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Abstract

Weed control poses significant challenge to agriculture, warranting the development of effective
but environmentally safe herbicides. Encapsulation of plant essential oils (EOs) with herbicidal
properties in nanoscale polymers can offer high loading capacity, as well as controlled and tunable
agrochemical delivery. This study investigated the use of encapsulated thyme EO against redroot
pigweed (Amaranthus retroflexus L.), a difficult-to-control weed resistant to multiple herbicides.
Three volumes of thyme EO (500, 750 and 1000 pL) were encapsulated in a silica nanoparticles
(SiNPs) suspension to achieve 250 pL/mL (hereinafter ‘“500°”), 375 uL/mL (hereinafter ‘<750°),
and 500 pL/mL (hereinafter ‘“1000°*) EO concentrations. The efficacies of these preparations were
compared to that of pristine EO. The loading efficiencies were 26%, 42%, and 64% for the ‘*500”’,
““750”°, and ‘“1000°* EO preparations, respectively. TEM revealed spherical and regular SiNPs
with a size range of 220-300 nm. FT-IR confirmed EO loading by the presence of characteristic
peaks of isoprenoids and isomeric compounds. Herbicidal bioassays with pristine thyme EO in
post-emergence treatments on A. retroflexus seedlings exhibited significant (p< 0.05)
concentration-dependent herbicidal activity, reducing shoot biomass by 85% at the highest tested
concentration (‘‘1000°”), compared to the Control (Tween 20). Encapsulation with SINPs enhanced
the herbicidal efficacy at the highest concentration by 96%. Compared to the pristine EO, EO-
SiNPs also induced significant ROS production at the highest concentration, leading to cell
membrane damage and imbalanced antioxidant system, as demonstrated by increased shoot
malondialdehyde content (40%) and activities of the antioxidant enzymes, APX (65%), CAT
(52%), and SOD (36%). These results suggest significant potential for developing an effective

nano-bioherbicide using thyme EO encapsulated in SiNPs.

Key words: Herbicidal activity; thyme essential oil; silica nanoparticles; encapsulation; enhanced

agrochemical delivery.
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1. Introduction

Weed species pose a significant challenge to modern agriculture, and in conjunction with nutrient
and water deficiency, causes major yield depletion and crop loss (Bindraban et al. 2018; Awio et
al., 2023). Globally, crop loss due to weed infestation is estimated at 31.5% (Kubiak ef al., 2022),
prompting the extensive use of herbicides (Qu et al., 2021). Glyphosate is by far the most widely
applied active compound and is used in more than 750 different herbicide formulations. This large
use is intensified by the spread of glyphosate-tolerant transgenic plants (Perry et al., 2016; Nagy et
al., 2019). Nevertheless, widespread application of these agrochemicals causes adverse
environmental impacts, significant human health concerns, and weed resistance (Taban et al., 2020;
Mubeen et al., 2023). In addition to these issues are the uncertainties associated with food
insecurity and climatic variabilities and extremes (Zhao et al., 2017). Juxtaposed with the
postulation that the global population is projected to reach 9.7 billion by 2050 which warrants an
increase in food production of 25%—70%, it has become critically necessary to respond to the grave

issues affecting crop production (Hunter et al., 2017; UN, 2024).

Consequently, novel and sustainable strategies for crop protection are needed under these adverse
conditions and projections. In this regard, nanotechnology has had a profound influence across
various research fields, including agriculture, particularly in the development of nano-scale
agrochemicals, including fertilizers, pesticides and herbicides (Adisa ef al., 2019; Vaidya et al.,
2024). Nanoherbicides have demonstrated significant potential for weed control, with various types
of nanoherbicides being developed utilizing both organic and inorganic nanocarriers (Takeshita et
al.,2021; Dong et al., 2021; Pontes et al., 2021; Lima et al., 2021). Studies have shown that nano-
enabled herbicides can offer greater efficiency and environmental advantages than conventional
herbicides (Pontes ef al., 2021; Mariana et al., 2022). This is due to their higher diffusion rates,
improved adhesion, and longer contact time on leaf surfaces (Peixoto et al., 2021). Inorganic
nanomaterials, such as silica, silver, and mesoporous silica nanoparticles (MSNs), are frequently
used to enhance herbicidal performance by efficiently encapsulating organic molecules and
providing controlled and even tunable active ingredient release (Ghazali et al., 2021; Mariana et
al., 2022). Despite their increased effectiveness, the active ingredients in many nanoherbicides are

often synthetic molecules that have the tendency to persist in the soil and pose environmental
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hazards. Hence, there is growing interest in using natural products as active ingredients (Taban et

al., 2020).

Aromatic plant extracts, particularly essential oils (EOs), are emerging as green alternatives to
synthetic herbicides due to their beneficial properties (Li ef al., 2023). In recent years, EOs have
gained attention owing to their diverse active compounds that have shown significant potential for
the control of various weed species (Araniti ef al., 2020; El Mahdi et al., 2020; Zhou et al., 2021).
These active compounds, referred to as allelochemicals, offer several advantages: they are
biodegradable, generally safe for human and environmental health, and exhibit diverse modes of
action (Anese et al., 2015). Reported mechanisms include cell injury, oxidative stress damage,
DNA and RNA damage, and photosynthesis inhibition, ultimately leading to cell death (Kaur et
al.,2021). The herbicidal mechanisms of EOs are complex, diverse, and insufficiently elucidated.
However, EOs from several plant species are currently being considered for commercial herbicide
products formulation. As of 2020, seven commercial bioherbicides — Matratec, GreenMatch,
GreenMatchEX, WeedZap, Weed Slayer, Avenger Weed Killer, BloWeed, and WeedLock — were
registered and available in the USA, Australia, and Malaysia. For example, BioWeed (Barmac,
Lidcombe, Australia), Avenger Weed Killer (Avenger Products, LLC, Buford, Georgia), and Weed
Slayer (Agresearch International, LLC, McKinney, United States) have been used to effectively
control Ochna serrulata Walp., Digitaria sanguinalis (L.) Scop., and Echinochloa crus-galli (L.)
P. Beauv., respectively (Travlos et al., 2020; Verdeguer et al., 2020). Notably, EOs are
hydrophobic, chemically unstable, and easily degraded, all of which can complicate their use (Luo
et al., 2022). However, nanoparticles can be used to protect EOs and enhance their stability against
environmental conditions, necessitating the development of bio-nanostructured systems such as

