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Abstract 
Weed management is a major challenge in agriculture, causing global yield 
losses of approximately 32%, surpassing damage from pests and pathogens. 
Sustainable approaches, such as integrated weed management and bioherbi-
cides derived from phytotoxic plants or microorganisms, are gaining atten-
tion, though their physiological effects on weeds are not fully understood. Bi-
oherbicides disrupt cellular and biochemical processes, including root growth, 
nutrient uptake, hormone balance, and pigment synthesis, often inducing 
stress responses. Their efficacy depends on formulation, dosage, weed species, 
and application methods. Advances in nanotechnology, including nanoparti-
cles, nanoemulsions, and nanocapsules, enable controlled release, precise dos-
ing, and enhanced delivery of bioactive compounds, improving weed suppres-
sion and crop performance. Essential oils from plants such as artemisia, euca-
lyptus, thyme, satureja, fennel, peppermint, and citronella exhibit allelopathic 
and herbicidal effects by inhibiting seed germination, disrupting physiological 
processes, and inducing cellular damage. Nanoformulations of these oils en-
hance solubility, stability, and bioavailability, increasing efficacy while mini-
mizing crop toxicity. Integrating plant-derived bioherbicides with nanotech-
nology-based delivery systems offers an environmentally friendly, efficient, 
and sustainable strategy for weed management, supporting enhanced crop 
productivity, resource efficiency, and global food security. 
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1. Introduction 

In economic terms, weeds impose a substantial burden on agriculture worldwide. 
For instance, Australian grain producers face annual losses estimated at around 
AUD 3.3 billion due to weed infestations. In India, the impact is even greater, with 
weeds reducing agricultural output by more than USD 11 billion per year. Simi-
larly, in the United States, crop production suffers losses valued at roughly USD 
33 billion annually as a result of uncontrolled weed growth [1]. While herbicides 
have provided significant benefits to agriculture, their prolonged and intensive use 
has led to the repeated emergence of herbicide-resistant weed populations, changes 
in the composition of weed communities, and environmental contamination, par-
ticularly through water runoff. In addition to affecting crop yields and contrib-
uting to herbicide resistance, environmental issues are a major concern. Chemical 
residues from herbicides can alter soil microbial populations, pollute water bodies, 
and negatively impact soil quality and overall ecosystem health over time [2]. The 
extensive use of synthetic herbicides has led to significant environmental and health 
concerns. These chemicals persist in ecosystems, contaminating soil, water, and 
air, which adversely affect biodiversity and ecosystem services. Additionally, resi-
dues from herbicides have been detected in food and water supplies, posing po-
tential risks to human health. For instance, glyphosate-based herbicides have been 
associated with various health issues, prompting calls for more sustainable agri-
cultural practices. In response to these challenges, there is a growing shift towards 
eco-friendly alternatives. Bioherbicides, derived from natural organisms or sub-
stances, offer a promising solution. These include fungal bioherbicides, which have 
shown effectiveness in controlling weeds while being less harmful to the environ-
ment. Additionally, plant-based extracts such as those from neem, clove, and cin-
namon have demonstrated potent herbicidal properties, providing safe and sus-
tainable options for weed management [3]. Weed management remains one of the 
most challenging aspects of crop production. Weeds remain a major factor in re-
ducing crop yields worldwide, causing losses of approximately 32%, which surpass 
the damage inflicted by pests (18%) and pathogens (15%) [4]. They can signifi-
cantly disrupt ecological systems and agricultural landscapes by altering plant com-
munities and ecosystem dynamics. Economic losses due to weeds vary across crops, 
in maize, in potatoes, and in wheat. In addition to yield reduction, weeds such as 
Datura stramonium can contaminate food and feed, posing serious health risks by 
affecting organs like the liver, heart, kidneys, and brain. Effective weed manage-
ment is therefore essential to maintaining both global food security and safety [5]. 
Cultural practices enhance crop competitiveness against weeds, thereby reducing 
weed pressure. Strategies include optimizing planting densities, selecting compet-
itive crop varieties, and maintaining proper row spacing. Mechanical methods in-
volve physical interventions such as tillage, mowing, mulching, and flaming to con-
trol weeds. For instance, mulching with organic materials can suppress weed ger-
mination by blocking light, while mowing reduces seed production in annual weeds 
[6]. These non-chemical approaches are integral to integrated weed management 
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systems, especially in organic farming. 
Recent field trials show that alternative weed-management approaches are in-

creasingly capable of matching or nearing the efficacy of conventional herbicides 
under practical conditions. For instance, a 2024 study on soybean demonstrated 
that terminating cover crops one week after planting combined with a pre-emer-
gence herbicide achieved ~96% weed suppression, compared to significantly 
lower suppression (~71% - 76%) when cover crops were terminated earlier with-
out pre-emergence herbicides [7]. In Germany, tests of seven robotic weeding sys-
tems in sugar beet and winter oilseed rape found that several robots reached weed 
control efficacies of 92% - 94%, exceeding or matching standard broadcast herbi-
cide treatments (75% - 83%), while also reducing herbicide use by inter-row band-
ing & hoeing [8]. A meta-analysis of U.S. fall and winter cover crops showed an 
average 62.6% reduction in weed biomass compared to untreated control plots, 
highlighting substantial suppression even without full herbicide integration [9]. 
In vegetable production in New York and New Jersey, laser weeding in 2024 trials 
achieved weed biomass reductions of at least 97 percent in beets, spinach, and peas, 
providing effectiveness that was superior to or comparable with herbicide treat-
ments, while also increasing crop growth by more than 30 percent [10]. 

2. Biological Weed Control 

Biological weed control involves the deliberate use of living organisms, or biotic 
agents, to reduce the vigor, reproductive capacity, density, or overall impact of weeds 
in agricultural and natural ecosystems. These biotic agents are primarily microor-
ganisms that exhibit pathogenic or growth-inhibiting effects on weeds. When ap-
plied in concentrated formulations in a manner similar to chemical herbicides, they 
are referred to as bioherbicides. 

