 to 540 nm. These minor changes indicated the higher thermal stability of silica based
nanoformulations. In a recently conducted research, 72 reported the higher thermal stability of calcium
silicate hydrate (Ca0-Si0,-Cr(NO3)5-H,0) upto  550°C. The calcium silicate hydrate are thermally stable
up-till 500°C, and starts to change the physical properties and chemical composition at the temperature
greater than 550°C. In the case of ethephon-Zn-NPs, slight variations were observed in the UV-Vis
spectrum ranging from 340 to 390 nm. However, these variations were less pronounced as compared to
the ethephon, due to the presence of Zn-NPs. In a previously conducted research, 7 reported the higher
thermal stabilities of zinc sulphate heptahydrate (ZnS0,.7H,0) upto 120°C. This molecule only shows
the slight variations in the weight, due to the loss of water molecules, at a temperature ranging from 70 to
120°C. By further heating the compound till 260°C, more weight loss was due to the release of sulphate
ions from zinc sulphate.

3.4.3. Leaching potential

The leaching potentials of 28-homobrassinolide, ethephon, 28-homobrassinolide-ED TA-NPs, ethephon-
EDTA-NPs, 28-homobrassinolide-Si-NPs, ethephon-Si-NPs and 28-homobrassinolide-Ca-NPs were
according to the pore size and empty spaces of soil media. However, some exceptions were observed in
the ethephon-Ca-NPs, 28-homobrassinolide-Zn-NPs and ethephon-Zn-NPs. In all these above mentioned
nanoformulations, silt showed more affinity for the nanostructured PGRs as compared to the clay
particles. In the case of ethephon-Ca-NPs, the ethephon showed lower leaching potentials and higher
binding affinities with the silt grains, due to the bond formation in between calcium oxide and silicon
oxide as reported in previous research ’°. In the case of zinc based nanoformulations, both 28-
homobrassinolide-Zn-NPs and ethephon-Zn-NPs showed maximum retention inside the glass column,
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with the minimum wastage of all applied chemicals. These effects might be attributed to the fact that

zinc can form the divalent cations and chelated metal ions when found in aqueous suspension, resulting

in the formation of larger complexes 7°.

3.4.4. MTT cytotoxic assay

The obtained result showed that the average cell survival rate of Mentha arvensis L., treated with the 28-
homobrassinolide and ethephon based nanoformulations was 74.28 + 0.02 and 74.80 + 0.03%,
respectively. The order of viable cell concentration (%) was as follows: (a) 28-homobrassinolide-Zn-NPs
(75.10 £ 0.37) > 28-homobrassinolide-Si-NPs (75.01 + 0.27) > 28-homobrassinolide-Ca-NPs (74.70 + 0.30)
>28-homobrassinolide (74.08 + 0.59) > 28-homobrassinolide-EDTA-NPs (72.52 + 0.28%) and (b) ethephon-
Si-NPs (78.02 + 0.35) > ethephon (74.85 £ 1.61) > ethephon-Ca-NPs (74.16 + 0.47) > ethephon-Zn-NPs
(73.64 + 0.82) > ethephon-EDTA-NPs (73.31 + 0.54%). In a previous study, / recommended the 10”7 M
homobrassinolide spray on Mentha arvensis L., along with the other plant growth regulators such as
triacontanol and irradiated sodium alginates. In another study, 3/ also reported the 10~/ M 28-
homobrassinolide to be optimum for the Mentha arvensis L.

In a previously published article, 38 used the variable concentrations of 28-homobrassinolide (1072, 1078,

10”7 and 10”® M) and reported the highest menthol (%) by applying 10~/ M 28-homobrassinolide. In

k 45

another research wor mentioned the use of 0.5, 1.5 and 2.5 ppm solutions of 24-epibrassinolide (24-

eBL) on the Mentha piperita L. In the previously conducted research, 42 used the 250 ppm solution of
ethephon on the Mentha arvensis L. (peppermint), and reported the significant reduction in essential oil
(%). In another article, 78 used 0.06% ethephon (2-chloroethyl phosphonic acid) on the Japanese mint and

k, *3 used 1 to

claimed the insignificant variations on the essential oil contents. In another research wor
100 uM ethephon solution on the Cannabis sativa L. and reported the significant variations in essential

oil contents, by varying the concentration of PGRs.

