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Foreword 

 
Plasma technologies have emerged as powerful and versatile tools for the development 

of innovative materials and processing. The use of plasma reduces the need for 

hazardous organic solvents, minimizes multistep procedures, and enables the 

fabrication of advanced materials through cleaner, faster, and more efficient processes. 

In recent years, agriculture has faced several challenges linked to global population 

growth, climate change, and the rapid spread of plant pathogens, including fungi, 

bacteria, and phytoparasites. Although chemical pesticides are efficient, they show 

critical limitations related to resistance development, environmental persistence, and 

toxicity toward non-target organisms. In this context, the search for innovative materials 

capable of reducing pesticide dosages while still ensuring effective crop protection has 

become a priority for the scientific community. Plasma deposition techniques provide 

promising tools in this direction, as they enable the formation of thin organic, inorganic, 

or hybrid coatings that can be designed with suitable properties to be active against 

pathogens.  

In particular, Aerosol-Assisted Atmospheric Pressure Plasma (AA-APP) processes offer an 

alternative to traditional wet-chemistry approaches commonly used for surface 

engineering, coating deposition, and the incorporation of active compounds into 

functional matrices. The introduction of the precursors into the discharge allows for the 

encapsulation or controlled retention of plant-protection agents such as fungicides, 

essential oils, and biocontrol agents within plasma-polymerized organic matrices. These 

coatings can be applied in various ways, from vivo seed treatments to the 

functionalization of agricultural materials such as zeolites or mulching films. 

The research presented in this Thesis was carried out at the Department of Chemistry of 

the University of Bari Aldo Moro, in collaboration with the CNR Institute of 

Nanotechnology (Bari). Part of the experimental activity was run at the Research Unit 

Plasma Technology (RUPT) and at the Research Unit Food Microbiology and Food 

Preservation of the Ghent University. Part of the microbiological experiments were 

conducted at the Department of Soil, Plant and Food Sciences of the University of Bari 
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Aldo Moro. This work investigates the potential of atmospheric-pressure plasma 

technologies for the development of coatings on both living and non-living agricultural 

materials, designed to address major challenges in modern agriculture. Through a 

multidisciplinary approach combining plasma engineering, materials science, agronomy, 

and microbiology, this research explores how plasma-made coatings can incorporate and 

release active substances effective against fungi, bacteria, and nematodes, in alignment 

with the sustainability principles of the European Green Deal and the Farm to Fork 

Strategy. In Figure 1, a graphical abstract of the work is presented. The main topic of this 

thesis revolves around the surface engineering of materials via AA-APP for agricultural 

applications. 

 

Figure 1. Graphical abstract of the topic covered in this thesis.  

Chapter 1 introduces the general context of the doctoral project, focusing on the current 
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challenges faced by agriculture, with particular attention to crop yield losses caused by 

phytopathogens and conventional crop management. The European regulatory 

framework promoting reduced use of pesticides and fertilizers and the adoption of 

alternative crop protection strategies is also described. 

The chapter concludes by introducing advanced technologies for the design of new 

materials for agriculture, focusing on plasma processes and their potential for surface 

functionalization, highlighting plasma treatments as promising tools to support more 

efficient and sustainable agricultural practices. 

Chapter 2 focuses on the development of plasma coatings encapsulating chemical 

fungicides or biocontrol agents as a more sustainable approach to crop management. 

The methodological section describes the AA-APP deposition process used for coatings 

preparation and the analytical techniques employed (FT-IR, XPS, WCA, profilometry, SEM) 

for their chemical characterization. 

Moreover, this chapter describes the antifungal activity of the developed bilayers. For 

fungicide-containing coatings, different active ingredient dosages and film thicknesses 

were tested, demonstrating that plasma deposition preserves or can even enhance 

antifungal activity. Coatings containing Bacillus velezensis spores were also evaluated: 

the spores remain viable and retain antagonistic activity, although thicker films delay 

bacterial growth. These results demonstrate that plasma-produced matrices can protect 

both fungicides and microorganisms without compromising their functionality. 

Annex A 2.1 is the applied extension of Chapter 2 and focuses on the development and 

characterization of fungicide-containing coatings deposited by plasma on maize seeds. 

The home-made large-scale AAA-PP reactor used in this study is described. Antifungal 

tests against Fusarium graminearum demonstrate the antifungal efficacy of the coated 

seeds, while the coating itself remains biologically inert. Seed germination assessments 

reveal only a slight reduction, with no negative impact on seed viability. 

Chapter 3 focuses on the preparation and characterization of EO–zeolite composites 

coated with films deposited by AA-APP. The chemical characterization of the plasma-

deposited coatings confirms the formation of an oxygen-containing organic matrix, 

comparable to that developed in the previous chapter. In vivo tests on tomato plants are 

described to evaluate the nematicidal activity of EO-containing coatings on zeolite.  

The results indicate that all EOs significantly reduce Meloidogyne incognita populations, 
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but EO-containing composites are markedly more effective than both free oils and 

uncoated loaded zeolites. Although their performance remains lower than that of the 

synthetic nematicide, the EO-containing coatings show considerable potential as low-

impact environmental alternatives. 

Chapter 4 is dedicated to the development of zinc-based antimicrobial coatings 

embedded within a PEG-like organic matrix by plasma deposition using the AA-APP jet 

technique. These coatings were applied in two ways: deposited onto polyethylene and 

tested against Erwinia carotovora, or applied onto seeds, and their effectiveness was 

evaluated against three Fusarium species. The assessment of antibacterial activity 

demonstrates that both zinc-containing coatings effectively inhibit the growth of E. 

carotovora, with increasing efficacy at higher zinc contents. In parallel, germination tests, 

plant-length measurements, and infection assessments against the three Fusarium 

species revealed that the coating process leads to a reduction in infections in all treated 

seeds and improves seed growth. 

Chapter 5 explores the application of cold atmospheric plasma as a practical post-

harvest technology for the decontamination of maize kernels from Aspergillus flavus and 

Fusarium proliferatum, as well as for the degradation of their main mycotoxins, aflatoxin 

B1 (AFB1) and fumonisin B1 (FB1). Three treatment approaches are described, and 

conidial germination tests and LC-HRMS analyses were employed to quantify fungal 

inhibition and to evaluate the degradation of AFB1 and FB1. The results confirm a 

significant reductio n in fungal germination. In addition, tests carried out on naturally 

contaminated maize demonstrate the practical applicability of this approach, confirming 

the effective reduction of FB1 levels. This study highlights the potential for integrating this 

safe and residue-free technology into food and feed processing chains. 
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1 
Introduction 
 

1.1 Global Dynamics of Food Demand and Implications for Agriculture 
A substantial share of global agricultural production is dedicated to meet food demand. 

Specifically, this refers to the use of agricultural products for direct human consumption, 

as well as to the use of crops and other plant and animal-based materials to produce 

animal feed. [1-2] Undoubtedly, the population growth observed over the past century has 

led to a significant increase in food demand. According to the United Nations, the world 

population is expected to reach 9.7 billion by 2050, 10.8 billion by 2080, and 11.2 billion 

by 2100. Compared to approximately 7.3 billion people in 2015, these figures represent 

population increase of about 32%, 47%, and 53%, respectively, across the three 

projected periods. [3] 

Although these projections suggest a gradual slowdown in overall global population 

growth, significant increases are expected in Africa and South Asia. [4] Driven by these 

significant demographic dynamics, global food demand is projected to rise considerably 

in the coming decades. [5] 

Cereals, including maize, wheat, and rice, together reach about one-third of the total 

agricultural production, and are the primary group of crops cultivated worldwide. 

Climate change will be a critical factor in determining the future state of natural 

resources, as well as the conditions of agricultural production, thereby affecting food 

availability. One of the most direct impacts of climate change on agriculture is the 

reduction in crop yields. [6,7] 

A meta-analysis of 1,090 studies primarily focused on wheat, maize, rice, and soybeans 

conducted under various climatic conditions, indicates that climate change could 

significantly reduce crop yields in the long term. [8] An additional negative effect is the 

projected increase in atmospheric CO2 levels by 2050, which is associated with a marked 

decline in the zinc, iron, and protein content of major staple crops. [9] 
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Meanwhile, the food systems are becoming increasingly intensive and complex, with 

longer supply chains, which leads to higher greenhouse gas emissions both during 

agricultural production (due to fertilizers, machinery, pesticides, etc.) and in the post-

production stages (processing, distribution, and retail). [10] 

Future emission levels will depend on how much agricultural production is needed to 

meet demand, how much food is lost or wasted, and the types of technologies adopted 

for the production. [11] 

In recent years, product safety has become an important global issue in agricolture, 

where problems caused by pathogenic microorganisms are mainly considered.  

Plant diseases caused by fungal, bacterial, viral, nematode, and parasitic infections entail 

significant risks to global agriculture, leading to reductions in crop yield and quality. 

Moreover, climate change, monoculture, and inadequate farming practices have further 

intensified the spread of these diseases. [12] 

 

1.2 Plant diseases  

Plant health directly influences food security, environmental sustainability, and 

economic stability. [13] Healthy crops ensure consistent agricultural productivity, which is 

essential for feeding the world’s growing population. However, plant diseases caused by 

fungi, viruses, bacteria, and nematodes represent a major threat to agricultural systems, 

as they can rapidly spread through air, water, soil, and vectors such as insects. [12] When 

these diseases affect crops like wheat, rice, maize, and potatoes, they can lead to food 

shortages, price volatility, and substantial economic losses. [14] 

Given these risks, it is required to develop a comprehensive understanding of plant 

diseases, including their symptoms and the causal agents, as well as to explore and 

implement effective management strategies that are both sustainable and 

environmentally sound. [12,13] Below, Figure 1 provides a detailed illustration of plant 

diseases and transmission pathways.  
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Figure 1. Plant diseases and transmission pathways. [15]  

 

Development and spread of plant diseases are driven by a combination of environmental 

conditions, farming methods, and adaptive behavior of pathogens. [15-18] 

• Environmental Factors 

Plant disease dynamics depend strongly on environmental conditions. Warm, humid 

weather favors many fungal and bacterial pathogens; heavy rains facilitate waterborne 

spread, and sustain humidity accelerates spore germination. By contrast, drought stress 

compromises plant defenses, and increases their susceptibility. [15,16] 

• Agricultural Practices 

Intensive farming techniques can create environments conducive to disease outbreaks. 