2.1. Microorganisms and Plant-Derived Compounds as  
Bioherbicides 

Bioherbicides, also known as allelopathic or allelochemical agents, are generally 
divided into two main types: 1) plant-derived bioherbicides, which are obtained from 
plants, plant extracts, or essential oils (EOs), and 2) microbial-based bioherbicides, 
which consist of naturally occurring microorganisms such as bacteria, fungi, or their 
metabolites [11]. These bioherbicides act through several mechanisms, including 
disruption of cell membranes, inhibition of photosynthesis and key enzymes, inter-
ference with cell division, reduction of nutrient uptake, alteration of plant hormone 
balance, and induction of reactive oxygen species (ROS) stress leading to hormonal 
imbalances and disrupted antioxidant activity [12]. Additionally, microorganisms 
can release enzymes and phytotoxins that suppress seed germination and impede 
weed growth. The specific mode of action often depends on the type of bioherbi-
cide and the targeted weed species. 

2.1.1. Microbial Bioherbicides 
Microbial bioherbicides utilize pathogens like fungi and bacteria to target specific 
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weed species. Allelopathic plants release chemicals that inhibit the germination and 
growth of neighboring weeds; for example, water extracts from sorghum and euca-
lyptus have demonstrated significant weed suppression. Additionally, certain plant 
species, such as Parthenium hysterophorus, exhibit allelopathic effects that can be 
harnessed for weed management [13]. The most effective applications of bioherb-
icides are those that consistently suppress economically important and difficult-
to-control weeds. They are particularly valuable for managing herbicide-resistant 
weed populations, which can reduce the overall use of chemical herbicides and mit-
igate environmental impact. Despite their potential, commercial-scale bioherbicide 
development faces challenges due to the lack of standardized formulation proto-
cols and components suitable for diverse biotic agents. Each host-agent system often 
has specific requirements, from culturing and screening to preparation for field ap-
plication. This lack of integration in production technology has limited the avail-
ability of effective commercial bioherbicides. 

2.1.2. Plant-Based Bioherbicides 
Integrated weed management, which incorporates bioherbicides, is gaining atten-
tion as a sustainable strategy for controlling weeds. Bioherbicides are generally de-
rived from either plants that produce phytotoxic allelochemicals or microorgan-
isms capable of suppressing weed populations. Although bioherbicides have shown 
potential in inhibiting weed seed germination and growth, relatively few studies 
have explored the physiological responses of weeds to these products. This review 
highlights currently available bioherbicide products, examines their effects on weed 
physiology, and discusses factors that may influence their effectiveness. Phytotoxic 
compounds from plants or microbial metabolites disrupt key cellular and biochem-
ical processes in weeds. These disruptions manifest as reduced root cell division, 
impaired nutrient uptake, altered hormone and pigment production, and the gen-
eration of (ROS) and other stress-related responses. Variability in bioherbicide 
effectiveness-affected by factors such as bioactive compound concentration, weed 
species, formulation, and application method-remains a major limitation to their 
widespread adoption [14]. Despite their potential, traditional bioherbicides face 
several challenges. Their efficacy can be inconsistent due to environmental factors 
like temperature and humidity, which affect microbial activity. Moreover, the sta-
bility and shelf-life of bioherbicides are often limited, complicating storage and 
application. Field persistence is another concern, as some bioherbicides degrade 
rapidly in the environment, reducing their effectiveness over time [15]. 

2.2. Formulations of Bioherbicides 

Formulation components are essential for improving handling, storage stability, 
and consistency of weed control efficacy. Additionally, nanotechnology presents 
a promising approach to enhance the effectiveness, stability, and field applicability 
of bioherbicide formulations. Understanding the factors that influence bioherbi-
cide formulation is critical for optimizing performance and advancing sustainable 
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weed management strategies. Formulated bioherbicides generally consist of a liv-
ing biotic agent as the active ingredient, along with a carrier and adjuvants. These 
adjuvants may provide nutrients to sustain the agent, protect it from adverse en-
vironmental conditions, assist in host infection, and enhance overall weed control 
effectiveness. Achieving uniform and precise application of microbial cells or their 
products directly on or near target weeds without harming the crop can signifi-
cantly enhance bioherbicidal effectiveness. Utilizing technologies already common 
in general agricultural practice may improve farmer adoption of biocontrol agents, 
increase the use of biological control methods, and expand the market. However, 
the development of bioherbicides, particularly those containing living organisms, 
faces challenges such as the need for high humidity and warm temperatures to en-
sure optimal organism activity and efficacy. This necessitates specialized formu-
lations to maintain viability and effectiveness once the agent is applied in the field 
[16]. 

3. Nanotechnology in Bioherbicides 

The application of nanoparticles and nanochips enables advanced material deliv-
ery systems in plants as well as the development of highly sensitive biosensors for 
precision farming. The use of nanoencapsulated fertilizers, pesticides, and herbi-
cides allows for the controlled and sustained release of nutrients and agrochemi-
cals, thereby ensuring accurate dosage and minimizing waste [17]. Furthermore, 
nanotechnology-based diagnostic kits for plant viral diseases are gaining promi-
nence due to their ability to provide rapid and early detection. This article explores 
the potential applications and advantages of nanotechnology in advancing preci-
sion agriculture. According to the Directorate-General for Internal Policies of the 
European Union, precision agriculture refers to a comprehensive farm management 
strategy that involves assessing and addressing spatial and temporal variability within 
and between crop fields. This approach functions as a decision-support system 
aimed at optimizing farm operations and enhancing productivity through the ef-
ficient use of available resources. In contemporary agricultural practices, nanotech-
nology plays a pivotal role in advancing the implementation of precision agricul-
ture, thereby contributing to its practical realization [18]. Nanobiotechnology in-
troduces innovative tools for improving crop production through the application of 
nanoparticles, nanofibres, nanoemulsions (NE), and nanocapsules [19]. Nanoemul-
sions, which are colloidal dispersions of oil and water stabilized by surfactants, en-
hance the solubility and stability of hydrophobic bioactive agents, improving their 
application in herbicide formulations. These nanomaterials serve as effective plat-
forms for delivering agrochemicals and essential macromolecules that promote 
plant growth and enhance resistance to biotic and abiotic stresses (Figure 1). The 
use of smart delivery systems ensures optimized water and nutrient utilization, 
thereby improving yield. 