nanocapsules.

Given the well-known herbicidal potential of EOs from Thymus sp. pl., in the current study, a novel
bio-nanoherbicide was synthesized by encapsulating the EO from Thymus vulgaris cultivar Varico
3 within nanoscale silica (SiNPs). The SiINP-EO formulation was characterized and then assessed
for herbicidal activity on redroot pigweed (Amaranthus retroflexus L.). The choice of T. vulgaris
cv. Varico 3 was motivated by its botanical and agronomic characteristics; it is a hybrid developed

for a higher EO content, stability of molecules and constant production of fresh biomass.
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Importantly, only few studies have explored the nanoencapsulation of EOs for herbicidal activity.
The specific objectives of this study, therefore, were (i) to synthesize SiNPs and to load thyme EO
into this nanocarrier; (ii) to assess the herbicidal efficacy of emulsions of pristine and SiNPs-
encapsulated EO against Amaranthus retroflexus L.; and (ii1) to determine the mechanisms of

action of the synthesized nanoherbicide.

2. Materials and methods

2.1. Plant material and EO extraction and characterization

Aerial tissues of Thymus vulgaris cultivar Varico 3 were collected at the full flowering stage in
May 2022 from the experimental farm of the University of Bari in Policoro, Basilicata, Italy. The
essential oil (EO) was extracted by hydro-distillation and characterized by gas chromatography
coupled with mass spectrometry in a previous study (Boukhalfa et al., 2024). The EO was stored
at 4°C until used in the present study. The chemical composition of the EO is presented in Table

1.

Table 1. Chemical composition of Thymus vulgaris cultivar Varico 3 EO.

N° | Compound KI' | KI? | Content (%)
01 | a-thurjene 926 [924 |0.48
02 | a-pinene 936 |940 | 1.03
03 | camphene 954 1950 |0.88
04 | verbenene 967 | 968 |0.05
05 | B-pinene 979 980 |0.21
06 | myrcene 991 992 |0.52
07 | a-terpinene 1017 | 1012 | 0.13
08 | p-Cymene 1022 | 1021 | 35.63
09 | limonene 1029 | 1026 | 1.18
10 | 1,8 cineole 1031 | 1028 | 3.53
11 | y-terpinene 1059 | 1058 | 2.65
12 | terpinolene 1088 | 1088 | 0.48
13 | linalool 1096 | 1103 | 2.57
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Ne° Compound KI' | KI? | Content (%)
14 | camphor 1143 | 1142 | 1.66
15 | borneol 1165 | 1166 | 1.47
16 | p-mentha-1,5 dien-8-0l 1170 | 1174 | 1.76
17 | thymol methyl ester 1235 | 1234 | 1.97
18 | thymol 1290 | 1293 | 20.3
19 | carvacrol 1298 | 1300 | 11,76
20 | B-cedrene 1418 | 1404 | 7.69
21 | caryophyllene oxide 1581 | 1573 | 5.57
Identified components (%) 100%
Monoterpene hydrocarbons 52.39
Oxygen-containing monoterpenes 38.09
Sesquiterpene hydrocarbons 4.76
Oxygen-containing sesquiterpenes 4.76
Others --

KI: Kovats index, !: Literature, 2: Calculated.

2.2. Synthesis of Si nanoparticles and EO-SiNPs

Silica nanoparticles (SiNPs) were prepared according to Wang et al. (2010) with slight
modifications. Briefly, a mixture of 515 mmol ethanol, 33 mmol of deionized water (DI), and 32
mmol of ammonium hydroxide (25%) was prepared. The solution was stirred at 300 rpm while 2
mmol tetraethyl orthosilicate (TEOS, 98%) was gradually added as the silica source over a period
of 6 h. The mixture was then left to stir overnight. The resulting white precipitate was separated by
centrifugation for 5 cycles (2400 rpm, 5 min each at 25°C), thoroughly washed with DI water, and
then dried under vacuum at 75°C for 24 h. The dried SiNPs were resuspended in ethanol at 50
mg/mL. Subsequently, three volumes (500, 750 and 1000 pL) of thyme EO in ethanol were added
to the SiNPs suspension to achieve EO concentrations of 250 pL/mL (hereinafter <*500°*), 375 uL
/mL (hereinafter ““750°”), and 500 uL/mL (hereinafter ‘“1000°”), respectively, as per Zhang et al.
(2021). The suspensions were then ultra-sonicated for 20 min and the resultant uniform suspensions

were allowed to incubate at ambient temperature overnight to evaporate the solvent.
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2.3. Characterization of EO-SiNPs
Characterization of EO-SiNPs involved several analytical techniques to determine the zeta
potential, particle size distribution, morphology, and loading efficiency of the silica nanoparticles.