Monocultures deplete soils, erode biodiversity, and allow the buildup of pathogens. Poor 

irrigation and drainage cause waterlogging that favors root pathogens, while 
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contaminated seed or planting material introduces diseases, leading to major yield and 

economic losses. [17,18] 

• Pathogen Evolution and Resistance 

Plant pathogens evolve rapidly via mutation and recombination, producing more virulent, 

pesticide- and fungicide-resistant strains. Overuse of chemicals accelerates this 

process, creating resistant populations and complicating disease control. [19,20] 

 

1.3 Pathogens in agriculture  

In addition to environmental factors, agronomic practices, and evolution of resistance, 

pathogens represent one of the main causes of agricultural losses. 

 

1.3.1 Fungi  

Fungal pathogens represent one of the most pressing challenges, particularly in cereal-

based agricultural systems. This issue is especially relevant in the Mediterranean basin, 

where cereals are extensively cultivated and form the basis of  the regional diet and 

economy. It is estimated that average yield losses in cereals due to fungal contamination 

amount to about 15–20%, with peaks up to 50% under severe epidemic conditions. For 

instance, in 2019, 22% of wheat yield losses were entirely attributable to fungal diseases. 
[21] 

Pathogenic fungi not only induce a wide range of plant diseases, but also have the ability 

to synthesize toxic mycotoxins that can accumulate in infected tissues. Mycotoxin 

formation can begin during the preharvest stage and may persist or even intensify during 

postharvest handling and storage. [22] The presence of mycotoxins in plant products, as 

well as in processed food and feed, poses significant risks to food safety and  animal 

health. The fungal genera most frequently associated with mycotoxin contamination are 

Fusarium, Alternaria, Aspergillus, and Penicillium, each of which includes species 

capable of producing toxic compounds under favorable conditions. [23] 
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Of particular concern are aflatoxins (AFs), ochratoxin A (OTA), deoxynivalenol (DON), T-

2/HT-2 toxins, fumonisins (FBs), and zearalenone (ZEN), which are associated with acute 

and chronic toxic effects, including carcinogenicity. High levels of AFs and DON 

contamination in food cereals highlight maize and wheat as particularly vulnerable crops. 
[24-26] 

The genus Fusarium is among the most widespread pathogens affecting cereals, 

including common and durum wheat, barley, oats, rye, and triticale. In these crops, it can 

cause root rot, leading to severe yield reductions, often estimated between 10 % and 40 

%. As previously mentioned, several Fusarium strains are also capable of producing 

mycotoxins, which may be formed either in preharvest plants still standing in the field or 

in stored grain. In wheat, their presence has become virtually unavoidable in food and 

feed chains. [27] 

Fusarium graminearum is one of the most dangerous Fusarium species and the main 

etiological agent of two distinct diseases affecting different plant tissues. Fusarium 

Crown Rot (FCR) primarily affects roots and crown tissues, impairing plant development 

from the earliest growth stages. The second, Fusarium head blight (FHB), is the most 

destructive form from both agronomic and food safety perspectives, as it directly affects 

spikes and kernels during flowering, leading to grain contamination with mycotoxins. 

From a mycotoxicological standpoint, FHB is of particular concern due to the 

accumulation of stable mycotoxins that pose a serious threat to human food and animal 

feed safety. By contrast, FCR has a lower mycotoxicological impact, as infections are 

mainly confined to vegetative tissues and only rarely result in significant kernel 

contamination. [28] 

Maize (Zea mays L.) is one of the most important crops worldwide; the American 

continent accounting for about half of the total production, followed by Asia and Europe. 

Maize has a nutritional value comparable to wheat but is generally less expensive, making 

it a key component in both human and animal diets. [29] 

Mycotoxins, which mostly affect corn, belong to the genera Fusarium and Aspergillus. F. 

proliferatum and F. verticillioides are associated with severe plant diseases such as ear, 

stalk, and root rots, while Aspergillus flavus is frequently detected on maize kernels at 

maturity and during storage. These fungi can produce a wide range of mycotoxins that are 
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chemically stable and can persist even after conventional physical or chemical 

treatments. [30] 

The most relevant mycotoxins in maize are FBs, produced mainly by F. proliferatum and F. 

verticillioides, and AFs, produced primarily by A. flavus. Due to their impact on food and 

feed safety, European authorities have established maximum permitted levels of these 

mycotoxins to protect human and animal health. [31-32] 

 

1.3.2 Bacteria  

Although bacteria cause fewer plant diseases than fungi, they are responsible for some 

of the most severe pathologies affecting cultivated crops. The dissemination of many 

bacterial pathogens is strongly influenced by environmental factors such as rainfall and 

wind, insect vectors, and agronomic practices including pruning, grafting, inadequate 

crop rotation, poor hygiene, and the use of contaminated seeds. 

Pectinolytic bacteria belonging to the genus Pectobacterium are collectively referred to 

as Soft Rot Pectobacteriaceae (SRP). Members of the family Pectobacteriaceae are able 

to survive in soil for periods ranging from one week to six months, depending on soil 

temperature, moisture, and pH. [33] In soils, the presence of these microorganisms has 

been investigated mainly in association with plant residues, which are thought to act as 

reservoirs for their survival and dissemination. 

Erwinia carotovora is a Gram-negative phytopathogenic bacterium that has become a 

major global threat to numerous vegetable crops and ornamental species, including 

onion, garlic, cucumber, potato, carrot, cabbage, and tomato. This pathogen is of 

particular concern during the pre-harvest phase and  post-harvest phas, where it can 

cause severe losses due to latent infections. It enters plant tissues through wounds or 

natural openings from the soil and produces a wide array of exoenzymes that degrade cell 

wall and membrane components, leading to tissue maceration and ultimately plant death 

[34–37]. Consequently, the effective management of this bacterium is of paramount 

importance in agricultural systems. 
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1.3.3 Nematodes  

Plant-parasitic nematodes (PPNs) cause severe damage and significant yield losses in a 

several vegetable crops, with heavy estimated annual global losses. The extent of plant 

growth impairment caused by PPNs may depend on the nematode species, the 

physiological race, and the initial nematode population density in the soil at the time of 

sowing or transplanting. In cases of high soil infestation levels (>64 eggs and juveniles/mL 

of soil), they can destroy the crop. Moreover, PPNs can cause additional damage through 

synergistic interactions with the plant pathogens such as Fusarium spp., Verticillium 

spp., viruses and bacteria that enter through root lesions induced by nematodes. This 

phenomenon increases the severity of plant disease symptoms such as yellowing, 

stunted growth, wilting, and dwarfism. The severity of PPN-induced damage is expected 

to increase due to global warming and the intensification of agriculture aimed at meeting 

the needs of a rapidly growing world population. 

The PPNs exhibit a wide variety of interactions with their host. They can be classified as 

ectoparasites or endoparasites depending on the plant tissues they feed on. Some PPNs 

are migratory, as they can easily move from the soil into plant tissues, whereas others are 

sedentary. Most PPN species possess a needle-like, protrusible oral structure called 

stylet, which is used to pierce host plant tissues and release specific enzymes that 

partially digest plant cells, thereby facilitating their ingestion into the nematode’s gut.  

Root-knot nematodes are among the most destructive PPN species for nearly all 

cultivated plant species. Within this group, those belonging to the genus Meloidogyne are 

considered the most damaging pests of horticultural crops, causing severe yield losses. 

Four species (Meloidogyne incognita, M. javanica, M. arenaria, and M. hapla) are primarily 

responsible for reductions of up to 73.3% in tomato production. 

The parasitic life cycle of Meloidogyne incognita comprises several stages, beginning with 

egg deposition on the root surface by the adult female. From the eggs, the second-stage 

juvenile (J2) develops, which represents the infective form capable of penetrating roots 

and completing development to the adult stage. Under favorable environmental 

conditions, the entire life cycle can be completed within 4–6 weeks, allowing rapid 

reinfestations, as shown in Figure 2. [39] 

Not all nematodes are harmful to plants. In addition to phytoparasitic species, many free-

living nematodes play essential roles in soil ecosystems by contributing to nutrient 
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cycling, regulating microbial communities, and maintaining ecological balance, and they 

are also considered reliable bioindicators of soil health. [40–42] 

 

Figure 2. Life cycle of M. incognita. [39]  

 

1.4 Chemical plant disease management practices 

Plant protection practices have been enriched worldwide, and six main methods have 

been developed, including agricultural, physical, biological, chemical and plant 

quarantine methods, and integrated pest management (IPM). Among these, chemical 

methods, and in particular the use of pesticides are the most widely adopted strategies 

due to their effectiveness and broad applicability. [43] 

In the following sections, each of these categories will be examine, in order to highlight 

the specific molecules used, their mechanisms of action, and their impact on the 

environment and human health. Since the materials developed during this PhD course 

were intended to fight fungi, nematodes and bacteria, the main practice against these 

pathogens will be described. 