A key advantage of this technology lies in its ability to provide controlled release 
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and site-specific delivery of agrochemicals. Moreover, further improvements in 
both crop quality and productivity can be achieved through nanoparticle-medi-
ated gene transfer and the targeted delivery of macromolecules that regulate gene 
expression in plants. Experimental studies with different nanomaterials have yielded 
encouraging outcomes, highlighting their potential in advancing agricultural effi-
ciency and sustainability [20]. 

 

 
Figure 1. Sustainable weed management and enhanced crop productivity using nanotechnology-
based bioherbicide delivery systems. 

3.1. Nanoformulated Bioherbicides 

Nanoformulated bioherbicides are innovative weed control agents that integrate 
natural herbicidal substances with nanotechnology to enhance their efficacy, sta-
bility, and environmental compatibility. These formulations aim to overcome the 
limitations of conventional herbicides and bioherbicides by providing controlled 
release, targeted delivery, and reduced toxicity to non-target organisms. The incor-
poration of nanotechnology allows for the encapsulation of active ingredients, pro-
tecting them from environmental degradation and facilitating their penetration 
into plant tissues. This approach aligns with sustainable agricultural practices by re-
ducing chemical inputs and promoting eco-friendly weed management solutions. 

3.2. Different Nano-Carriers 

Various nano-carriers have been developed to deliver bioactive agents effectively 
in weed control. Polymeric nanoparticles, such as poly (lactic-co-glycolic acid) 
(PLGA) and chitosan-based nanoparticles, offer advantages like biodegradability, 
biocompatibility, and controlled release properties. These carriers can encapsulate 
herbicidal compounds, protecting them from environmental factors and ensuring 
sustained activity. Nanoemulsions, which are colloidal dispersions of oil and water 
stabilized by surfactants, enhance the solubility and stability of hydrophobic bioac-
tive agents, improving their application in herbicide formulations. Liposomes, li-
pid bilayer vesicles, can encapsulate both hydrophilic and lipophilic substances, 
providing versatility in bioherbicide delivery. Chitosan nanoparticles, derived from 
chitin, possess antimicrobial properties and can be utilized as carriers for natural 
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herbicides, offering an eco-friendly alternative to synthetic chemicals [21]. The 
modes of action of nanoformulated bioherbicides involve multiple mechanisms 
that disrupt weed growth and development. Upon application, these formulations 
can penetrate plant cell walls more effectively due to their nanoscale size, allowing 
for enhanced uptake of active ingredients. Once inside the plant, the encapsulated 
bioactive agents can interfere with various physiological processes, such as pho-
tosynthesis, enzyme activity, and cell division, leading to weed mortality. Addi-
tionally, the controlled release properties of nano-carriers ensure a sustained pres-
ence of the active ingredients in the target area, prolonging their herbicidal effects 
and reducing the frequency of application. This multifaceted approach not only 
improves the efficacy of bioherbicides but also minimizes the development of re-
sistance in weed populations [22]. 

Potential Non-Target and Soil Micro-Biome Effects of Nano-Carriers 
While nano-carriers offer promising advancements in agricultural pest manage-
ment, their environmental impact, particularly on non-target organisms and soil 
microbiomes, warrants careful consideration. Recent studies have highlighted that 
certain nanoparticles can disrupt soil microbial communities, leading to altered 
microbial diversity and activity. For instance, exposure to silver nanoparticles has 
been shown to decrease the abundance of beneficial soil bacteria, potentially im-
pairing essential soil functions such as nutrient cycling and organic matter de-
composition [23]. Furthermore, a 2025 study found that a high-efficiency nano-
fungicide affected the community structure and diversity of non-target soil micro-
organisms, raising concerns about the long-term sustainability of such treatments 
[24]. These findings underscore the necessity for comprehensive risk assessments 
and the development of guidelines to mitigate potential adverse effects on soil 
ecosystems. Understanding the interactions between nano-carriers and soil micro-
biomes is crucial for ensuring the safe and sustainable application of nanotechnol-
ogy in agriculture. 

3.3. Specific Nanoformulations 

Several case studies have demonstrated the effectiveness of nanoformulated bio-
herbicides in various agricultural settings. For instance, a study on a nanoencap-
sulated essential oil formulation showed enhanced herbicidal activity and stability 
compared to the free essential oil, indicating the potential of nanoformulations in 
improving bioherbicide performance [25]. Another example is the development of 
a pre-emergent nanoherbicide based on biodegradable polymers, which demon-
strated improved weed control and reduced environmental impact, highlighting 
the advantages of using biodegradable nano-carriers in herbicide formulations 
[26]. These examples underscore the promise of nanoformulated bioherbicides as 
viable alternatives to conventional chemical herbicides, offering sustainable solu-
tions for weed management in agriculture. Table 1 summarizes all essential oil-
based bioherbicides studied in this review. 
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Table 1. Summary of essential oil-based bioherbicidal studies, including target weeds, formulations, doses, key effects, and limita-
tions. 

Essential oil (EO) Target Weed Formulation/Dose Key Effects Limitations Ref. 