Zeta Potential and Particle Size Distribution

The zeta potential and particle size distribution of the pristine (blank) SiNPs and EO-SiNPs were
measured using a Malvern Zetasizer (model Nano ZS90). The electrophoretic mobility and
dynamic light scattering (DLS) analyses were performed with aqueous dispersions of 0.1 g of
samples in 1 mL of DI water, conducted in sextuplicate for zeta potential and in triplicate for

particle size distribution.
Morphology and Particle Size Analysis

The morphology and particle size of pristine SiNPs and EO-SiNPs were determined by
transmission electron microscopy (TEM). Briefly, 0.1 g of each sample was placed in 1 mL of DI
water and subjected to ultrasonic treatment for 10 min to maintain particle dispersion.
Subsequently, 2 ul of the aqueous particle dispersion was allowed to evaporate on a circular carbon-
coated copper grid for 20 min. The samples were observed at an operating voltage of 100 kV using

a Hitachi HT7800 RuliTEM (Japan).
Fourier Transform Infrared Spectroscopy (FT-IR)

The loading of EO into SiNPs was further evaluated using Fourier transform infrared spectroscopy
(FT-IR, Invenio S, Bruker Co., Germany). FT-IR spectra for blank SiNPs, pristine EO, and EO-
SiNPs were recorded within the range of 500—4000 cm—1 to identify characteristic absorption

bands corresponding to known functional groups.
Loading Efficiency (LE%)

The loading efficiency of EO in SiNPs was determined according to Sattary et al. (2020). Briefly,
EO-SiNPs were dispersed in 2 mL of acetonitrile, and the mixture was centrifuged at 5000 rpm for
10 min at 25°C. The absorbance of the supernatant was measured at 240 nm using a UV—-Vis
spectrophotometer (SpectraMax M?2; Molecular Devices, Sa Jose, United States). The
concentration of EO was estimated using a standard calibration curve for pristine thyme EO. The

loading efficiency (LE %) was calculated using the following equation:
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LE % = (Amount of loaded EO)/ (Mass of loaded nanocapsules) x 100

2.4. Biological assays

2.4.1. Assessment of the herbicidal activities of pristine EO and EO-SiNPs

The herbicidal activity of freshly prepared pristine thyme EO and EO-SiNPs were tested against
the weed species Amaranthus retroflexus. Emulsions of pristine EO were prepared according to
Abd-El Gawad et al. (2020). Briefly, preparations of ‘*500°°, *“750*’, and ‘“1000°” EO and EO-
SiNPs were diluted in 2 mL Tween 20, followed by the addition of 100 mL of DI water to the
suspensions. Suspensions of Tween 20 and pristine SiNPs served as negative controls, while a
pelargonic acid-based commercially available bio-herbicide (Scythe herbicide, 57% w/w
pelargonic acid) was used as a positive control at a concentration coinciding with the highest EO
concentration in the preparations. Biological assays were conducted under greenhouse conditions
to evaluate the effectiveness of pristine EO and EO-SiNPs on weed seed germination and early
seedling growth as a post-emergent treatment. First, seed viability was assessed through a
germination test, where 100 seeds were sown in 90 mm Petri dishes fitted with two layers of
Whatman filter paper wetted with 3 mL of distilled water. The Petri dishes were sealed with
parafilm and placed in a controlled growth chamber maintained at 24 + 1°C with a 16/8 h light/dark
cycle. After 7 days, the number of germinated seeds was counted, and the percentage of
germination was calculated. The effectiveness of the treatments was subsequently estimated in
dose-response bioassays with the weed seedlings. Specifically, to evaluate their impact on seedling
growth, pre-cultivation of the weed species was undertaken. Seeds were allowed to germinate in
the greenhouse at 22-25°C and 50-60% humidity, in nursery trays of 72 holes fitted with peat, until
the emergence of two true leaves. Germinated seedlings were then transplanted into pots (1000 ml)
filled with peat. Prior to transplanting, the pots were irrigated with water at optimal holding
capacity and were allowed to equilibrate and leach any excess water. The treatments were applied
as contact treatments by spraying with a micro-sprayer to ensure homogeneity. Each seedling
received 5 ml of the treatment once they reached the phenological stage of three to four true leaves,
corresponding to 13—-14 on the BBCH scale, which is conventionally used to identify the
phenological development stages of plants. Treatments were applied once for the ‘“1000°” EO, EO-
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SiNP, and the commercial herbicide preparations (5 ml x 1 application); and twice for the ‘750"’
and ‘“500’ EO and EO-SiNP preparations and the Tween 20 and SiNP controls (5 ml x 2
applications). All pots were placed in a greenhouse maintained at 22-25°C with 50-60% humidity,
and were monitored daily for irrigation when necessary. All treatments and controls were replicated
three times. Plants were visually evaluated for potential herbicidal effects after 24 h. At the end of
this period, all plantlets were then harvested for biomass determination, cell injury assessment, and

evaluation of antioxidant enzyme activities.

Cell injury indices

Several assays were conducted to evaluate the physiological impacts induced in 4. retroflexus as a
function of the treatments. To assess cell injury, lipid peroxidation levels were estimated by
measuring malondialdehyde (MDA) content. Plant extraction was performed following the method
of Ma et al. (2013). Briefly, plant samples were ground into fine powders in liquid nitrogen, and
samples were extracted using a 0.1% trichloroacetic acid (TCA) solution. Subsequently, 160 pL of
plant extract was mixed with 400 puL of 2% TCA and 0.5% thiobarbituric acid (TBA). The mixture
was heated at 95°C for 30 min and then cooled on ice. The absorbance was measured using a UV—
Vis spectrophotometer (SpectraMax M2; Molecular Devices, Sa Jose, United States) at 532 nm
and 600 nm.