 

1.4.1 Pesticides  

Pesticides are synthetic chemical substances that are typically hydrophobic and/or 

lipophilic. The Food and Agriculture Organization of the United Nations (FAO), together 
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with the World Health Organization (WHO), defined pesticides in 2016 as “any substance, 

or mixture of substances, intended for preventing, destroying or controlling any pest, 

including vectors of human or animal disease, unwanted species of plants or animals, 

causing harm during the production, processing, storage, transport or marketing of food, 

agricultural commodities, wood and wood products, or animal feed”.  

The classification of pesticides is essential for understanding their diverse applications, 

as it provides information on how pesticides function, their environmental impact, and 

the best practices for their application. Pesticides are categorized as insecticides, 

herbicides, fungicides, rodenticides, molluscicides, nematicides, and plant growth 

regulators, each targeting specific types of pests or functions, as illustrated in Figure 3. 
[44] However, pesticide can be broadly classified into three categories: 

•  based on application i.e., to the way pesticides interact with or enter the target 

organism, described in Table 1;[45] 

• based on their function, grouped according to their specific roles and the 

organisms they target; 

• Classification based on the chemical composition, on their chemical 

characteristics and the nature of their active ingredients. Modern pesticides may 

be either inorganic or organic compounds [44] 

 

 
 

Figure 3. Classification of pesticides.[44]  
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Table 1. Classification based on application. [45]  
 

 
 
In agricultural development, pesticides have become a fundamental tool for crop 

protection and yield enhancement. Worldwide, approximately 2 million tons of pesticides 

are used annually, of which 47.5% are herbicides, 29.5% insecticides, 17.5% fungicides, 

and 5.5% other types. [46-47] 

In 2019, the five largest consumers of pesticides within the European Union (EU) were 

Spain, France, Italy, Germany, and Poland. Across the period 2011–2020, fungicides and 

herbicides consistently represented the dominant pesticide categories, accounting for 

approximately 40–44% and 30–36% of total sales, respectively. [48] However, over time they 

tend to accumulate in plant tissues, water, soil, air, and biota. 

Pesticides tend to accumulate in soils, where they alter physical, chemical, and 

biological properties, leading to a decline in microbial populations and harming beneficial 

organisms such as pollinating insects. Pesticides released into the environment may 

undergo transformation through photolysis, hydrolysis, oxidation, or microbial 

metabolism; however, these processes are often slow and incomplete, leading to the 

long-term persistence of residues. In aquatic systems, they disperse into water through 

drift, runoff, and leaching, thereby threatening fish populations and compromising the 

quality of drinking water quality. Furthermore, a correlation has emerged between 

pesticide use and the development of antibiotic resistance genes. [49]  Notably, less than 
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10% of applied pesticides reach the target pest, while more than 90% are dispersed into 

the environment through soil deposition, crop uptake, precipitation, leaching, runoff, 

volatilization, evaporation, and degradation. As a result, pests are exposed to lower 

pesticide concentrations, which in turn drive the development of resistance 

mechanisms. [50]These substances then enter the human food chain, where they 

represent a significant risk to human health. According to a report by the WHO and the 

United Nations Environment Programme (UNEP), three million people worldwide are 

poisoned due to pesticide exposure. Continuous exposure to the same pesticide may 

lead to its accumulation in human adipose tissue, which has been associated with 

cancers, mutations, reproductive abnormalities, hormonal imbalances, congenital 

defects, neurodegenerative disorders, pulmonary and hepatic dysfunctions, and 

hematological diseases. For all these reasons the EU has introduced strict legislation, 

such as Regulation (EC) No. 1107/2009 on the placing of plant protection products on the 

market, while the European Food Safety Authority (EFSA) establishes Maximum Residue 

Limits (MRLs) for pesticides in food. 

In 2023, Europe recorded the lowest level of pesticide sales since 2011, with a 9% 

decrease compared with 2022 and an 18% decrease compared with 2021. This was 

confirmed by the latest data published by Eurostat and reported in Figure 4, the statistical 

office of the European Union. [51] 

 

 

Figure 4. Pesticide sales levels in the EU from 2011 to 2023. [51] 
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1.4.2 Fungicides 

Within the broader category of pesticides, fungicides represent the class specifically 

designed to target fungal pathogens. As previously described in paragraph 1.3.1, several 

Fusarium species are associated with Fusarium head blight (FHB), with F. graminearum 

being the predominant pathogen. Since FHB is an economically significant disease, 

effective management strategies must be implemented to reduce its impact in the field. 

Chemical control is among the most effective approaches, and fungicides have been 

reported to lower FHB incidence by up to 77% and mycotoxin levels by 89%. [52] 

Fungicides have been classified by the Fungicide Resistance Action Committee (FRAC), 

which groups them according to their different modes of action, as reported in Table 2. [53-

54] 

 

Table 2. Classification of pesticide modes of action according to the FRAC. [54]  

 

 

Among these, sterol biosynthesis inhibitors (SBIs) account for approximately 30% of 

global fungicide sales and, within this class, demethylation inhibitors (DMIs, FRAC group 

G) represent the most relevant subgroup, accounting for about 94%. [54] Triazole 

fungicides as the prothioconazole, which belong to this category, provide highly effective, 

systemic, and broad-spectrum control of the major plant pathogens. Prothioconazole, 

developed and commercialized between 2002 and 2004 by Bayer, is a pro-fungicide that 
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is bioactivated in vivo to prothioconazole-desthio. [55] It ensures long-lasting control of 

multiple diseases in wheat, barley, and other crops. As reported by Masiello et al. (2020), 

prothioconazole demonstrated strong activity against Fusarium graminearum both in 

vitro and in vivo. In vitro, assays revealed that prothioconazole was highly effective in 

completely inhibiting mycelial growth. When evaluated under field conditions on 

artificially inoculated maize, prothioconazole significantly reduced F. graminearum 

contamination, with decreases of approximately 52% compared to untreated controls. [56] 

In addition to DMIs, other fungicide groups are also against FHB. Fludioxonil, classified in 

FRAC group E, interferes with fungal signal transduction, leading to loss of cell 

homeostasis and cell death.[57] While its field efficacy against Fusarium spp. is generally 

lower than that of triazoles, it shows strong in vitro activity and is mainly employed in seed 

treatments. 

Pyraclostrobin, a member of FRAC group C and belonging to the quinone outside inhibitor 

(QoI) group, disrupts mitochondrial respiration by blocking ATP production, which rapidly 

inhibits fungal growth. According to Chen et al. its effectiveness against FHB is 

particularly high when used in combination with the triazole fungicide epoxiconazole, and 

this strategy is also important to reduce the risk of resistance development. [58]  

Figure 5 reports the chemical structures of prothioconazole, fludioxonil, and 

pyraclostrobin. 

 

 

Figure 5. Chemical structure of the fungicides prothioconazole, fludioxonil, and 

pyraclostrobin.  

 

The effectiveness of fungicide treatments depends on the mode of application, which 
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determines the degree of contact between the active ingredient and the pathogen. The 

main approaches are soil treatments, seed treatments, and foliar applications. 

Soil treatments include several techniques. Soil drenching involves applying liquids or 

granules fungicides directly to the soil so that the active compound percolates to a depth 

of 10–15 cm. Furrow application, in contrast, delivers fungicides directly into planting 

furrows at sowing. Finally, fumigation employs volatile chemicals that diffuse through the 

soil as gases. 

Seed treatments aim to eliminate pathogens at the surface or inside seeds before sowing. 

These include physical methods (e.g., hot-water treatment or solarization) and chemical 

approaches, as well as seed dressing, where protective substances are applied directly 

onto the seed surface. Chemical treatments are divided into wet methods, where seeds 

are coated with suspensions or solutions, and dry methods, where fungicides are applied 

directly as powders without additional carriers. These treatments protect the seed itself 

and help seedlings resist early soil-borne infections. Foliar applications are the most 

common method and are intended to protect the aerial parts of the plant. They usually 

involve spraying, which covers the leaves with fungicide. Sprays can be applied in high 

volumes for full coverage or in lower volumes to reduce product use while maintaining 

efficiency. In some cases, fungicides are applied as powders (dusting), though this 

method is less persistent and less commonly used. Overall, soil, seed, and foliar 

applications represent complementary strategies for disease management. The choice 

of method depends on the type of crop, the biology of the pathogen, and field 

conditions.[59]  

 

1.4.3 Nematicides 

Chemical control plays an essential role in counteracting PPNs. For this reason, another 

relevant class of pesticides is represented by nematicides. As a result of the damage 

caused by PPNs, the synthesis of compounds aimed at controlling nematodes began in 

the XIX century as a strategy to ensure food security and prevent economic losses. Initially 

applied directly to the soil, these substances were intended to sterilize it, thereby 

eliminating pests and phytonematodes. The use of such chemical agents in agriculture 
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had a major impact on crop production, significantly improving both yield and quality 

worldwide.  

Nematicides applied directly to the soil can be classified into two categories: fumigant 

and non-fumigant nematicides as reported in Figure 6. Fumigants are typically liquid 

formulations that volatilize upon contact with air. They diffuse deeply into the soil, and 

upon contact with soil moisture they decompose into products that penetrate the 

nematode cuticle, where they interact with amino acids, enzymes, and proteins, 

ultimately leading to metabolic disfunctions and death. Fumigant nematicides are 

considered biocidal substances because they act on nematodes but also on fungi, 

bacteria, seeds, and other soil organisms. However, their application may cause 

significant environmental disturbances and phytotoxicity. These compounds are 

generally more effective in soils with low organic matter content, as organic compounds 

and clay minerals tend to absorb and inactivate them. Their dispersion is also 

temperature-dependent, with optimal performance observed at soil temperatures 

around 12–15 °C.  