Satureja hortensis Amaranthus 
retroflexus 

Nanoencapsulated,  
0 - 15 mL/L, 
AG/PGG/PG 

Strong inhibition; complete 
control 48 h; mild crop effect 

Crop selectivity; polymer 
required 

[25] 

Artemisia  
scoparia oil 

Achyranthes aspera, 
Cassia occidentalis, 

Parthenium 
hysterophorus, 

Echinochloa  
crus-galli, 
Ageratum 
conyzoides 

Seedling assay: 10, 
25, 50 µg/g (sand); 

Post-emergence: 2%, 
4%, 6% (v/v) 

-Strong inhibition of seedling 
emergence and growth (root > 
shoot)  
-Visible post-emergence injury 
(chlorosis → necrosis → wilting)  
-Reduced chlorophyll, impaired 
photosynthesis & respiration 
-Electrolyte leakage and 
membrane disruption 

Species-dependent; dosage 
optimization needed; root 
more affected than shoot 

[27] 

Natural compounds 
(12 monoterpenes, 
phenylpropenes, 
sesquiterpenes) 

Echinochloa  
crus-galli  

(barnyard grass) 

Seed/root/shoot:  
0.5 - 8 mM;  

Post-emergence 
foliar: 0.5% - 2% 

Trans-cinnamaldehyde, 
eugenol, thymol most effective; 
complete control at 1% - 2%; 
decreased fresh & dry weight 

Only E. crus-galli tested; 
requires formulation for 

field use 
[28] 

Eucalyptus citriodora 

S. arvensis, 
S. oleraceus, 

X. strumarium,  
A. fatua 

EO 0.01% - 0.03% 
(lab), 1% - 3% 
(greenhouse) 

Germination inhibition; leaf 
damage; chlorophyll reduction 

Concentration-dependent; 
field-scale untested 

[29] 

Thyme EO 
Amaranthus 
retroflexus 

SiNPs 250 - 500 
μL/mL 

Up to 96% biomass reduction; 
ROS, membrane damage 

Loading efficiency varies; 
field untested 

[30] 

Rosmarinus 
officinalis 

chemotypes 

A. retroflexus,  
L. perenne 

EO 400 - 2400 μL/L, 
chemotypes C1 - C4 

Dose-, chemotype-dependent 
inhibition 

Chemotype selection 
critical; field untested 

[31] 

F. vulgare,  
S. hortensis,  
T. minuta,  

T. parthenium 

H. spontaneum,  
A. retroflexus 

EO 0 - 800 μL/L 
Strong germination & growth 

inhibition 
Species-specific; 

formulation needed 
[32] 

F. vulgare  
EO nanoemulsion 

P. minor,  
A. ludoviciana,  

R. dentatus,  
M. denticulata 

NE 0.05 wt% - 0.4 
wt%, <130 nm 

Complete germination 
inhibition; ROS-mediated 

membrane damage 
Only Petri dish tested [33] 

Peppermint EO 
nanoemulsion 

Barnyard grass, 
maize 

NE 1% - 10% EO, 
Eco-Polysorbate 80 

Selective control; reduced 
chlorophyll & water content 

Surfactant needed; field 
validation pending 

[34] 

Citronella EO  
(C. nardus) 

nanoemulsion 

E. crus-galli,  
A. tricolor 

NE 100 - 800 µL/L, 
HLB 14 

Strong germination & seedling 
inhibition; REL & MDA ↑ 

HLB optimization critical; 
field data limited 

[35] 

 
A study [27] evaluated the bioherbicidal potential of volatile oil extracted from 

Artemisia scoparia against five weed species: Achyranthes aspera, Cassia occiden-
talis, Parthenium hysterophorus, Echinochloa crus-galli, and Ageratum conyzoides. 
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In a dose-response bioassay using sand treated with 10, 25, and 50 µg of Artemisia 
oil per gram, seedling emergence and growth were significantly reduced. Root 
growth was more strongly inhibited than shoot growth, with the greatest effect 
observed in P. hysterophorus, followed by A. conyzoides, and the least in C. occi-
dentalis. Post-emergence application of Artemisia oil at 2%, 4%, and 6% (v/v) on 
six-week-old weed plants caused visible injury within 1 to 7 days, ranging from 
chlorosis to necrosis and complete wilting. The most pronounced effects were seen 
in E. crus-galli and P. hysterophorus. Treatment with the oil reduced chlorophyll 
content and impaired cellular respiration, indicating interference with photosyn-
thetic and respiratory metabolism. Additionally, severe electrolyte leakage in E. 
crus-galli and C. occidentalis suggested membrane disruption and loss of cellular 
integrity. Overall, Artemisia oil exhibited strong bioherbicidal properties by caus-
ing phytotoxicity and disrupting growth and physiological functions in the tested 
weed species.  

A study assessed the herbicidal potential of twelve natural compounds, includ-
ing monoterpenes, phenylpropenes, and sesquiterpenes, against Echinochloa crus-
galli in both laboratory and greenhouse settings [28]. The effects of various con-
centrations (0.5, 1, 2, 4, and 8 mM) on seed germination and root and shoot de-
velopment were investigated. Among the compounds tested, trans-cinnamalde-
hyde, eugenol, and thymol exhibited the strongest inhibitory effects on seed germi-
nation and shoot growth. The compounds p-cymene (EC50 = 0.22 mM) and trans-
cinnamaldehyde (EC50 = 0.34 mM) were particularly effective at reducing root 
growth. In post-emergence trials, thymol, trans-cinnamaldehyde, eugenol, farnesol, 
and nerolidol significantly decreased shoot growth, fresh weight, and dry weight 
of two-leaf stage barnyard grass within two days of foliar application at concen-
trations of 0.5%, 1.0%, and 2.0%. Severe injury symptoms were observed, and 
trans-cinnamaldehyde, eugenol, farnesol, and nerolidol achieved complete weed 
control at 1.0% and 2.0% concentrations. Formulated as emulsifiable concentrates, 
these compounds demonstrated enhanced herbicidal efficacy, indicating their po-
tential for development as novel bioherbicides against E. crus-galli. 