2.4.2.Evaluation of total soluble protein content and antioxidant enzyme activities
Biochemical analyses were conducted to evaluate the protein content and the activation of the
enzymatic antioxidant defense system in the treated plants. The activities of three antioxidative
enzymes were selected for this study, namely ascorbate peroxidase (APX), catalase (CAT), and
superoxide dismutase (SOD). Enzyme extraction followed the protocols of Tamez et al. (2020).
Briefly, plant samples were ground into fine powders in liquid nitrogen and tissues were extracted
using a 25 mM potassium phosphate buffer. The protein content was determined according to the
method described by Bradford (1976). APX activity was estimated based on its ability to catalyze
the conversion of ascorbic acid to ascorbate and H>O, (Medina-Velo ef al., 2018). For this assay,
40 pL of enzyme extract was mixed with 228 pL of ascorbic acid and 532 pL of 0.4 mM H,O,.
The decrease in absorbance of H>O; at 290 nm was measured kinetically at 25°C during a 2-min
interval using a UV-Vis spectrophotometer. CAT activity was assessed based on its ability to

catalyze the decomposition of hydrogen peroxide (H20:) to water (Medina-Velo et al., 2018). For
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this assay, 40 uL of enzyme extract was mixed with 760 puL of 10 mM H>O; buffer. The decrease
in absorbance of H20» at 240 nm was measured kinetically at 25°C during a 3-min interval. SOD
activity was determined using the photochemical reduction of nitroblue tetrazolium (NBT) method
(Medina-Velo et al., 2018; Tamez et al., 2020). Briefly, 13 puL of enzyme extract was mixed with
707 uL of buffer solution containing 500 uM NBT, 78 mM L-methionine, 1.5 mM EDTA, and 100
mM potassium phosphate buffer. Eighty uL of 0.02 mM riboflavin solution was added in the dark.
The solution was illuminated for 15 min in a light box, and the absorbance was measured at 560

nm using a UV—Vis spectrophotometer.
2.4.3.EO profile in treated seedlings

To confirm EO accumulation in 4. retroflexus leaves, a phytochemical residue analysis of the main
compounds in thyme essential oil was performed. After 24 h of exposure to the pristine EO and
EO-SiNPs treatments, secondary metabolites were extracted from all samples (treated and negative
controls) using methanol at a 1:3 (plant sample: methanol; w/v) ratio. The extraction procedure
was repeated three times for each sample. The resulting extracts were pooled and filtered for
chemical analysis (Vendan et al., 2017). Thymol, carvacrol, and p-cymene were quantified using
gas chromatography-mass spectrometry (GC-MS) with an Agilent 6890N chromatography system
coupled to a 5975-Mmass Spectrometry detector (Agilent Technologies, USA), employing an HP-
5 MS capillary column (30 m x 0.25 mm, 0.25 pm film thickness). The GC column temperature
program started at 50°C for 5 minutes, increased to 300°C at a rate of 15°C/min, and was then held
at 300°C for 3 min. The injection temperature was set at 290°C, and helium was used as the carrier
gas at a flow rate of 0.8 mL/min. Mass spectra were recorded in the 70 eV electron ionization mode.
The EO compounds were identified by matching their retention times and mass spectra with those

available in the GC-MS WILEY database.
2.5. Statistical analysis

Data obtained in these studies were statistically analyzed using Minitab® version 19.2020.1
(Minitab Software, State College, Pennsylvania, USA). A one-way analysis of variance (ANOVA)
was performed to evaluate the effects of the treatments on root and shoot biomass, cell injuries,
and antioxidant enzyme activities. Differences among means were assessed using Tukey’s test.
Statistical significance was accepted at a probability level of less than 0.05 (p < 0.05) (Shedden,
2015).
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3. Results and Discussion

3.1. Characterization of EO-SiNPs

The morphology and size of SINPs and EO-SiNPs were determined using TEM. The SiNPs showed
a regular spherical appearance and particle size ranging between 220 and 300 nm. TEM further
confirmed that the EO were successfully loaded into the SiNP. The EO was distributed in both the
internal and external surfaces of SiNPs, with loading appearing to affect particle size, but not
morphology (Figure 1). These results are consistent with those reported by Sattary et al. (2020)
and Yan et al. (2022), who demonstrated that SiNPs and mesoporous silica nanoparticles (MSNPs)
are mostly spherical and that loading of the EOs did not affect nanoparticle morphology.
Interestingly, Sattary ef al. (2020) and Yan ef al. (2022) estimated their particle sizes to be around
50-70 nm and 100 nm, respectively. On the other hand, Attia et al. (2023) reported that cinnamon
EO encapsulated in MSNPs were approximately 500 nm. It appears that the large disparities in
particle size are modulated by the effect of the molar ratio (TEOS to NH3) as previously noted by
Prasad et al. (2020) as well as on the type of base used in the preparation. Indeed, while Sattary et
al. (2020) and Yan et al. (2022) used sodium hydroxide, Attia et al. (2023) used ammonium
hydroxide, as in our study.

Figure 1. TEM images of SiNPs (Left) and EO-SiNPs (Right)).