From the 1960s, new classes of products were developed, known as non-fumigant 

nematicides. Among these, organophosphates and carbamates are of particular 

importance. Compared with fumigants, they exhibit lower environmental persistence and 

exert systemic activity against plant-parasitic nematodes, being effective at lower 

concentrations. However, despite their reduced phytotoxicity, they remain highly toxic to 

non-target organisms such as insects and mammals, thereby posing relevant 

environmental risks. [60] 

 

Figure 6. Classification of nematicides based on mode of action and mechanism of 

action. [60] 
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The IRAC (Insecticide Resistance Action Committee) has introduced the classification of 

nematicides based on their mode of action. Nematicides can have a neurotoxic 

mechanism of action, for example through the inhibition of the acetylcholinesterase 

enzyme (carbamates and organophosphates) or by causing the continuous opening of 

sodium channels in cell membranes (abamectin), preventing the transmission of nerve 

impulses, resulting in paralysis and death. Another mechanism is related to the inhibition 

of respiration: isothiocyanates interfere with electron transport in the mitochondrial 

respiratory chain, causing enzymatic inactivation and inducing apoptosis. While, 

halogenated aliphatic compounds, such as methyl bromide, act as protein alkylating 

agents and oxidize the Fe²⁺ centers of cytochromes, thus blocking cellular respiration. 

Methyl bromide has been progressively withdrawn from the market in most countries. 

Finally, another mechanism of action concerns the dysregulation of steroid metabolism, 

as in the case of fluensulfone. This nematicide alters the sterol composition of 

nematodes, interfering with their development. [61] 

The most widely used nematicides on the market for the treatment of M. incognita in 

tomato plants are Velum Prime (Bayer) and Nemathorin 10G (Syngenta). The chemical 

structures are shown in Figure 7. The active ingredient of Velum Prime is fluopyram, a 

nematicidal molecule capable of selectively inhibiting Complex II of the mitochondrial 

respiratory chain in nematodes, leading to a reduction in ATP production. This results in 

nematostatic action, causing loss of nematode mobility. Fluopyram is a new-generation 

chemical nematicide with moderate toxicity towards aquatic organisms, invertebrates, 

and vertebrates. Moreover, it is not classified as carcinogenic or genotoxic; experimental 

studies, however, have indicated that such effects may occur only at very high doses, 

which are not typically used under field conditions. [62]  

Nemathorin 10G (Syngenta) contains the active ingredient fosthiazate, an 

organophosphate that inhibits the enzyme acetylcholinesterase in the nematode nervous 

system. In a study by Kandil et al., in vitro results showed 94% mortality of M. incognita 

juveniles after 96 hours. When tested in vivo on tomato, the nematicide significantly 

reduced the number of root galls and juveniles in the soil. Moreover, it also led to an 

increase in crop yield.  

Fosthiazate was developed as an alternative to methyl bromide, a highly toxic fumigant 

nematicide, to reduce the risks associated with fumigants. However, it has been reported 
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to affect non-target nematodes and the soil microbial comunity. As an organophosphate, 

it also carries the risk of inducing neuropathies in humans. [63] 

 

 

Figure 7. Chemical structure of the nematicides Velum Prime (Bayer) and Nemathorin 

10G (Syngenta).  

 

1.4.4 Antibiotics 

Antibiotics are substances produced by microorganisms that can inhibit or kill other 

microorganisms. Although their use in plant protection is generally low compared to 

human and veterinary medicine, plant pathologists soon recognized their potential in 

managing bacterial plant diseases. Consequently, farmers in different regions of the 

world have resorted to antibiotics to control these pathogens. However, the actual 

amounts applied to crops remain difficult to quantify due to the absence of systematic 

monitoring, raising concerns that their use in plant health may be more widespread than 

previously assumed. To address these gaps, several international initiatives have recently 

been launched to collect and harmonize data on antimicrobial use in plants at a global 

scale. [64-68] Unlike pesticides, which are clearly classified into categories, the antibiotics 

used in agriculture are not organized within a specific classification, but they are generally 

grouped under broader categories (e.g., together with fungicides) or referred to according 

to their pharmacological classes, highlighting the lack of a dedicated regulatory or 

agronomic framework. [69] 

In agriculture, the use of antibiotics is selective and restricted to a limited number of 

bacterial diseases. Compounds such as streptomycin, oxytetracycline, kasugamycin, 

oxolinic acid, and gentamicin have been employed primarily for the control of Erwinia 

amylovora, the causal agent of fire blight in pome fruits. Their application, however, 
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remains highly regulated due to the risks associated with resistance development and 

public health concerns. [70] Instead, no antibiotics are commercially authorized for the 

management of soft rot caused by E. carotovora. For this disease, conventional strategies 

have relied mainly on copper-based formulations. These products, represent the most 

widely adopted chemical approach in practice. Experimental studies have confirmed that 

copper compounds such as copper sulfate pentahydrate and copper oxychloride are 

effective in suppressing the growth of E. carotovora. Nevertheless, the use of copper-

based compounds presents certain limitations: in addition to their restricted efficacy 

under field conditions, copper formulations may cause phytotoxic effects and negatively 

influence plant growth when not properly managed. [71]  

Copper is an essential micronutrient, but excessive exposure can result in toxic effects. 

Acute ingestion of high levels of copper may cause gastrointestinal disorders as well as 

kidney and liver damage, while chronic exposure can lead to tissue accumulation and 

hepatic dysfunction.  

Another potential risk is linked to the presence of copper residues in agricultural products 

intended for human consumption. Intensive and repeated applications of copper-based 

formulations can increase their concentration in plant tissues and along the food chain. 

For these reasons, the EU has introduced restrictions on the use of copper in plant 

protection products, promoting a more sustainable application. 

These constraints highlight the challenges of chemical control of bacterial soft rot and 

emphasize the need for more sustainable alternatives. [72] 

1.5 Green Deal and Farm to Fork  

The 2030 Agenda for Sustainable Development adopted in September 2015 by all 193 

Member States of the United Nations. It reflects a shared awareness of the urgent global 

challenges that humanity faces, including poverty, inequality, climate change, and the 

loss of biodiversity. The framework is built around five guiding principles – People, Planet, 

Prosperity, Peace, and Partnership – which together define an integrated vision of 

sustainable progress.  

The Agenda establishes 17 Sustainable Development Goals (SDGs) and 169 specific 

targets to be achieved by 2030, combining economic, social, and environmental 
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dimensions in a single framework. Among these, SDG 2 plays a crucial role, as it aims to 

eradicate hunger, ensure food security, improve nutrition, and promote sustainable 

agriculture. Achieving this objective requires supporting small-scale producers, 

strengthening agricultural systems, reducing food waste, and safeguarding the 

biodiversity of crops, seeds, and livestock. These elements are essential to guarantee 

equitable and reliable access to food resources for present and future generations. [73]  

Building on this global vision, the EU has launched the European Green Deal, an 

ambitious policy framework designed to make Europe the first climate-neutral continent 

by 2050. The Green Deal mirrors the integration of the United Nations (UN), combining 

environmental protection with economic transformation and social inclusion. Its 

measures include the reduction of greenhouse gas emissions, the promotion of 

renewable energy, the development of sustainable mobility, and the strengthening of the 

circular economy. 

 The Farm to Fork Strategy is one of the key pillars of the Green Deal, specifically 

dedicated to the sustainability of the agricultural and food sectors. Its main objective is 

to build a safer, healthier, and more environmentally compatible agri-food system by 

2030. To this end, it promotes the adoption of innovative technologies, the reduction of 

pesticide use by 50% and fertilizers by 20%, the halving of nutrient losses in soils, and the 

expansion of organic farming. In doing so, Farm to Fork directly contributes to the 

achievement of the 2030 Agenda, particularly SDG 2, while safeguarding biodiversity and 

enhancing resilience to climate change. [74-76] 

Meeting these goals requires of innovative technological solutions. Advances are needed 

to improve plant protection against emerging pests and diseases, accelerate the 

transition away from pesticides and antimicrobials, limit excessive dependence on 

chemical fertilizers, strengthen organic farming, promote higher standards of animal 

welfare, and reverse the decline of biodiversity. Within this context, the design and 

application of innovations have been the focus of this doctoral research, aiming to 

provide tools and approaches that support a more sustainable and resilient agri-food 

system. 
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1.6 Innovative Approaches for the Control of Chemicals in Agriculture 

In recent years, following the increase in food demand and the need to reduce the 

environmental impact caused by agrochemicals, the scientific community has been 

committed to developing a range of practical strategies. In the next sections, the different 

innovative approaches employed in agriculture for pesticide control are discussed. 