3.3.1. Nano-Encapsulated Bioherbicides 
The excessive application of chemical pesticides has led to numerous environmen-
tal and ecological concerns, prompting increased interest in the use of plant-de-
rived natural products as alternatives. The multiple advantages of natural herbicides 
have increasingly attracted the attention of researchers, leading to growing interest 
in the development of bioherbicides formulated with natural ingredients. Weed 
management is a major concern in agriculture, highlighting the need for herbicides 
that are both effective and environmentally friendly. Encapsulating plant essential 
oils (EOs) in nanoscale carriers offers advantages such as increased loading effi-
ciency and controlled delivery. Essential oils (EOs), particularly those rich in ter-
penes, have been shown to exhibit potent herbicidal, fungicidal, and insecticidal 
properties, making them promising candidates for pest management strategies. Fur-
thermore, due to their complex composition, EOs can help mitigate the emergence 
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of resistant biotypes, as their diverse constituents often act through synergistic or 
antagonistic interactions and nonspecific mechanisms of action. Despite these 
benefits, the practical application of EOs is constrained by their poor water solu-
bility, high volatility, and rapid degradation, particularly in aqueous environments. 
Encapsulation using surfactants and polymers has been demonstrated to improve 
the solubility, stability, bioactivity, and shelf life of EOs, thereby enhancing their 
potential for use in sustainable pest management systems. Taban et al. [25] studied 
nano-encapsulated bioherbicides. The various concentrations of savory (Satureja 
hortensis L.) essential oil (0, 5, 10, and 15 mL/L) were nanoencapsulated using 
Arabic gum (AG), Persian gum/gelatin (PGG), and Persian gum (PG) as wall ma-
terials. The herbicidal activity of the resulting nanocapsules was assessed against 
tomato (Lycopersicon esculentum Mill.) and amaranth (Amaranthus retroflexus 
L.) by evaluating 18 physiological and biochemical parameters. The nanocapsules 
exhibited an average size ranging from 81 to 208 nm, with polydispersity indices 
between 0.210 and 0.536. Encapsulation efficiency varied between 72.1% and 
92.8%. The stability of the nano-encapsulated herbicides (NCHs) was monitored 
for 42 days, with oil release following a mathematical model. Results demon-
strated significant herbicidal effects of NCHs against A. retroflexus, while only 
mild effects were observed on tomato plants. Additionally, encapsulated essential 
oils displayed higher herbicidal efficiency compared to non-nano essential oil emul-
sions (without polymer). The most pronounced and rapid effect on A. retroflexus 
was observed with cross-linked Persian gum at 15 mL/L, achieving complete weed 
control within 48 hours. These findings highlight the potential of biopolymer-
based encapsulation with cross-linkers as a promising strategy for developing nat-
ural and eco-friendly herbicides. 

The present study [29] investigated the allelopathic effects of Eucalyptus citri-
odora essential oil on several problematic weeds in Algeria, including Sinapis arven-
sis, Sonchus oleraceus, Xanthium strumarium, and Avena fatua. Volatile oils re-
leased by aromatic shrubs such as Salvia leucophylla and Artemisia scoparia can 
inhibit the growth of neighboring plants, resulting in distinctive vegetation patterns. 
The strong growth-suppressive properties of these essential oils have generated con-
siderable interest in their potential application for weed management [36]. 

The chemical composition of the oil was determined using gas chromatography-
flame ionization detector (GC–FID) and gas chromatography-mass spectrometry 
(GC–MS), revealing citronellal (64.7%) and citronellol (10.9%) as the predomi-
nant compounds. Laboratory experiments were conducted using oil concentrations 
of 0.01%, 0.02%, and 0.03%, while greenhouse studies employed 1%, 2%, and 3%. 
The results indicated that seed germination and seedling growth were significantly 
inhibited by the essential oil, with complete suppression of S. arvensis germination 
at 0.03%. Additionally, strong allelopathic effects were observed in 3 - 4 leaf stage 
plants 1 and 6 days post-treatment. At a 3% concentration, complete mortality oc-
curred in S. arvensis, S. oleraceus, and A. fatua, with severe damage observed in X. 
strumarium. Treatment also caused a significant reduction in chlorophyll content 

https://doi.org/10.4236/anp.2025.144007


A. Bratovcic 
 

 

DOI: 10.4236/anp.2025.144007 111 Advances in Nanoparticles 
 

and compromised cell membrane integrity, indicating substantial physiological 
stress. These findings suggest that E. citriodora essential oil has potential as a bi-
oherbicide and could serve as an alternative approach for sustainable weed man-
agement [29]. 

This study examined thyme EO encapsulated in silica nanoparticles (SiNPs) for 
controlling redroot pigweed (Amaranthus retroflexus), a weed known for resistance 
to multiple herbicides [30]. Three EO volumes 500, 750, and 1000 μL were loaded 
into SiNPs to achieve concentrations of 250 μL/mL (“500”), 375 μL/mL (“750”), 
and 500 μL/mL (“1000”), resulting in loading efficiencies of 26%, 42%, and 64%, 
respectively. Transmission electron microscopy revealed spherical nanoparticles 
measuring 220 - 300 nm, and FT-IR spectroscopy confirmed EO incorporation 
through characteristic isoprenoid signals. In post-emergence trials, untreated thyme 
EO reduced shoot biomass in a concentration-dependent manner, achieving 85% 
reduction at the highest dose. Encapsulation in SiNPs further enhanced the her-
bicidal effect, with up to 96% biomass reduction. Additionally, EO-SiNP treatments 
triggered reactive oxygen species (ROS) accumulation, leading to membrane dam-
age and disruption of the antioxidant system, reflected by increases in malondial-
dehyde (40%) and activities of ascorbate peroxidase (65%), catalase (52%), and 
superoxide dismutase (36%). These findings suggest that thyme EO delivered via 
SiNPs could serve as an effective nanobioherbicide. 