Hydrodynamic diameter and zeta potential are crucial parameters in determining the availability
and colloidal stability of nanosuspensions, with lower particle size often enhancing the

physicochemical properties of a nanomaterial delivery system (Hasani et al., 2018). The particle
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size distribution of pristine SiNPs and EO-SiNPs were 236.77+5.18 nm and 694.27+20.85 nm,
respectively, indicating considerable size difference between the two types of materials as also
indicated by TEM. These findings can be compared with those of Hasani ef al. (2018) and Taban
et al. (2020), who reported particle sizes ranging from 339.3 to 553.3 nm and 85.6 to 208.4 nm for
different EOs encapsulated in organic polymers, including Gum Arabic, Persian gum/gelatin, and
chitosan. The zeta potential for the unloaded silica was -74.00+0.38 mV, while for the EO-SiNPs
it was -80.43+0.84 mV. According to Bhattacharjee ef al. (2016), zeta potential is correlated with
the stability of particle dispersions, with the following scale: 0—10 mV (highly unstable), 10-20
mV (relatively stable), 20—30 mV (moderately stable), and >30 mV (highly stable). Hence, the zeta
potential analysis clearly suggested that EO-SiNPs form highly stable nanosuspensions, which is
consistent with previous reports by Nithiyanantham et al. (2022).

FT-IR analysis shows the symmetric stretching vibration of Si-O-Si (743 cm™) and the asymmetric
stretching vibration of Si-O-Si (1046 cm™) and hydroxyl groups (OH) in silica (3313 cm!) in the
SiNPs spectrum, which agrees with Prasad et al., (2020) and Yan et al. (2022). The absorbance
bands of the EO-loaded SiNPs were different from the pristine SiNPs. Symmetric Si-O-Si,
asymmetric Si-O-Si, and O-H band stretching vibration shifted to 950 cm™, 1093 cm™ and 3349
cm’!, respectively. The EO-SiNPs spectrum clearly demonstrates the loading of the EO into SiNPs,
with two new peaks at 802 and 941 cm’!, characteristic of C—H out-of-plan bending vibration from
isoprenoids and isomeric compounds like thymol, carvacrol, p-cymene and 1,8 cineole. In addition,
for the EO-SiNPs spectrum, an overlapping of stretching vibrations of different groups was evident.
These results are in line with previous studies (Topala et al., 2016; Moisa et al., 2019; Cozzolino

et al., 2023) (Figure 2).
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Figure 2. FT-IR spectra of pristine SiNPs (Nano-Si), EO and EO-SiNPs (Nano-Si-
EO).

The loading of SiNP with EO was examined by UV-Vis spectrophotometry. LE % was obtained
using a standard curve (y=0.0521x+0.0009, R>= 0.9834). The LE analysis showed that 64% (w/w),
42% and 26% of EO were encapsulated in the SiNPs, respectively, for the “500°°, “*750°°, and
““1000° EO preparations. This low LE % is mainly due to the high water solubility of p-cymene
(23.4 mg/ml) (Banerjee, 1980, in Jobdeedamrong et al., 2018). In this study p-cymene is the main
components of the thyme EO.

3.2. Assessment of the herbicidal activities of pristine EO and EO-SINPs

The herbicidal effect of pristine thyme EO and EO-SiNPs against 4. retroflexus post-emergence
was assessed in a dose-response assay. Significant damage to treated seedlings was observed after
the first application with both treatments, with variability as a function of treatment type and dose.
The EO-SiNPs treatment group caused the most severe necrosis in seedling shoots at 24 h, resulting
in total wilting at the highest dose. A similar effect was observed in seedlings treated with pristine
thyme EO at the same concentration, although the toxicity was less pronounced at lower
concentrations of both materials, while no evident damage was noticed for seedlings treated with

the commercial herbicide used as a positive control after 24 h of exposure (Figure 3).



338
339

340
341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357

SiNP Control  EO-SINP (500) EO-SINP (750) EO-SINP(1000) Scythe Herbicide

Tween 20 EO (560) EO (750) EO (1000) Scythe Herbicide
Figure 3. Photographs depicting the wilting symptoms induced by the treatments. (a): Seedlings
treated with EO-SiNPs at various EO concentrations: 250 pL/mL (*500°), 375 uL/mL (**750’),
and 500 pL/mL (*“1000°”), and a commercial herbicide (Scythe) (b): seedlings treated with Tween

20, pristine EO at various concentrations, and the commercial herbicide.

The fresh weight of A. retroflexus correlated with the observed necrosis symptoms as a function of
treatment; both treatment groups significantly influenced shoot biomass. Specifically, exposure to
the Tween 20 control resulted in an average fresh shoot biomass of 2.6 g, while the blank SiNPs
increased average shoot biomass to about 6 g. However, all preparations of pristine EO (500, 750,
and 1000) significantly reduced shoot biomass, compared to those negative controls. Similarly, all
EO-SiNP preparations significantly reduced fresh shoot biomass, compared to the controls.
However, the effects were not significantly different between the two EO types. The commercial
herbicide (Scythe) used as a positive control resulted in a shoot biomass of 2.2 g. Notably, the
reductions caused by the pristine EO doses were not statistically significant from the commercial
herbicide result, whereas those caused by the EO-SiNPs were statistically different than the
commercial herbicide at all doses. In contrast to the shoot observations, root biomass was increased
by SiNPs, compared to other treatments, but was unaffected by all other treatments, relatively. This
observation is likely a function of the mode of exposure (foliar) and the short treatment time (Figure

4).
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Figure 4. Effect of pristine EO and EO-SiNPs on Amaranthus retroflexus L. seedling fresh
shoot and root biomass. Data are means and SDs of three replicates. At each dose [250
pL/mL (*“500°), 375 uL/mL (*“750°”), and 500 uL/mL (*“1000°”)], bars with different letters
are significantly different (p < 0.05; Tukey’s test).