 

1.6.1 Nanotechnologies in Agriculture  

In response to the numerous issues associated with the intensive use of pesticides, such 

as the development of resistance in target pests, adverse effects on non-target 

organisms, environmental contamination, and toxicity, controlled-release systems have 

been extensively investigated for environmentally friendly pest management. A major 

limitation of conventional formulations is that most pesticides are insoluble in water, 

which compromises their dispersion and stability in the aqueous phase, resulting in a 

non-uniform distribution on target crops. [77]  

The development of nanotechnology has provided a novel approach for the innovation of 

controlled release pesticide formulations. Since the beginning of the 21st century, when 

the concept of pesticide nanotechnology was first introduced in the USA, significant 

progress has been made in the design of nanopesticides. In recent years, a wide range of 

nanomaterial-based pesticide delivery systems have been developed with improved 

solubility, enhanced stability, controlled release, and greater efficiency in crop 

protection, while also reducing the environmental footprint of pesticide applications. [78-

79] Furthermore, thanks to Nanotechnology, pesticides management can be driven toward 

a local application in a controlled manner, with a resulting reduced and more effcient use 

of agrochemicals. Figure 8 provides a classification of the most widely studied 

nanoformulations for the controlled release of agrochemicals, highlighting the different 

types of carriers and the active ingredients commonly encapsulated within them. 
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Figure 8. The diagram illustrates different classes of nanocarriers, including polymer-

based systems, lipid-based carriers, silica nanoparticles, clay nanomaterials, 

nanoemulsions, and nanoscale metal oxides along with representative agrochemicals 

incorporated within each category. [78]  

 

The nanomaterials used for the controlled release of pesticides include nanoparticles, 

films, capsules, emulsions, layered systems, hydrogels, porous beads, and fibers. These 
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different configurations influence the release of the active ingredient, its protection from 

external factors, and its overall efficacy. Among the carrier materials, polymers remain 

the most widely used, ranging from natural biopolymers (e.g., gelatin, gum arabic) to 

synthetic ones (e.g., PEG, polyurethane). Recent strategies involve nanocomposites that 

combine polymers with nanoparticles to improve environmental resistance, adhesion to 

surfaces, and responsiveness to external stimuli. 

A wide range of polymeric and hybrid carriers have been explored for the controlled 

release of fungicides. Polymeric microcapsules are among the most established 

systems, providing both protection of the active ingredient and gradual release. [79-80] For 

instance, Chen et al. developed polyurethane-based microcapsules loaded with 

prothioconazole and functionalized with chitooligosaccharide (COS). [81] Biodegradable 

polymers have also attracted attention as sustainable carriers. Polylactic acid (PLA) 

microspheres, for example, have been used to co-encapsulate prothioconazole and 

tebuconazole, resulting in a synergistic effect against F. graminearum. Compared to the 

non-encapsulated mixture, the microspheres achieved stronger inhibition of mycelial 

growth, while offering the additional advantage of biodegradability and reduced 

environmental persistence. [82] 

Another innovative approach is represented by environment sensitive microcapsules, 

designed to respond to specific environmental stimuli. A prominent example is BASF 

Seltima®, a commercial pyraclostrobin formulation in which the polymeric capsule wall 

is humidity sensitive. This enables fungicide to be released directly onto rice leaves after 

water evaporation, thereby preventing its diffusion into aquatic environments and 

reducing toxicity toward non-target organisms. [83] 

Among the different nanocarriers explored for pesticide delivery, mesoporous silica 

nanoparticles (MSNs) have attracted particular attention. Several studies have 

demonstrated the advantages of MSNs in the delivery of triazole and strobilurin 

fungicides. For instance, Wang et al. developed double hollow-shelled MSNs 

functionalized with carbon quantum dots for prothioconazole delivery, enabling 

traceability of plant uptake through foliar and root pathways. [84] In another approach, 

Mosa et al. reported MSNs coated with quaternized chitosan (HTCC) for the 

encapsulation of fludioxonil. Similarly, Feng et al. demonstrated the encapsulation of 
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pyraclostrobin in MSNs, significantly improved resistance to UV degradation and 

enhanced antifungal activity against F. graminearum and reduced toxicity toward non-

target organisms. [85]  

In addition to polymer carriers and nanoparticles, hydrogels have also proven to be 

promising systems for the controlled release of pesticides. Hydrogels are 3D, cross-linked 

polymeric networks with a high-water absorption capacity, which makes them 

particularly suitable for agricultural applications where water management and the 

sustained release of active compounds are crucial. Their structure enables the 

encapsulation of pesticides and their gradual diffusion, while at the same time protecting 

active ingredients from degradation and leaching.  

Several studies have demonstrated the potential of hydrogels in crop protection, many of 

which exhibit a pH-triggered release behavior. Xu et al. developed hydrogels based on 

carboxymethyl chitosan cross-linked with Mn²⁺ ions to achieve the controlled release of 

the fungicide prothioconazole. [86] In another study, Sun et al. described a composite 

hydrogel of lignin and polyacrylic acid (LBPAA), capable of loading pesticides such as 

paraquat, β-cyfluthrin, and cyhalofop-butyl. [87] Similarly, Kumar et al. described a 

biodegradable aloe vera–polyacrylic acid hydrogel with a high swelling capacity, which 

enabled the controlled release of the insecticide dichlorvos while improving soil water 

retention for up to 20 days. [88]  

In the last decades, protective films have gained increasing attention as innovative 

carriers for the controlled release of pesticides in agriculture. These films, typically 

composed of biodegradable polymers, can be applied as coatings on plant surfaces or 

used as mulching materials, providing both a physical barrier against pathogens and 

pests and a reservoir for gradual pesticide delivery. [89] Xu et al. developed a biodegradable 

nanofiber-based seed coating, fabricated through electrospinning of biopolymer blends. 

This system allows for a tunable release of Cu²⁺, enhancing germination and seedling 

biomass of tomato and lettuce under both healthy and Fusarium infected soil conditions. 
[90] Other studies have similarly demonstrated the versatility of biodegradable polymer 

films in pesticide delivery. For example, poly(vinyl alcohol)–starch (PVA–ST) composite 

films have been used to encapsulate the herbicide 2,4-dichlorophenoxyacetic acid, 

showing improved water resistance, mechanical stability, and controlled release 
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behavior. [91] Chitosan-based coatings loaded with fungicides have been applied to bean 

and maize seeds, combining the antimicrobial activity of the polymer with the gradual 

release of the active ingredient during storage.[92] Electrospun cellulose diacetate 

nanofibers loaded with pesticides (abamectin or fluopyram) have been applied as seed 

coatings on soybean seeds, showing antifungal activity and a slow, sustained release of 

active ingredients without impairing germination. [93] The development of 

nanotechnology-based controlled-release systems represents a promising strategy to 

use pesticides in a more efficient and sustainable way, paving the road for next-generation 

solutions in crop protection. 

Compared to fungal and nematodes pathogens, the management of bacterial 

phytopathogens is more complex and limited, mainly because fewer effective 

compounds are available. The control of bacterial diseases has relied on copper-based 

formulations. Excessive copper use has led to the emergence of resistant strains, as well 

as toxic accumulation in soils with harmful effects on non-target organisms, including 

beneficial microbes and wildlife. [72] 

These challenges highlight the urgent need for innovative alternatives. Among the 

emerging strategies, nanotechnology offers promising perspectives. Metal nanoparticles, 

including zinc oxide nanoparticles (ZnO-NPs), display strong antibacterial activity due to 

their high surface-to-volume ratio, which enhances ion release and reactive oxygen 

species (ROS) production. In addition, ZnO-NPs can physically damage bacterial 

membranes, interfere with quorum sensing, and act as carriers for bioactive molecules, 

thereby improving efficacy while reducing chemical inputs. Studies have shown that Zn-

based nanomaterials can suppress devastating bacterial pathogens such as Erwinia 

carotovora, opening new possibilities for sustainable crop protection. [94-95]  

 

1.6.2 Seed dressing and mulching  

Among the agronomic strategies developed to minimize environmental impact while 

sustaining productivity, two practices of relevance are seed dressing and mulching.  

Seed dressing, also referred to as seed coating or seed treatment, is the practice of 

applying external materials at the surface of seeds with the aim of improving handling, 
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protection, and plant establishment. This technique, which dates back almost a century, 

has become essential in modern agriculture, particularly in horticultural and crop 

production systems. Unlike foliar sprays or soil drenches, seed treatments use small 

quantities of active ingredients, which reduces the overall environmental impact, while 

ensuring targeted protection during the early stages of plant development. 

Seed coating techniques can be broadly divided into dry and wet methods. Dry coating 

consists in the direct application of powders onto the seed surface and are the simplest 

but least precise approach; it is mainly used to deliver protective substances in a quick 

and inexpensive way, but without greatly improving uniformity.  

Wet methods, on the other hand, are more versatile and can be adapted to achieve 

different purposes depending on the thickness of the applied layer and the extent to 

which the seed shape is modified. 

The most common wet method is seed coating, which applies to a very thin polymeric 

layer containing active compounds such as fungicides, insecticides, micronutrients, or 

bio-stimulants. This technique is used when the goal is to protect the seed or add 

beneficial substances without altering its natural size or shape, so that sowing behavior 

remains unchanged. A more elaborate method is seed encrusting, where inert fillers and 

binders are added to increase the weight and volume of the seed. This does not 

completely change the seed form but makes it heavier, more uniform, and easier to 

handle, allowing for greater sowing precision and reduced seed loss in the field. Finally, 

seed pelleting represents the most intensive form of coating, where seeds are reshaped 

into spherical or ovoid forms. This manipulation is especially useful for very small or 

irregularly shaped seeds, because it makes them compatible with mechanical sowing 

equipment and also allows larger amounts of protective or nutritive substances to be 

incorporated. 

The equipment commonly used for industrial seed coating includes rotating pans, rotary 

coaters, and fluidized bed systems, shown in Figure 9, each designed to deliver a specific 

type of coating according to the desired level of protection, uniformity, and sowing 

efficiency. [96]  
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Figure 9. Representation of the main industrial equipment used for seed dressing. 

Depending on the method and amount of material applied, seeds can be covered by a 

thin protective film coating, moderately thick encrusting, or reshaped into uniform 

pellets. [96]  

 

Seed dressing today is not merely a plant protection strategy but a multifunctional 

technology that supports sustainable agriculture by reducing pesticide use, improving 

sowing efficiency, and enhancing crop establishment under diverse field conditions. 