3.5. Characterization techniques
3.5.1. Fourier transform infrared spectroscopy (FTIR)

The FTIR spectra of 28-homobrassinolide, ethephon and their corresponding NPs are shown (Fig. 2). In

the FTIR spectrum of 28-homobrassinolide, the less dominant and weaker peaks at 1736.9 and 2079.9
cm™ ! were due to the C = O stretching vibrations and C—H bending vibrations of aromatic ringed
structure. The tapered ended, dominant, sharp and strong peak at 1114.5 cm™ ! represented the C-0
stretching vibrations of 28-homobrassinolide. In the fingerprint region of FTIR spectrum, the sharp and
broad peaks at 674.6 and 868.5 cm™ ! represented the C = C bending vibrations, produced via liberation of
methyl and hydroxyl groups 7°. In the FTIR spectra of 28-homobrassinolide based nanoformulations, only
characteristic peaks are described in detail and rest of the peaks are according to the FTIR spectrum of
28-homobrassinolide. In the FTIR spectrum of 28-homobrassinolide-EDTA-NPs, the strong, broad and

1

deep shouldered peak at 3019.1 cm™ ' indicated the strong stretching vibrations of N-H bonds of amines
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and the broad and strong peak at 1632.6 cm™ ! represented the intense C = O stretching vibrations. The
two broad and strong peaks at 1043.7 and 1114.5 cm™ ! were due to the C—N and C-O stretching
vibrations, respectively &°.

In the FTIR spectrum of 28-homobrassinolide-Si-NPs, the broad and a strong peak at 1080.9 cm™’

was
due to the S = O stretching vibrations and two simultaneous peaks at 648.6 and 998.9 cm™ ' were caused
by the weak 0-Si-0 and strong C = C bending vibrations, respectively 8. In the FTIR spectrum of 28-
homobrassinolide-Ca-NPs, a strong peak at 1628.8 cm™ ! showed the stretching vibrations of C =0 bond,
and a pair of peaks at 1423.8 and 1483.5 cm™ ! were due to the combined effects of stretching vibrations
of strong Ca—0 bond and strong bending vibrations of —OH groups. In addition, two individual peaks at
883.4 and 1110.7 cm™ ! were due to the weak Ca—0 bond and strong C-0 stretching vibrations 2. In the
FTIR spectrum of 28-homobrassinolide-Zn-NPs, five individual peaks at 451, 667.2, 745.5, 872.2 and
1084.7 cm™ ! were due to the strong ZnO bond, C = C bending vibrations and stretching and bending

vibrations of SO;2 ions 74,

In the FTIR spectrum of ethephon, five sharp, weak and simultaneous peaks at 3000.5, 3213.0, 3309.9,
3406.8 and 3526.1 cm™ ! indicated the strong stretching vibrations of —OH groups, due to the presence of
intra-molecularly bonded alcoholic functional groups. In the next portion, two weak and broad peaks at
2703.3 and 2914.8 cm™ ! were caused by the —OH and C—H stretching vibrations. Just before the

1, and sharp and weak peak

fingerprint region of FTIR spectrum, the broad and strong peak at 1654.9 cm™
at 1751.8 cm™ ! were caused by the stretching vibrations of carbonyl groups. In the next portion, two
sharp and strong peaks at 1438.8 and 1498.4 cm™ ! were mainly attributed to the C—H bending vibrations,
due to the presence of methylene functional groups. In this series, some multiple peaks at 1222.6, 1271.0,
1312.0 and 1386.6 cm™ ! were due to the stretching vibrations of P-0 and P = 0, indicating the presence
of phosphate functional groups. Some additional pointed and sharp peaks at 820.0, 719.4 and 752.9
cm™ ! were caused by the strong stretching vibrations of C—Cl bonds. Similarly, some multiple peaks at
674.6,868.5 and 987.7 cm™ ', and 1021.3, 1056.0 and 1110.7 cm™ ! were due to the C=C and C—-H
bending vibrations and C-0 stretching vibrations, respectively 83. In the FTIR spectra of ethephon based
nanoformulations, only characteristic peaks are described in detail and rest of the peaks are according to
the FTIR spectrum of ethephon.