These results align with current literature demonstrating the ability of thyme EOs to inhibit or
reduce seed germination and seedling growth (Zhou et al., 2021; Miloudi et al., 2024; Elghobashy
et al., 2024). However, despite the demonstrated herbicidal effect of thyme EO on A. retroflexus,
formulating a stable EO-based bioherbicide is challenging due to their chemical characteristics,
particularly high volatility. Therefore, encapsulation of EO is proposed as a solution to preserve its
efficacy and control the release of secondary metabolites (Maes et al., 2019). The results obtained
in this study regarding the use of a nano-carrier for EO delivery as a bioherbicide are promising.
EO-SiNPs enhanced the efficacy of thyme EO, causing more severe wilting and necrotic symptoms
in A. retroflexus. To the best of our knowledge, the use of polymers as nano-carriers for the delivery
of essential oils for herbicidal purposes is limited to a small number of studies. Our results align
with those reported by Taban et al. (2020), who demonstrated that nano-encapsulated Satureja
hortensis L. EO in Gum Arabic, Persian gum/gelatin, and Persian gum developed via crosslinking
with citric acid and transglutaminase was phytotoxic to A. retroflexus, by 33-233% as a post-
emergence treatment, compared to the surfactant, Tween 80. Unfortunately, no non-
nanoencapsulated EO treatment was evaluated in that study. Similarly, Alipour et al. (2019) and
Synowiec et al. (2020) reported enhanced herbicidal efficiency of microencapsulated EOs of

Rosmarinus officinalis L. and Carum carvi L. using starch and maltodextrin, respectively, as the
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biopolymer carriers. These treatments were incorporated into the soil as pre-emergence

applications.

3.3. Cell injury indices

The Tween 20 and SiNP control treatments had MDA levels of 0.81 and 0.85 mM/g™!, respectively.
Both pristine EO and EO-SiNPs significantly increased MDA content in the shoots and roots of
treated A4. retroflexus seedlings, compared to the controls (Figure 5). In shoots, the MDA content
increased with dose, with encapsulated EO showing a statistically stronger effect than the pristine
EO across all concentrations. At the lowest EO and EO-SiNPs concentration (500), MDA content
was nearly identical to the positive control (Scythe), measuring 2.4 +£0.2, 1.7 £ 0.2, and 2.4 + 0.3
mM/g"! for EO-SiNPs, pristine EO, and the positive control, respectively, while the MDA contents
in the negative controls were lower than 1 mM/g!. In contrast, at the highest concentration (1000),
the MDA content was approximately 7.3 + 0.25 mM/g™! for EO-SiNPs and 5.2 + 0.25 mM/g! for
the pristine EO. Compared to the commercial herbicide (Scythe), shoot MDA level was
significantly increased by the 700 and 1000 EO and EO-SiNP preparations (Figure 5). In the roots,
the Tween 20 and SiNP control treatments had MDA levels of 0.75 mM/g"! apiece. As with the
shoot, both types of EO treatment significantly increased MDA content in a dose-dependent
manner in the root. EO-SiNPs also demonstrated superior efficacy in this case. With the 1000
preparation, root MDA content was 2.2 = 0.06 mM/g™! for EO-SiNPs and 1.5 + 0.09 mM/g! for
the pristine EO. With the 500 preparation, both treatments outperformed the positive control
(Scythe), thus highlighting the potentially enhanced herbicidal potential of thyme EO even at lower
concentrations. This increase in MDA content indicates that both treatments promoted lipid
peroxidation, causing significant damage to the cell membrane integrity of A. retroflexus, with EO-
SiNPs being more effective. Importantly, direct shoot exposure with the treatments resulted in root

damage at the cellular level, suggesting subtle systemic effects.
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411  Figure 5. Effect of pristine EO and EO-NanoSi on malondialdehyde (MDA) content of A.
412  retroflexus shoot and root tissues. Data are means and SDs of nine replicates. At each dose [250
413  uL/mL (*‘500°’), 375 uL/mL (*“750°’), and 500 pL/mL (*“1000°’)], bars with different letters are
414  significantly different (p < 0.05; Tukey’s test).

415

416  The finding of MDA alterations by EO-SiNP is consistent with the results of Alipour ef al. (2019),
417  Synowiec et al. (2020), and Taban et al. (2020), who observed that their treatments with different
418  encapsulating materials increased MDA content, while decreasing total chlorophyll, phenolic, and
419  flavonoid contents in A. retroflexus and R. sativus relative to the biopolymer free controls.
420  According to Lins et al. (2019), the molecular structure of each EO component may have its own
421  specific mode of action. The herbicidal effect observed in our study could be attributed to the
422  presence of oxygenated monoterpenes, such as thymol, carvacrol, and p-cymene, which have been
423  shown to significantly impact weed germination and growth (Grulova et al., 2020; Verdeguer et
424  al., 2020; De Oliveira et al., 2023). It is worth highlighting that the main compounds of the thyme
425  EO used in this study are thymol, carvacrol, and p-cymene, which further confirms the herbicidal
426  potential of thyme EO. Araniti et al. (2020) demonstrated that the terpenic phenol thymol
427  significantly altered the plant water status, increased abscisic acid content, induced stomatal
428  closure, and caused heat accumulation in the leaf lamina. These changes resulted in significant
429  accumulation of ROS and damage to the photosynthetic machinery. Chaimovitsh et al. (2016) and
430  Zhang et al. (2021) found that carvacrol increased electrolyte leakage and MDA formation in
431  Arabidopsis thaliana and Spinacia oleracea, respectively, when studying the herbicidal effects of
432 monoterpenes and carvacrol Notably, the latter study involved carvacrol nanoemulsion. The
433  elevated MDA content noted in the current study reflected the leaf damage and necrosis observed
434  during the greenhouse experiments, consistent with previous reports on allelochemicals, mainly

435  terpenoids. These chemicals alter membrane permeability and polarization, leading to electrolyte
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leakage and lipid peroxidation, causing cell content leakage and resulting in slowed plant growth

or death (Andriana et al., 2018; Scavo et al., 2019; M’barek et al., 2019; Pouresmacil et al., 2020).