In addition to interventions on seeds, sustainable agriculture also relies on soil 

management strategies. Mulching represents one of the most effective of these practices, 

providing both agronomic and environmental benefits by protecting the soil surface. 

Mulching in agriculture is practice of covering the soil with organic or inorganic materials 

in order to conserve soil moisture, regulate temperature, suppress weeds, and reduce 

erosion. In the past, natural materials such as straw, compost, or bark were used; 

however, since the 1950s, synthetic polymers such us polyethylene, have become the 

most widespread solution due to their low cost.  [97] Figure 10 shows the various materials 

used in mulching. 
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Figure 10. Examples of different types of mulching commonly used in agriculture. Organic 

(compost, straw, bark, newspaper, wood chips, sawdust) and synthetic materials (plastic 

film, black plastic, LDPE plastic) are shown. [97]  

 

In recent decades, research has focused on the development of biodegradable mulching 

materials, capable of maintaining agronomic benefits while ensuring complete 

degradation in the soil after use. By incorporating pesticides, herbicides, fertilizers, or 

biostimulants into biodegradable or polymer-based mulch materials, it is possible to 

create a slow and localized delivery that reduces the frequency of applications, minimizes 

leaching and volatilization losses, and lowers the  environmental impact. In recent years, 

research has focused not only on the development of biodegradable and bio-based 

mulch films but also on functional solutions capable of carrying and releasing active 

substances directly into the soil. An innovative example is that of Xie et al., who developed 

a biodegradable composite mulch film incorporating temperature-responsive 

microcapsules containing the fungicide pyraclostrobin, for durable control of 
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Phytophthora root rot in soybean cultivation. [98] For another example, Liang et al. reported 

the development of a natural polymer-based mulch film loaded with the fungicide 

metalaxyl. This film was developed for controlling Phytophthora sojae, the causal agent 

of soybean root rot. [99]  

Seed dressing and mulching are key agronomic practices that enhance crop 

establishment and soil management while serving as a basis for technological 

innovation. In line with the Farm to Fork Strategy, they demonstrate how traditional 

techniques can evolve into sustainable solutions with reduced environmental impact. 

 

1.6.3 Natural substances and alternative compounds for pathogen 

control  

In this framework, interest in the use of natural substances and alternative compounds 

for pathogen management in agriculture has grown considerably, driven by the need to 

reduce the reliance on synthetic chemical pesticides. 

The continuous search for alternatives to pesticides has drawn increasing attention to 

biocontrol agents (BCAs), defined as microorganisms capable of counteracting one or 

more target plant pathogens by interfering with their life cycles. BCAs protect plants 

through several complementary mechanisms, illustrated in Figure 11. Mycoparasitism 

occurs when the antagonist attacks and parasitizes the pathogen, destroying its 

structures and reducing its survival. Competition takes place when BCAs compete with 

pathogens for essential resources (e.g., carbohydrates, nitrogen, and micronutrients) and 

for physical space, for example by colonizing plant surfaces or wounds, thus preventing 

pathogens from establishing infection sites. Antibiosis is based on the production of 

bioactive compounds that inhibit pathogen growth, including cell wall degrading enzymes 

and volatile organic compounds (VOCs), which can interfere with pathogen metabolism 

or damage its structures. Finally, BCAs can act indirectly by triggering the plant’s own 

defenses through induced systemic resistance. This mechanism enhances the 

production of antimicrobial metabolites, strengthens cell walls with lignin and callose, 

and promotes the synthesis of pathogenesis-related proteins, thereby priming the plant 

to respond more efficiently to subsequent pathogen attacks. Indeed, most BCAs do not 
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rely on a single strategy, but combine different mechanisms depending on the crop, the 

pathogen, and the environmental conditions. [100-101]  

 

 

Figure 11. Main mechanisms of action of BCAs. [100]  

 

The application of beneficial microorganisms has proven particularly promising, as it 

reduces the reliance on chemical pesticides and mitigates the risks associated with 

human health and the environment. 

One group of microorganisms that is attracting increasing interest is represented by lactic 

acid bacteria (LAB). These microorganisms exert antagonistic activity against 

phytopathogenic fungi mainly through the production of organic acids such as lactic and 

acetic acid, which lower the pH and create unfavorable conditions for pathogen 

proliferation. In addition, LAB are able to synthesize lytic enzymes, including cellulases, 

proteases, and glucanases, which degrade the cell wall of harmful microorganisms, 

compromising their vitality and infective capacity. Some strains also exhibit direct 

competition for nutritional resources, limiting the availability of substrates required for 
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pathogen growth. These different mechanisms, often acting in combination, make LAB 

potential candidates for biocontrol applications both in the field and in postharvest 

management. [102-103]  

Bacillus velezensis is of particular relevance, a microorganism widely studied for its 

effectiveness against F. graminearum. [104] B. velezensis exerts its antagonistic activity 

through the production of antifungal lipopeptides (iturins, fengycins, and surfactins) that 

disrupt fungal cell membranes, the secretion of hydrolytic enzymes (including chitinases 

and glucanases) capable of degrading the pathogen’s cell wall, and the release of 

siderophores that sequester iron and other essential nutrients from the fungus. Moreover, 

this bacterium is able to stimulate induced systemic resistance (ISR) in the host plant, 

thereby enhancing its natural defenses against infections. Its safe use is supported by its 

inclusion in the Qualified Presumption of Safety (QPS) list of EFSA, and several B. 

velezensis strains are already commercially as biocontrol agents, confirming the practical 

potential of this bacterium in the sustainable management of cereal crop diseases. [105]  

Beyond BCAs, essential oils (EOs) have recently gained growing attention as natural 

alternatives to synthetic pesticides, with particular interest in their potential as 

nematicides. 

EOs are natural volatile substances found in many plants. They are complex mixtures 

mainly composed of terpenoids, particularly monoterpenes and sesquiterpenes, 

together with a variety of aromatic phenols, oxides, ethers, alcohols, esters, aldehydes, 

and ketones that determine the characteristic aroma and fragrance of the plant. Their 

chemical composition can vary considerably among aromatic plant species and 

varieties, and even within the same variety, depending on the geographic area. Although 

aromatic plants and their essential oils have been used since ancient times as 

antimicrobial and insecticidal agents, interest in them has increased significantly only 

over the last decade. In recent years, many efforts have therefore been devoted to the 

study of the nematicidal activity of EOs and their constituents, which are considered 

potential sources of commercial products for the management of plant-parasitic 

nematodes. [106]  

The nematicidal activity of EOs largely depends on their bioactive components, which 

belong to the different chemical classes, illustrated in Figure 12. Monoterpenes such as 
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carvone, limonene, thymol, and linalool can penetrate the gelatinous matrix of eggs, alter 

plasma membrane permeability, and interfere with the nervous system of juveniles and 

adult nematodes. Sesquiterpenes (e.g., cuminaldehydes, α-bulnesene) and 

phenylpropanoids such as eugenol, isoeugenol, and (E)-cinnamaldehyde mainly affect 

cellular processes, including key enzymatic functions like V-ATPase activity, essential for 

survival and reproduction. In addition, sulfur-containing compounds (e.g., diallyl 

disulfide and allyl isothiocyanate) act on neurotransmission and chemosensory 

functions. [107]  

 

Figure 12. Compounds of EOs and their mode of action against root-knot nematodes. [107]  

 

Among EOs with nematicidal activity, particular attention has been given to 

Cinnamomum cassia, whose activity is mainly attributed to its high content of (E)-

cinnamaldehyde. This compound represents between 42% and 92% of the EO, depending 

on environmental and extraction factors.[108-110]  Several studies have demonstrated its 

strong effectiveness against the root-knot nematode M. incognita. Both in vitro and 

greenhouse assays showed significant J2 mortality and a reduction in gall formation on 

host plants. The study also demonstrated that cinnamon essential oil inhibited egg 

hatching and reduced juvenile survival, thereby interfering with multiple stages of the 

nematode life cycle. [107,106] Quantitative studies further revealed strong activity at 

relatively low concentrations, with cassia essential oil proving lethal to J2 at 62 µg/ml of 

soil. [111]  
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1.7 Plasma & Agriculture 

1.7.1  Plasma processing: Low Pressure and Atmospheric Pressure 

Plasma is defined as the fourth state of matter distinct from solids, liquids and gases. It 

consists of a partially or fully ionized gas in which free electrons, positive ions, and neutral 

species coexist. Despite the presence of charged particles, plasma remains globally 

neutral, since the densities of positive and negative charges are approximately balanced. 

The term “plasma” was introduced in 1928 by Irving Langmuir, Nobel Prize in Chemistry 

in 1932. He derived it from the Greek plássein (“to mold” or “to shape”) to emphasize the 

analogy between the collective behavior of charged particles in an ionized gas and the 

motion of cells suspended in the liquid plasma of blood.[112-113]  

Plasma is formed when enough energy is supplied to a gas in the form of heat, electric or 

electromagnetic fields, or high-energy radiation to initiate ionization processes. Under 

these conditions, electrons, being much lighter than ions, rapidly absorb energy from the 

applied field and transfer it to the system through collisions. These collisions can be 

classified as elastic and inelastic. Elastic scattering represents the most frequent type of 

interaction, but it is rather inefficient due to the large mass difference between electrons 

and neutral particles, thus resulting in minimal energy transfer per collision. In contrast, 

inelastic scattering is less frequent, but far more significant from an energetic 

perspective, as it includes rotational, vibrational and electronic excitation as well as 

ionization. Such processes require overcoming energy thresholds on the order of several 

tens of electronvolt and can generate excited species such as molecules, atoms, 

radicals, and ions, through ionization, molecular fragmentation, and both homogeneous 

and heterogeneous reactions. [113-115]  

Plasmas can be broadly categorized into thermal (equilibrium) and non-thermal (non-

equilibrium) plasmas, depending on the degree of thermodynamic equilibrium among 

their constituent species. 