In the FTIR spectrum of ethephon-EDTA-NPs, two sharp and weak peaks at 3015.4 and 3526.1 cm™ ', and
two merged and broad peaks at 3313.6 and 3406.8 cm™ ! were caused by the N-H and —OH stretching
vibrations. In addition, a pointed, broad and strong peak at 1654.9 cm™' and a sharp and shouldered
peak at 7151.8 cm™ ! were due to the C = O stretching vibrations °. In the FTIR spectrum of ethephon-Si-
NPs, two pointed, sharp and weak peaks at 652.3 and 872.2 cm™ ! were mainly attributed to the presence
of 0-Si—0 and Ca—0 bonds, respectively 81. In the FTIR spectrum of ethephon-Ca-NPs, two broad and
strong peaks at 1319.3 and 1565.5 cm™ ! and a sharp, medium peak at 1722.0 cm™ ' were due to the
combined effects of stretching vibrations of P-0 and P = O bonds and weak Ca—0 bonds of reacting
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molecules, and stretching vibrations of C=C and C = O bonds, indicating the release of chlorine atoms
from ethylene-releasing-compounds. Similarly, a pointed, sharp and independent peak at 872.2 cm™' was
mainly caused by the Ca—0 bond stretching vibrations 82. In the FTIR spectrum of ethephon-Zn-NPs,
some pointed, sharp and singlet peaks at 451 and 652.3 cm™ ! were due to the ZnO stretching vibrations
and fundamental vibrations of SO;2 ions. In the next portion, some multiple peaks at 1121.9 and 1155.5
cm™ ' and 1358.8 and 1408.9 cm™ ' were due to the fundamental vibrations of SO;2 ions and strong S =
O stretching vibrations, respectively /4.

3.5.2. Laser induced breakdown spectroscopy (LIBS)

The LIBS spectra of 28-homobrassinolide, ethephon and their corresponding NPs are shown (Fig. 3). The
elemental analysis of all above mentioned samples was made possible by obtaining the emitted
wavelengths of analytical samples during the atomic transitions. These transitions were recognized by
the use of NIST (National Institute of Standard and Technology) data base. Some of the major and minor
identified elements were as follows: (a) 28-homobra-ssinolide: C(lll) and O(ll) (b) ethephon: CI(I), O(Il) and
CI(Il) (c) 28-homobrassinolide-EDTA-NPs: Na(l), C(1l), CI(I), N(Il) and O(ll) (d) ethephon-EDTA-NPs: C(ll),
Na(ll), O(ll), Na(l), CI(ll) and C(I) (e) 28-homobrassinolide-Si-NPs: C(Il), Ca(l), Si(ll), 0(V), C(1), Ca(l), CI(1),
s, s, ci(in), ca(l), Na(lr), Ca(lll) and O(ll) (f) ethephon-Si-NPs: C(1), Ca(lll), CI(1), 0(1V), S(II), CI(I),
Na(ll) and Ca(ll) (g) 28-homobrassinolide-Ca-NPs: C(1l), N(lll), C(I), Ca(l), Na(ll), N(II), O(1I), Ca(ll), Na(l) and
Ca(lll) (h) ethephon-Ca-NPs: C(l), Ca(lll), CI(l), O(IV), CI(lll), Ca(ll) and Na(ll) (i) 28-homobrassinolide-Zn-
NPs: C(Il), O(ll), Na(ll), Na(l), S(II), N(I1) and S(lll) and (j) ethephon-Zn-NPs: C(1l), N(ll), Ca(lll), CI(l), S(II),
N(II), S(I11), 0(1V), Na(ll), C(1) and Zn(ll) 84.

3.5.3. Differential scanning colorimetry-thermogravimetric
analysis (DSC-TGA)

The DSC-TGA curves of 28-homobrassinolide and ethephon are shown (Fig. 4). The thermal analyses
were performed to check the range of degradation temperature of 28-homo-brassinolide and ethephon,
prior to the preparation of nanostructured PGRs. The DSC-TGA curves were obtained by heating the PGRs
upto 300°C, to check the gradual weight loss with respect to temperature. The thermogram obtained by
the 28-homobrassinolide showed no weight loss till 50°C, only 15% weight loss till 150°C and again no
weight loss up-till 300°C. At the temperature greater than 300°C, the exothermic reaction of thermal
pyrolysis dominated and lead to the sudden weight loss upto 92 to 98%, as reported for brassinosteroid-
modified polyethylene glycol micelles and various other structural analogues 8°2%. In case of DSC-TGA
curves of ethephon, the thermogram showed no change in the weight till 200°C, only 35% weight loss till
230°C and almost 20% weight loss till 300°C. In a previous study, &/ reported the melting of ethephon at
73.3°C and thermal decomposition upto 250 to 400°C.