3.4. Evaluation of total soluble protein content and antioxidant enzyme activities

The total protein content and antioxidant enzymes (APX, CAT, and SOD) activities in both shoot
and root of A. retroflexus were evaluated to understand the physiological mechanisms underlying
the herbicidal activity of pristine thyme EO and its encapsulated form. The protein content was
significantly affected by the treatments in a dose dependent fashion, as compared to the Tween 20
(0.3 and 0.2 pg, for the shoot and root) and SiNP (0.7 and 0.2 pg, for the shoot and root) controls
(Figure 6). The total soluble protein content increased significantly in the treated seedlings,
compared to the controls. Pristine EO, and more so EO-SiNPs, showed the highest protein content
in the shoots with the 1000 preparations, where EO-SiNPs induced 1.8 = 0.3 ug proteins in the
shoots, significantly differing from the 1.5 = 0.2 ug recorded for the pristine EO. In the roots, the
protein content was 1.6 + 0.1 ug for EO-SiNPs, which also differed significantly from the 0.6 +
0.2 pg obtained for pristine EO. Notably, shoot protein content was not affected by EO, compared
to the commercial herbicide; however, the EO-SiNP 750 and 1000 preparations significantly
increased the protein levels, relative to the commercial herbicide product These outcomes were

similar for the root, except in the case of EO 1000 (Figure 6).

In the shoot of 4. retroflexus, APX, CAT, and SOD activities from the Tween 20 and SiNP control
treatments were 0.3 and 0.7 units APX/mg protein; 0.7 units CAT/mg protein apiece; and 4.9 and
4.8 SOD units/mg FW, respectively. In the root, these values were 0.1 and 0.3 units APX/mg
protein; 0.6 and 0.4 units CAT/mg protein; and 2.9 and 2.6 SOD units/mg FW, respectively, for
Tween 20 and SiNP. Notably, APX, CAT, and SOD responded strongly to treatment with pristine
thyme EO and EO-SiNPs. The enzyme activities were significantly enhanced and maintained at
high levels in both shoot and root under both thyme EO and EO-SiNPs exposures at all doses,
relative to the above control treatments (Figure 6). Remarkably, EO-SiNPs caused significantly
greater response than EO in both plant tissues. With regards to the commercial herbicide, a shoot
APX activity of 2.1 units /mg protein was recorded, which in comparison was significantly
increased only by the EO 1000 preparation, but more strongly so by EO-SiNP preparation at all the

concentrations. The commercial herbicide had a shoot CAT activity of 1.1 units/mg protein, which
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in comparison was significantly increased by EO 750 and 1000; and by all treatments of EO-SiNPs.
Similarly, the shoot SOD activity of 5.4 units/mg FW caused by the commercial herbicide was in
comparison significantly increased by EO 750 and 1000, and by all treatments of EO-SiNPs. In the
root, the commercial herbicide had an APX activity of 0.3 units /mg protein, a CAT activity of 0.7
units /mg protein, and a SOD activity of 3.7 units/mg FW. Notably, all EO and EO-SiNP treatments
significantly increased these enzyme activities (Figure 6). Taken together, these results suggest that
both pristine thyme EO and EO-SiNPs induced significant abiotic stress in A. retroflexus seedlings
within 24 h, activating the antioxidant defense systems for reactive oxygen species scavenging.

Importantly, EO-SiNPs exerted the greatest phytotoxic effect.
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478  Figure 6. Effect of pristine EO and EO-SiNPs on total protein content and antioxidant

479  enzyme (APX, CAT, and SOD) activities in shoots and roots of A. retroflexus seedlings.

480  Data are means and SDs of nine replicates. At each dose [250 pL/mL (‘*500°’), 375 pL/mL

481  (“°750°%), and 500 uL/mL (*“1000°*)], bars with different letters are significantly different (p

482  <0.05, Tukey’s test).

483

484  Together, these data demonstrated that EO-SiNPs significantly affected the defense mechanisms
485  of A. retroflexus, causing more severe damage than pristine EO. Previous reports have noted similar
486  biochemical and metabolic disturbances in weed species following the application of EO-based
487  treatments (Pouresmaeil et al., 2020; Han et al., 2021; Li et al., 2023). Here, pristine thyme EO
488 and its nanoformulation induced a generalized increase in protein content and activated the
489  antioxidant enzyme activities (APX, CAT, and SOD) in the shoots and roots of the seedlings. Taban
490 et al. (2020), previously observed that treatments with different encapsulating materials increased
491  POD enzyme activity to prevent accumulation of H>O. Together, these findings indicate that the
492  treatments triggered intense ROS production in both shoots and roots, activating the plant's defense
493  mechanisms, particularly through increased antioxidant enzyme activity for ROS scavenging and
494  oxidative stress mitigation. Upon recognizing the stressful condition, one of the earliest plant
495  defense responses is the production of ROS, including singlet oxygen (O), superoxide (O-),
496  hydrogen peroxide (H202), and hydroxyl radicals (OH—) (Zaid et al., 2019). Although ROS are
497  constantly produced during aerobic metabolic reactions, their levels increase in response to stress
498  (Ali et al., 2018). The APX data from the current study suggests that the treatments primarily
499  affected the membrane integrity of the plant cells, as APX significantly increased in response to