In thermal plasmas, all species (electrons, ions, and neutral atoms or molecules) are 

close to thermodynamic equilibrium, sharing approximately the same temperature. This 

condition is generally achieved under high pressure and high energy density, where the 

frequency of collisions ensures efficient energy exchange among species. As a 
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consequence, the plasma reaches temperatures of several thousand K, often 

accompanied by a high degree of ionization. Thermal plasmas are commonly 

encountered in electric arcs, plasma torches, welding processes, metallurgical 

treatments and analytical techniques. Although thermal plasmas can have various 

applications, they are not suitable for the treatment of thermodegradable materials. Non-

thermal plasmas, also referred to as cold, low-temperature (LTP), or non-equilibrium 

plasmas, are far from thermal equilibrium. In this case, electrons, being much lighter than 

the other species, absorb energy far more efficiently from the applied electric field. As a 

result, the electron temperature (Tₑ) is significantly higher (104- 105 K) than the 

temperature of heavy particles such as ions and neutrals, which remain close to room 

temperature. A common approach to maintain non-equilibrium conditions is to operate 

at low pressure (<10 Torr) where the average free path of the electrons increases and 

collisions become inefficient, thereby reducing the rate of energy transfer between 

species. As a result, electrons can remain at higher temperatures than ions and neutrals, 

allowing the plasma to preserve its non-thermal character. [116] 

Not only pressure influences the thermal balance of plasma. Indeed, the ignition of an 

electrical gas discharge between two electrodes requires specific conditions to ensure 

that the gas becomes partially ionized and thus conductive. The critical parameter is the 

breakdown voltage (VB), defined as the minimum potential difference necessary to trigger 

the ionization process. According to Paschen’s law (VB = f (p·d)), this voltage depends on 

the product of the gas pressure (p) and the electrode gap (d). [117] As shown in Figure 13, 

each gas is characterized by a Paschen curve,  which describes the trend of VB as a 

function of the product p×d. The curve has a minimum that corresponds to the lowest VB 

required to ignite plasma. In laboratory environments, both low-pressure (LP) and 

atmospheric-pressure (AP) plasmas can be ignited, in different plasma reactors. 

 

 

 

 

 



45 

 

Figure 13. Paschen curves for some commonly used gas. 

 

At LP, plasma can be sustained even with electrode gaps of several centimeters, while 

maintaining relatively low VB. However, at AP the distance between electrodes must be 

reduced to a few millimeters or less to reach the minimum of the Paschen curve and keep 

the VB within a few KV. If the gap is larger, the discharge becomes unstable and 

concentrates into thin arc filaments, or streamers, which produce high temperatures and 

strong non-uniformities. 

The stabilization of cold atmospheric plasmas therefore requires a combination of 

technical measures. A first strategy is the use of noble gases such as He and Ar. Although 

helium is expensive, it is widely employed because of its low breakdown voltage (~4 

kV/cm) and its ability to sustain diffuse and stable discharges. In addition, AP plasmas are 

usually operated with high gas flow rates (liters per minute), which reduce the residence 

time of plasma species, limit the energy deposited per particle, and provide a cooling 

effect that prevents the transition to arcs. 

Another crucial factor is the power supply. With a direct current (DC) source, the 

discharge typically evolves from a spark into a hot arc, losing its non-thermal character. 
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To avoid this, alternating current (AC) configurations or ns/µs pulsed power are preferred, 

as they allow selective excitation of electrons while minimizing gas heating. [118]  

The electrode configuration also influences the non-thermal nature of plasma. As shown 

in Figure 14 corona discharges (CD) are characterized by highly asymmetric electrode 

arrangements, with the high voltage (HV) electrode being small and needle or wire 

shaped. The high voltage applied to such a small-geometry electrode creates an intense 

field around it, which must be sufficiently high to form a conductive region, but not so high 

as to allow arc formation, thereby enabling the generation of a non-equilibrium 

plasma.[119]  

 

 

Figure 14. Corona Discharge configuration. 

 

Dielectric barrier discharges (DBDs) are among the most reliable approaches. They are 

characterized by the presence of at least one dielectric layer in the path between the high-

voltage (HV) electrode and the ground one. In DBD systems, the dielectric layer limits 

charging of the electrode with the consequent formation of a counter-voltage that limits 

the rise of the current and transition to the arc. Owing to the presence of the dielectric, 

these discharges can be ignited and sustained by AC electric fields or DC voltages, 

typically with amplitudes of 10–20 kV and frequencies in the range of 10–100 kHz. The 

discharge gap usually has a width ranging from less than 0.1 mm to a few mm. Typical 

dielectric materials include glass, quartz, ceramics (e.g., alumina), as well as thin enamel 

or polymer coatings. The dielectric constant and the thickness of the insulating layer, 
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together with the time derivative of the applied voltage (dV/dt), ultimately determine the 

amount of displacement current that can flow through the electrodes. [116-120]  

DBDs can be implemented using different electrode configurations, as reported in Figure 

15, which allow tailoring of the plasma to specific applications. In parallel plate 

geometries, a volume discharge is generated that fills the entire inter-electrode gap. The 

dielectric can be applied to both electrodes (double-sided configuration) or only to one 

electrode or suspended between them (single-sided configuration). Cylindrical 

geometries are also widely used, for example in surface treatment processes. In contrast, 

coplanar and surface electrode geometries do not generate volume discharges but rather 

produce surface discharges, namely a thin plasma layer confined to the dielectric 

surface. An important application of coplanar discharges is in plasma display panels, 

where surface plasma is exploited for light generation. Finally, DBDs can be designed in 

annular configurations consisting of coaxial electrodes, with the dielectric applied either 

to both electrodes or to the inner or outer electrode only. For the treatment of 3D objects, 

jet source configurations can be suitably designed. These arrangements can expose a 

substrate either to the plasma plume or to the afterglow effluents generated at a certain 

distance. Such systems are known as atmospheric pressure plasma jets (APPJs). In the 

setup, the plasma is ignited between two electrodes in a remote position and expands 

towards the substrate located outside the inter-electrode region. [121-125] This 

configuration, of which two possible layouts are shown in Figure 16, allows integration 

with a robotic arm for automatic processing, or the treatment of large surfaces by 

mounting a suitable number of plasma jets in an array.[120]  
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Figure 15. Scheme of possible DBD configurations. [123] 

 

Figure 16. Design of two APPJ sources. [125]  



49 

In plasma, gas excitation and ionization generates a large number of reactive species, 

including highly energetic electrons, metastable states, photons (VUV radiation), ions 

and radicals produced through the interaction between energetic electrons and additives 

(e.g., deposition precursors). When these reactive species interact with a solid substrate, 

in non-equilibrium (cold) conditions they can start several technologically relevant 

processes, such as: dry etching, surface treatments, and plasma-enhanced chemical 

vapor deposition (PE-CVD).  

Dry etching is an ablation technique that occurs through reduction/oxidation reactions 

between a material exposed to the discharge and the active species generated in the 

plasma. Plasma species react with surface atoms forming volatile species and in turn 

leading the consumption of the reacting surface. It is an approach used, for example, for 

cleaning metallic surfaces, capable of removing oxide, chloride, and sulfide layers, or in 

microchip fabrication. In this technologically relevant process, microlithographic 

techniques are coupled with etching processes.  

Surface treatments are defined as the introduction of different functional groups (amino, 

carboxyl, hydroxyl, etc.), oxidation, reduction, or crosslinking (for polymers) onto the 

outermost layers of the substrate subjected to the process, through the use of both 

reactive gases (O2, NH₃, CF₄, H₂O, etc.) and inert gases (Ar). This process does not lead to 

a significant increase in substrate thickness or an appreciable variation in its weight, and 

it has been widely applied to improve the wettability, printability, and adhesion of 

polymeric surfaces. [126]  

The PE-CVD technique, sometimes also called “plasma polymerization” when an organic 

monomer used as feed, is employed for the deposition of organic inorganic films, with 

thicknesses in the nm-μm range. Although LP processes have been widely used for 

deposition, AP processes can also be applied. A key factor in film formation is the 

deposition initiated by electron–monomer collisions. Electron impact leads to monomer 

fragmentation and the formation of deposition precursors, as well as atoms and other 

radicals. These species can further react in the plasma or diffuse toward the substrate 

surface, where they can adsorb. Once on the surface, the precursors may react with the 

substrate or with reactive species, ultimately leading to film growth. Energetic species, 
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such bombarding positive ions , can also transfer energy to the surface, generating active 

sites and promoting film growth. 

Based on this mechanism, plasma polymerization cannot be understood as the regular 

chain growth process resulting from the consecutive addition of repeating units (i.e., 

monomers). Consequently, films produced via plasma typically exhibit a significant 

degree of crosslinking compared to their counterparts obtained through conventional 

polymerization processes, as well as a lower retention of the original monomer structure. 

In PE-CVD, precursors are introduced into the reaction chamber, where the substrate is 

located, often together with an inert carrier gas and under LP conditions. One of the main 

challenges associated with this technique is the handling of solid substances and 

compounds with low vapor pressure. [127] 

 

1.7.2 Aerosol-Assisted Atmospheric Pressure Plasma Deposition  

The deposition of thin films by cold atmospheric pressure plasmas can be carried out 

either by adding the precursor gas or vapor to the plasma feed, or by injecting a liquid 

precursor. The Aerosol-Assisted Atmospheric Pressure Plasma Deposition (AAA-PPD) 

technique consists in the introduction of a liquid precursor into the plasma with a 

nebulization system for aerosol generation. An aerosol is defined as a suspension of 

liquid droplets or solid particles in a gas medium. Typically, the droplet density is less than 

1%, while the particle size is below tens of microns. Three main methods can be used to 

generate aerosols: ultrasonic generation, pneumatic jet, and electrostatic atomization. 