In recent years, the development of bio-based products for biocontrol has gained 
increasing attention due to their potential to reduce reliance on synthetic herbi-
cides in agriculture. Conventional herbicides, which are chemically synthesized, 
can have harmful effects on human health, including cancer, neurodegenerative 
disorders, and reproductive issues. They also pose environmental risks through 
air drift, water contamination, and persistence across ecosystems. Natural com-
pounds offer a promising alternative, enabling productive agriculture while min-
imizing these negative impacts. In this context, essential oils and their constituent 
compounds are being extensively explored for use in various biopesticides, owing 
to their well-documented biocidal properties. Nonetheless, it is important to rec-
ognize that these natural molecules may also present certain risks to humans and 
the environment if not properly managed [35]. Weeds represent one of the cost-
liest pests across all agricultural systems, contributing to approximately 30% of po-
tential crop losses. This issue is particularly pronounced in organic farming, where 
the use of synthetic herbicides is restricted, making weed management a major 
challenge. Consequently, research has increasingly focused on the allelopathic prop-
erties of plants as a sustainable approach to weed control. Certain plant species 
produce allelopathic compounds with strong phytotoxic effects, which can be har-
nessed to manage weeds. Among these, species from the Lamiaceae family have 
received considerable attention, as their essential oils (EOs) show promise as bio-
herbicides. Despite this potential, significant obstacles remain in developing these 
products for practical use [36]. 

Given their unique chemical composition and volatility, essential-oil-based for-
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mulations are discussed separately to highlight their distinct mechanisms of ac-
tion and formulation challenges compared with other nano-carrier systems. 

3.3.2. Essential Oil-Based Formulations 
Essential oils (EOs), naturally synthesized by aromatic plants, consist of a complex 
mixture of volatile compounds, mainly secondary metabolites, which display a wide 
range of biological activities. These oils are recognized for their antioxidant, anti-
microbial, and anti-inflammatory properties, which have long been utilized in tra-
ditional medicine, cosmetics, and the food industry. Despite evidence of their ef-
ficacy against various phytopathogenic fungi, oomycetes, bacteria, and weeds, the 
use of EOs in agriculture remains limited. Their potential as sustainable alterna-
tives to synthetic pesticides offers promising opportunities for controlling weeds 
and plant diseases without negatively affecting crop yields. The biological activity 
of essential oils largely depends on their main chemical components, which can 
be grouped into two categories. The first includes terpene hydrocarbons, such as 
monoterpenes and sesquiterpenes, with monoterpenes sometimes making up as 
much as 80% of the oil. The second consists of oxygen-containing compounds, 
mainly alcohols, phenols, aldehydes, and esters [37]. 

Although oxygenated compounds are usually present in smaller amounts than 
terpenes, they are frequently found and contribute significantly to the oil’s bioactiv-
ity. The chemical profile of an EO can vary depending on the plant species and the 
specific organ from which the oil is extracted. Plant essential oils (EOs) have gained 
considerable attention as a natural and sustainable approach to addressing post-
harvest challenges. They not only serve as a rich source of antioxidants but also pro-
vide effective control of fungal pathogens and stored-product pests, which is crit-
ical for maintaining food safety and quality. 

The present study [38] focused on two main objectives: first, to identify the pre-
dominant chemical constituents of Satureja sahendica EOs, and second, to evalu-
ate their antioxidant and biological activities, including fungicidal, allelopathic, and 
insecticidal properties. Analysis of the EOs revealed a total of 19 compounds, with 
thymol (33.53%), γ-terpinene (28.2%), and m-cymene (21.9%) as the most abun-
dant. Notably, m-cymene was reported for the first time in S. sahendica. The anti-
oxidant activity of the EOs increased with concentration, reaching a maximum of 
88.48% at 7 μL/L over 30 minutes. In terms of antifungal activity, the EOs achieved 
complete inhibition of Botrytis cinerea, Aspergillus niger, and Penicillium expan-
sum at concentrations of 500, 750, and 750 μL/L, respectively. Similarly, full inhi-
bition was observed against common weeds, including Panicum miliaceum, Lac-
tuca sativa, and Amaranthus retroflexus, at comparable concentrations. Further-
more, S. sahendica EOs exhibited strong insecticidal activity, with Callosobruchus 
maculatus showing higher susceptibility compared to Sitophilus oryzae. These re-
sults highlight the potential of S. sahendica EOs as effective biopesticides and sug-
gest their utility in eco-friendly and efficient strategies for post-harvest pest man-
agement. 

The increasing interest in natural, plant-derived products, particularly essential 
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oils (EOs), as environmentally friendly agrochemicals has fueled consumer demand 
for clean-label and sustainable solutions. Owing to their potent antimicrobial and 
pesticidal activities, EOs hold considerable promise for applications in both food 
preservation and agriculture. Nevertheless, their practical use is constrained by 
poor water solubility and high volatility. To overcome these limitations, nanoemul-
sions (NEs) have emerged as effective delivery systems for EOs, providing ad-
vantages such as reduced particle size, enhanced solubilization, high encapsula-
tion efficiency, and controlled release of active compounds [39]. 

The study investigated the allelopathic effects of Rosmarinus officinalis essen-
tial oils (EOs) to determine their potential against weed species by examining dif-
ferent chemotypes and their main constituents [31]. EOs from eight accessions were 
analyzed using gas chromatography, which led to the identification of four chemo-
types: C1 (β-pinene), C2 (camphor), C3 (β-pinene/1,8-cineole), and C4 (β-pi-
nene/1,8-cineole/camphor). Laboratory assays tested four concentrations of each 
EO (400, 800, 1200, and 2400 µL/L) and the main compounds of each chemotype 
against Amaranthus retroflexus and Lolium perenne in both pre- and post-germi-
nation stages. The results showed that the EOs significantly affected germination, 
early growth, and physiological and histological parameters in a dose-, chemotype-, 
and species-dependent manner. A. retroflexus was more sensitive at the germina-
tion stage, showing significant inhibition even at the lowest dose across all chemo-
types. Among the chemotypes, C2 (camphor) and C3 (β-pinene/1,8-cineole) were 
the most potent and induced distinct types of damage. These findings highlight 
the importance of monoterpene composition in the bioherbicidal activity of EOs, 
providing insights for developing EO-based bioherbicides. 