500 the treatments. APX has a high affinity for H>O detoxification, playing a crucial role in removing
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H>0O; and maintaining ROS levels inside the cell. The results for CAT suggest that the treatments
moderately impacted the photorespiration system, as Class I catalases, predominant in
photosynthetic tissues, are involved in scavenging H>O; produced during photorespiration.
Overall, the inhibitory mechanisms of thyme EO are like those of EOs from other plants, though
their main targets remain unclear. Commercial herbicides are generally classified into different
categories based on their mode of action and active targets, such as HPPD inhibitors, ALS
inhibitors, PPO inhibitors, and ACCase inhibitors. Given the mode of action of the main thyme EO
compounds and the evaluation results of the physiological mechanisms underlying its herbicidal
activity, it appears that thyme EO is like PPO inhibitors. Protoporphyrinogen oxidase (PPO)
inhibitors are primarily contact-type and post-emergence herbicides that disrupt cell membranes
by inhibiting the PPO enzyme located in the outer envelope of chloroplasts. This inhibition causes
the colorless protoporphyrinogen (protogen) precursor to leak into the cytoplasm, where it is
converted into photodynamic protoporphyrin IX (proto). In the presence of light, proto generates a
burst of ROS that react with membrane lipids, leading to lipid peroxidation and subsequent cell
death (Barker ef al., 2023). In their study on the role of antioxidants in protecting plants against
PPO inhibitors, Dayan et al. (2019) noted that increases in certain antioxidants, particularly
hydrophilic antioxidants such as reduced glutathione and ascorbic acid (ascorbate), were induced
in response to this stress. Conversely, the addition of buthionine sulfoximine, which inhibits
glutathione biosynthesis, made plants more sensitive to acifluorfen-methyl. These reducing agents
protect plants by quenching ROS generated by the photoactivation of proto, with ascorbate and
reduced glutathione providing superior protection against superoxide compared to hydrogen
peroxide quenching by ascorbate. This aligns with our findings, as we observed significant SOD
activity, suggesting that the plant primarily activated both APX and SOD for ROS scavenging and
preserving cell integrity. Notably, encapsulation of EO with SiNPs heightened these enzyme
activities likely due to improved active ingredient delivery, thereby potentiating the role of
materials engineering in modulating plant biochemical responses to enhance sustainable

agriculture.

3.5. Profiling of pristine EO and EO-NanoSi compounds in treated seedlings
GC-MS analysis of the shoots to characterize the EO profile was completed (Table 2). A
considerable amount of thymol residue was detected in A. retroflexus treated with pristine EO and

EO-SiNPs, whereas carvacrol and p-cymene were below the analytical detection limits. This
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indicates that the treatments were able to penetrate the cuticle of the plant leaves, likely the result
of the polar surface area of each these phytochemicals (Vendan ef al., 2017). Because of a lack of
shoot tissues due to severe tissue damage, it was not possible to assess the residues of the seedlings
treated with EO-SiNPs 1000. Nevertheless, the results of this study, along with the proposed modes
of action, were further supported by the profiling of the main active compounds of thyme EO.
Thymol residues in the plant extract confirm the successful penetration of the treatments into the
cells and demonstrate that SiNPs can be an effective carrier for thyme EO delivery and potentially

other agrochemical cargo.

Table 2. Thymol residues detected in A. retroflexus shoot extracts following treatments with EO

and EO-SiINP.

Residue (ug/g)
Treatment 500 750 1000
Pristine EO 1.6 5.1 15.9
EO-SiNPs 1.2 5.5 --

4. Conclusions

Thyme essential oil (EO) was successfully loaded into silica nanoparticles (SiNPs) to produce a
nano-bioherbicide. TEM, zeta potential, particle size distribution, FT-IR, and UV-Vis analyses
together confirmed the successful encapsulation of the EO into SiNPs. When used as a post-
emergence treatment, thyme EO demonstrated strong herbicidal activity. Encapsulating the EO in
SiNPs showed a tendency to enhance its toxicity, especially at the highest concentration.
Mechanistically, EO-SiNPs caused severe necrosis in seedlings, adversely affecting plant
physiological processes. The treatment increased protein and malondialdehyde content, as well as
APX, CAT and SOD enzyme activities, indicating significant reactive oxygen species production
and oxidative stress in the weed plant. The results suggest membrane system leakage and
considerable oxidative damage to plant cells, implicating protoporphyrinogen oxidase as a potential
target for thyme EO. Although Si is known to provoke plant metabolic responses under different
conditions (Sarita ef al. 2024), taken together, our data strongly indicate that all the observed effects
were not contributed to by the SiNP. Rather, the EO was responsible for the herbicidal effects that,
however, were significantly accentuated by encapsulation with SiNP. These findings, therefore,

provide evidence for the potential use of EO-SiNPs as an effective bioherbicide. Though EOs can
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control weeds, they suffer from high instability, making their long-term storage a major concern.
By formulating EO encapsulated with SiNP, the chance of improving EO stability is greater,
alongside enhanced active ingredient release and herbicidal efficacy. To this end, further studies to
optimize loading efficiency, understand EO release and product stability over time, assess the
formulation against a wide range of weed species and food crops, and omic studies to better

understand the mechanisms of action, are being envisaged.
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