3.5.4. Scanning electron microscopy (SEM)
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The SEM images of 28-homobrassinolide-Ca-NPs and ethephon-Zn-NPs are shown (Fig. 5). The SEM
images of 28-homobrassinolide-Ca-NPs showed that the average particle size of prepared formulations
ranged from 100 nm to 5 pm, having ovoid to spherical and irregular shape. The black spots and empty
spaces in the SEM images are representative of the higher surface area to volume ratio, indicating the
better assimilation of nanostructured PGR in the roots of Mentha arvensis L. These types of
nanoformulations have not been reported yet, however literature strongly supports the obtained results
and surface morphologies, with respect to the calcium based nanofertilizers. The edgy structure, hollow
areas, dark spots, and smaller particle size are some of the major characteristic features, responsible for
the slow release of attached water molecules. These types of nanoformulations have proved to be the
ideal candidate for the geographical areas, having restricted availability of water. In some recently
published research articles, 88790 reported the significant improvements in surface properties and water
holding capacities of nanoparticles, as compared to their bulk counterparts. In another previous research
article, °" also reported the larger surface area and improved characteristic properties of calcium oxide
nano-particles due to the higher rate of agglomeration.

The SEM images of ethephon-Zn-NPs showed that the nanoparticles ranged from 100 nm to 5 pm,
having hexagonal to columnar and cuboidal to diamond like shape. The small particle size and large
empty spaces are the major characteristic features of zinc based nanoformulations °2. In a recently
published research article, °° reported the spherical shape carbon balls enclosing the zinc sulphate nano-

hybrids, for the fast and efficient delivery of zinc in the Oryza sativa L. In another research, °*

reported the
spherical shape of ZnO nanoparticles, as a remedy for the rice crops. In a recent research article, °° also

used the zinc sulphate (ZnS0,) nanoparticles on coffee (Coffea arabicaL.). In a previous research work,

96 reported the spherical and merged balls of zinc oxide nanoparticles, prepared via microwave assisted
method. In another article, °’ mentioned the spherical aggregated ZnO nanoparticles having particle size
of 1 um, prepared through green synthesis using Hibiscus rosa-sinensis.

3.5.5. Atomic absorption spectroscopy (AAS)

The zinc sulphate is a micro-nutrient of plants, having lower concentration (0.00022 g/L) as compared to
the various other macro-nutrients and complexing agents. During the elemental analysis via LIBS, zinc
was found to be below the detectable range of AvaSpec spectrometer. Therefore, the obtained
concentrations of zinc were detected by the AAS. The results showed that the obtained concentrations of
zinc in 28-homobrassinolides-Zn-NPs and ethephon-Zn-NPs were 0.125+ 0.07 and 0.141 £ 0.14 ppm,
respectively. These results were comparable with the added concentrations of zinc as per the previously
published research article “C. The slight variations in the final concentrations of zinc might be attributed
to the leaching of Zn-NPs, during the process of washing and filtration.

3.6. Statistical analysis

The highest menthol (%) of Mentha arvensis L., grown by the application of 28-homobrassinolide-L-I
(79.72%), 28-homobrassinolide-EDTA-NPs-L-I (79.58%), 28-homobrassinolide-Si-NPs-L-| (54.9%), 28-
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homobrassinolide-Ca-NPs-L-Ill (80.84%) and 28-homobrassinolide-Zn-NPs-L-lll (72.58%), and ethephon-L-I
(67.59%), ethephon-EDTA-NPs-L-Il (68.06%), ethephon-Si-NPs-L-Il (80.94%), ethephon-Ca-NPs-L-lI
(81.53%) and ethephon-Zn-NPs-L-Il (81.93%) were statistically compared with the control (67.19%) and
blank (63.93%) treatments. The p-values obtained by the one way analysis of variance (ANOVA) were less
than 0.05, indicating the higher statistical variability among all the obtained percentages. The post-hoc

Tukey HSD test also indicated the significant variations among the different pairs of treatments, in all the

possible combinations 34.

4. Conclusions

The 28-homobrassinolide and ethephon are two effective biostimulants in enhancing the release of
secondary metabolites and production of menthol in Mentha arvensis L. However, the prepared nano-
structured formulations have proved to be more effective in stimulating the bio-synthesis of secondary
metabolites in Mentha arvensis L., as compared to the pure PGRs. The highest essential oil percentage of
Mentha arvensis L. was obtained by the application of 28-homobrassinolide-Zn-NPs-L-Il and ethephon-
Ca-NPs-L-lll. The highest menthol contents of Mentha arvensis L. were obtained by the application of 28-
homobrassinolide-Ca-NPs-L-lll and ethephon-Zn-NPs-L-Il.
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Figure 1

Thermaldegradation profile of ethephon, ethephon-Si-NPs and ethephon-Zn-NPs
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Figure 2

Fourier transform infrared (FTIR) spectroscopic analysis
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Laser induced breakdown spectroscopic (LIBS) analysis
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Differential scanning colorimetry—thermogravimetric analysis (DSC-TGA)
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Figure 5

Scanning electron microscopic (SEM) images
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