Given the adverse effects of synthetic herbicides on human health and the en-
vironment, natural products such as plant-derived compounds are receiving in-
creasing attention. This study evaluated the herbicidal activity of essential oils (EOs) 
from Foeniculum vulgare var. azoricum, Satureja hortensis L., Tagetes minuta L., 
and Tanacetum parthenium L. against the weeds Hordeum spontaneum L. and Am-
aranthus retroflexus L. Seed germination and seedling growth were assessed at EO 
concentrations of 0, 100, 200, 400, 600, and 800 µL L−1 [32]. Gas chromatography–
mass spectrometry analysis revealed that (E)-anethole (84.32%) and γ-terpinene 
(59.75%) were the primary constituents of F. vulgare var. azoricum and S. horten-
sis, respectively; dihydro-tagetone (62.57%) dominated T. minuta, and camphor 
(56.63%) was the main component of T. parthenium. All tested essential oils sig-
nificantly inhibited weed germination and early growth, with T. parthenium and 
T. minuta showing the strongest suppression of H. spontaneum and A. retro-
flexus, respectively. These results indicate that the studied essential oils have po-
tential as natural herbicidal agents. 

Wahba et al. (2024) [40] conducted field trials in Egypt, comparing nanoemul-
sions of peppermint and eucalyptus essential oils with conventional imidacloprid 
treatments on potato crops. The study demonstrated that the nanoformulations 
effectively controlled the whitefly pest Bemisia tabaci, with performance compa-
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rable to standard chemical pesticides. This research underscores the potential of 
EO-based nanoformulations as viable alternatives in integrated pest management 
strategies. 

Sharifiyan et al. (2024) [41] evaluated the toxicity and sublethal effects of nanofor-
mulated Mentha pulegium essential oil against the greenhouse whitefly (Trialeu-
rodes vaporariorum) in greenhouse conditions. The study found that the nanofor-
mulation exhibited enhanced toxicity compared to the pure essential oil, affecting 
the biological and population growth parameters of the pest. These findings high-
light the efficacy of EO nanoformulations in pest control and their potential inte-
gration into sustainable pest management practices. 

3.3.3. Nanoemulsions 
Bio-based nanoemulsions are increasingly used in sustainable agriculture as part 
of eco-friendly pest management strategies. Essential oil-based bioherbicides have 
emerged as a promising focus in modern agriculture due to the global demand for 
weed control solutions with minimal environmental impact. In this study [33], oil-
in-water nanoemulsions of fennel (Foeniculum vulgare Mill.) essential oil were 
prepared using ultrasonic emulsification and assessed for their herbicidal efficacy 
against Phalaris minor Retz., Avena ludoviciana Durieu, Rumex dentatus L., and 
Medicago denticulata Willd through Petri dish bioassays. Complete inhibition of 
seed germination was achieved at concentrations of 0.4, 0.3, 0.3, and 0.05 wt% for 
P. minor, A. ludoviciana, R. dentatus, and M. denticulata, respectively. The prin-
cipal constituents of F. vulgare oil-estragole, anethole, and their binary mixture - 
did not fully suppress germination of the tested weeds even at the highest concen-
trations, highlighting the superior efficacy of the nanoemulsion formulation. The 
prepared nanoemulsions, containing 0.05 and 0.01 wt% fennel oil, exhibited spher-
ical morphology with an average particle size below 130 nm, along with strong sta-
bility against centrifugation and dilution. They remained clear and transparent after 
30 days of storage at room temperature. Notably, the nanoemulsions were highly 
effective at low concentrations (0.05 wt%), completely inhibiting seed germina-
tion by disrupting physiological processes such as membrane integrity and induc-
ing reactive oxygen species-mediated cellular damage. These findings demonstrate 
that fennel oil nanoemulsions possess significant bioherbicidal potential and can 
serve as an eco-friendly alternative for sustainable weed management. 

Rys et al. (2022) evaluated the physicochemical characteristics and herbicidal 
effectiveness of peppermint essential oil nanoemulsions (PNs) at concentrations 
ranging from 1% to 10%, stabilized with Eco-Polysorbate 80, on germinating seeds 
and young plants of maize and barnyard grass [34]. Using a design of experiment 
(DOE) approach, final nanoemulsion formulations were prepared with 1%, 1.5%, 
2%, and 5% essential oil concentrations. Biological assays were conducted to iden-
tify the most effective formulation for selectively controlling barnyard grass in 
maize. Seedlings exposed to PNs showed overall metabolic inhibition, as indicated 
by calorimetric analyses, likely due to significant changes in carbohydrate content 
and composition. Concentration-response analysis revealed that a leaf-sprayed PN 
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concentration causing 10% damage to maize was 2.2%, while concentrations caus-
ing 50% and 90% damage to barnyard grass were 1.1% and 1.7%, respectively. 
Applications of PN at 5% or 10% significantly reduced leaf relative water con-
tent and chlorophyll a fluorescence 72 hours after spraying. Overall, peppermint 
nanoemulsion with 2% Eco-Polysorbate 80 shows promise for selective control of 
barnyard grass in maize, warranting further evaluation under controlled and field 
conditions. 

Nanoemulsions containing citronella (Cymbopogon nardus) essential oil (CEO) 
were prepared using a high-pressure homogenization technique, with surfactant 
blends (Tween 60 and Span 60) having hydrophilic-lipophilic balance (HLB) val-
ues ranging from 9 to 14.9 [35]. Chemical analysis revealed that CEO was rich in 
monoterpenes, including geraniol (36.3%), trans-citral (17.9%), cis-citral (15.3%), 
citronellal (9.0%), and β-citronellol (5.0%). Among the formulations, the nanoemul-
sion with HLB 14 displayed the smallest particle size (79 nm, PI 0.286), as con-
firmed by transmission electron microscopy, and was thus selected as the optimal 
formulation. After 28 days of storage, particle sizes changed to 58 nm at 4˚C and 
140 nm at 25˚C. Biological assays using Echinochloa crus-galli seeds demon-
strated that all nanoemulsions, across HLB values of 9 - 14.9 and concentrations 
of 100 - 800 µL/L, significantly inhibited germination and seedling growth in a 
dose-dependent manner. The HLB 14 formulation had the strongest inhibitory 
effect, reducing both seed imbibition and α-amylase activity. These results indi-
cate that CEO nanoemulsions possess potent phytotoxic activity, highlighting their 
potential as bioherbicidal agents for weed management. 

A natural herbicidal nanoemulsion was prepared using citronella (Cymbopo-
gon nardus L.) essential oil (CEO) combined with the nonionic surfactants Tween 
60 and Span 60 at a hydrophilic-lipophilic balance (HLB) of 14 through a micro-
luidization technique. Analysis of CEO revealed that its main components were 
citronellol (35.2%), geraniol (21.9%), and citronellal (13.6%) [42]. The droplet size 
and polydispersity index (PI) of the nanoemulsion were measured using dynamic 
light scattering (DLS), with the smallest droplets (33.2 nm, PI 0.135) achieved after 
seven cycles at 20,000 psi in a microluidizer. Transmission electron microscopy 
confirmed the DLS results, indicating successful formation of the CEO nanoemul-
sion. The herbicidal potential of the nanoemulsion was tested as a foliar spray against 
Echinochloa cruss-galli and Amaranthus tricolor, representative narrowleaf and 
broadleaf weeds, both of which showed visible toxicity symptoms. Further inves-
tigation into its mode of action revealed increased relative electrolyte leakage (REL) 
and malondialdehyde (MDA) levels, indicating cellular damage, along with a re-
duction in chlorophyll and carotenoid contents. These findings suggest that CEO 
nanoemulsions could serve as a natural herbicide, offering a promising alternative 
for sustainable agricultural practices. 

4. Discussion 

Weed management remains a critical challenge in agriculture, with global yield 
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losses from weeds exceeding 30%, highlighting the urgency for sustainable alterna-
tives to synthetic herbicides. Plant-derived bioherbicides, particularly essential oils 
(EOs), have emerged as promising eco-friendly solutions due to their multifaceted 
phytotoxic mechanisms. EOs disrupt membrane integrity, photosynthesis, nutrient 
uptake, and hormone balance, inducing oxidative stress and impairing root and 
shoot development, which makes them effective against both conventional and 
herbicide-resistant weed species. The biological activity of EOs is strongly influ-
enced by their chemical composition. Terpenes and oxygenated compounds, such 
as thymol, γ-terpinene, citronellol, and geraniol, have been identified as major con-
tributors to allelopathic and herbicidal effects. Studies on Satureja sahendica, fen-
nel, peppermint, and citronella demonstrated that these compounds inhibit seed 
germination, reduce chlorophyll content, disrupt water relations, and induce cellu-
lar damage, confirming their broad-spectrum activity. However, the practical ap-
plication of EOs is often limited by volatility, low water solubility, and rapid deg-
radation in the field. Nanotechnology-based formulations, particularly nanoemul-
sions, have addressed these limitations by enhancing EO solubility, stability, and 
controlled release, enabling effective weed suppression at low concentrations. Nano-
encapsulated EOs maintain bioactivity while improving selectivity, reducing crop 
damage, and enabling precise application. The combination of natural phytotoxic 
compounds with nanodelivery systems therefore represents a powerful strategy for 
sustainable weed management, aligning with integrated pest management and pre-
cision agriculture approaches. Future research should focus on optimizing nanofor-
mulation parameters, assessing species-specific responses, and conducting large-
scale field trials to validate laboratory findings. The integration of EO-based na-
noherbicides holds significant potential for reducing reliance on synthetic chem-
icals, improving crop productivity, and promoting environmentally sustainable 
agricultural practices. 

5. Conclusion 

Weed management remains one of the most pressing challenges in modern agri-
culture, with conventional synthetic herbicides often associated with environmental 
risks, herbicide resistance, and non-target effects. Bioherbicides derived from plants 
or microorganisms offer an eco-friendly alternative, acting through mechanisms 
that disrupt cellular integrity, nutrient uptake, hormone regulation, photosynthe-
sis, and induce stress responses in target weeds. Despite their promise, widespread 
commercial adoption is constrained by formulation stability, viability of biologi-
cal agents, and effective field application. Nanotechnology presents a transforma-
tive solution, enabling precise delivery, controlled release, and enhanced stability 
of bioactive compounds. Nanoencapsulation of essential oils and other plant-de-
rived compounds improves solubility, persistence, and herbicidal potency, while 
reducing off-target effects and environmental impact. Studies with oils from Ar-
temisia, Eucalyptus, thyme, fennel, peppermint, citronella, and Satureja demon-
strate their strong allelopathic and herbicidal activity, including inhibition of seed 

https://doi.org/10.4236/anp.2025.144007


A. Bratovcic 
 

 

DOI: 10.4236/anp.2025.144007 117 Advances in Nanoparticles 
 

germination, reduced root and shoot growth, altered chlorophyll content, and in-
duction of cellular damage in weeds. Compounds such as thymol, eugenol, and 
trans-cinnamaldehyde show consistent efficacy in both pre- and post-emergence 
applications, especially when delivered via nanoemulsions. Integrating plant-de-
rived bioherbicides with nanotechnology-based formulations supports sustaina-
ble agriculture by improving weed control, enhancing crop efficiency, and minimiz-
ing environmental risks associated with conventional herbicides. Future research 
should focus on optimizing formulations, evaluating long-term ecological safety, 
and scaling field applications to fully realize the potential of these innovative, sus-
tainable, and selective weed management strategies. Collectively, this integrated 
approach represents a viable, environmentally responsible solution to global weed 
management challenges. Despite their promising efficacy, the widespread adoption 
of these nano-carrier and essential-oil formulations will likely be constrained by reg-
ulatory approval processes and higher production costs, which must be carefully 
considered in real-world applications. 
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