The ultrasonic approach relies on a piezoelectric transducer placed under the liquid feed, 

through which a carrier gas flows; in this case, the resulting droplet size typically ranges 

between 1-10 µm. In the pneumatic approach a compressed gas is introduced 

transversely through a nozzle into a liquid stream, fragmenting the fluid into droplets. 

Although the resulting droplet size is generally larger than in the ultrasonic method, an 

appropriate nozzle design and generator head geometry can yield droplets with diameters 

below 1 µm. Finally, in the electrostatic method the liquid can be first atomized by 

ultrasound and subsequently exposed to a strong electric field, or the electric field can 

be applied directly at the nozzle, leading to the dispersion of the liquid into charged 

droplets. Regardless of the electrode assembly and the type of atomizer considered, two 
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main approaches, shown in Figure 17 can essentially be identified for injecting a 

precursor into the plasma when coupled with an aerosol, with the aim of depositing a 

coating.  

In the approach I, all the “building blocks” of the coating deposition are introduced 

through the aerosol, and no auxiliary line is required for the addition of a film precursor. In 

this case, the monomer (Ia) can be supplied either pure or dispersed in a solvent (Ib), or 

the dispersion of an active compound (e.g., a drug) in the feed monomer is atomized into 

the plasma. [125] This method is particularly effective for the deposition of single-

component thin films, such as siloxane coatings from organosilicon monomers like 

HMDSO or TEOS, acrylic acid–based coatings rich in carboxylic groups, or hydrophobic 

and PEO-like films. [127-129] Otherwise, it allows the dispersion of nanoparticles within the 

atomized liquid feed, enabling the one-step synthesis of nanocomposite films (e.g., 

TiO₂/HMDSO, ZnO/octane, POSS/HMDSO). [130-134]The main limitation, however, is that the 

relative abundance of the different constituents is fixed by the composition of the starting 

dispersion, which can only be modified by preparing a new liquid feed. 

In the approach II, the atomizer is typically used to inject a solution or suspension not 

directly suitable for film formation, while the main coating precursor is supplied through 

an auxiliary line (AUX). A significant advantage of this method is the higher degree of 

tunability: since the relative abundance of the two components in the feed can be 

continuously adjusted by controlling the respective flow rates, without the need to 

reformulate the liquid mixture. This flexibility allows precise control over the composition 

and functionality of the resulting coatings.  
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Figure 17. Scheme of possible coupling of atomization sources to atmospheric pressure 

(AP) plasma: Approach I (Ia–Ib), where all components are introduced via aerosol; 

Approach II, where the additive is aerosolized and the monomer is supplied through an 

auxiliary line (AUX). [122]  

 

When compared to conventional PE-CVD processes, with this latest approach, AAA-PPD 

offers the ability to deposit nanocomposite (NC) coatings in a single step, as described in 

Table 3. In the framework of Approach II, several studies have demonstrated the 

successful deposition of bioactive and nanocomposite coatings. [125 ]For example, Ag NPs 

dispersed in ethanol were incorporated into an acrylic acid matrix using a plasma jet 

configuration, [129] yielding uniform antibacterial coatings. Similarly, TiO₂ NPs have been 

embedded into silica-like matrices formed from organosilicon precursors, producing 

hybrid coatings with photocatalytic and protective properties.[135]  

Particularly relevant results were obtained with biomolecules and drugs. Palumbo et al. 

reported the deposition of lysozyme-containing coatings by nebulizing aqueous lysozyme 

solutions into an ethylene fed plasma. Spectroscopic analyses confirmed the presence 

of peptide bonds within the film, while HPLC measurements verified the release of intact 

lysozyme into aqueous media. Despite minor oxidation of susceptible residues, the 

enzyme largely retained its native structure and exhibited antibacterial activity 

comparable to the pristine protein. [136]  

The same strategy has been applied to antibiotics such as vancomycin and gentamicin, 

which were incorporated into plasma-polymerized films. In these cases, the active agents 
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were encapsulated into spherical nanostructures whose morphology depended on the 

plasma conditions: continuous plasma favored larger and more uniform spheres, while 

pulsed regimes produced smaller aggregates. These structures displayed a core–shell 

architecture, with the drug molecules confined in the core and a polymeric shell derived 

from the plasma precursor enveloping them. The formation mechanism involves droplet 

charging, solvent evaporation, and polymer deposition on the resulting aggregates. It is 

worth noting that both antibiotics maintained their antimicrobial efficacy after 

encapsulation, while the coatings enabled a gradual and controlled release of the drug. 
[137-138]  

Overall, these findings highlight the potential of AAA-PPD to generate bio-composite 

coatings in which fragile or complex molecules, including enzymes and pharmaceuticals, 

are effectively protected by the solvent layer during plasma exposure. This protective 

effect not only preserves their functionality but also opens the way to coatings for 

controlled drug delivery, antibacterial and antifungal surfaces, and possibly even the 

inclusion of more complex biological entities such as spores or cells. 

 

Table 3. Comparison of the different aerosol/plasma couplings. [125] 

 

1.7.3 Plasma in Agriculture  

The increase in food demand, caused by the constant growth of the global population, 

has driven the scientific community to ever greater efforts to develop methods capable of 

increasing agricultural productivity while, at the same time, ensuring food safety. 
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Conventional techniques, such as irrigation, fertilization, and the extensive use of 

pesticides, have long represented the main strategies adopted to achieve this goal. 

However, these practices often overlook their environmental impact, with serious 

consequences such as water contamination, loss of biodiversity, soil fertility degradation, 

and the accumulation of toxic substances. To address this challenge, it is essential to 

identify innovative solutions that reduce the use of chemical inputs while allowing higher 

yields and protecting crops from pests and pathogens. 

In this scenario, cold atmospheric plasma represents a promising tool capable of 

combining sustainability and efficiency. Initially, plasma technologies in the agri-food 

sector were mainly investigated for the treatment of packaging materials, aimed at 

improving barrier properties, wettability, or surface decontamination. Nowadays, given 

the non-thermal nature of the plasma, it has proven to be particularly suitable for the 

treatment of biological substrates such as seeds, soil, plants, and water. [139] As shown in 

Figure 18, atmospheric pressure plasma can be safely applied during the different stages 

of agricultural production: before sowing, during plant growth, after harvest, throughout 

storage, and even up to the commercialization of fresh products.  

 

 

Figure 18. Agricultural applications using non-equilibrium atmospheric-pressure plasma 

technologies. [140] 
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In pre-harvest treatments soil, plants or seeds are exposed directly or indirectly to plasma 

action. In direct treatments, plasma comes into immediate contact with the material to 

be processed like seeds, soil, plants, or food products, exerting effects such as surface 

sterilization, seed coat modification, and enhanced water uptake. In indirect treatments, 

plasma acts on water, generating plasma treated water (PTW), which is later used for 

irrigation and seed soaking. In this case, the reactive oxygen and nitrogen species (RONS) 

dissolved in the liquid act gradually, ensuring a more prolonged effect on plant 

metabolism and growth.[141-142]  

Soil is a fundamental component of agricultural productivity, as it hosts both plant root 

systems and complex microbial communities that include beneficial as well as pathogen 

organisms. In recent years, the use of non-thermal AP plasma has been investigated as 

an innovative approach to modulate these interactions, acting simultaneously on soil 

sanitization and on the enhancement of its fertility. The main mechanism underlying this 

dual effect lies in the generation of RONS, such as H₂O₂, OH·, O₂⁻·, NO·, and NO₂. [141] 

When produced at controlled concentrations, these molecules can significantly reduce 

parasites, while at the same time stimulating the activity of nitrogen-fixing bacteria and 

promoting biochemical processes beneficial to plants. [143] 

A representative example is provided by treatments with ozone produced with surface 

dielectric barrier discharges (SDBD). Experiments conducted with O₃ demonstrated the 

elimination of approximately 83% of nematodes, without a major impact on beneficial 

microflora. At the same time, increases in nitrate (NO₃⁻) concentration and decreases in 

ammonium ions (NH₄⁺) were observed in the upper soil layers about 5 cm deep. This 

rebalancing translated into improved growth and yield of radish crops. 

The fertilizing effect of plasma manifests itself through three main pathways: the 

chemical conversion of nitrogen species into forms more readily available to plants, the 

modulation of microbial communities responsible for mineralization and nitrification, 

and the regulation of soil pH, which directly influences nutrient availability. Field 

applications have confirmed this synergy. Diffuse ozone treatments not only reduced the 

incidence of radish scab caused by Streptomyces spp. but also enhanced plant 

development by accelerating the mineralization of complex organic matter and increasing 
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the bioavailability of nitrogen compounds. In such cases, plasma does not merely exert a 

disinfecting action but contributes actively to improving soil fertility.  

As previously described, plasma treatment of plants can occur in both direct and indirect 

ways. One of the direct applications concerns the enhancement of mushroom growth 

through pulsed high-voltage discharges. An example is the Shiitake mushroom (Lentinula 

edodes), in which, following plasma application during the fruiting body formation phase, 

the yield increased to 1.9 times. The same technique has also been adopted for other 

fungal species in specialized agricultural enterprises. In recent years, plasma agriculture 

has been extended to more than twenty plant species, including corn, wheat, rice, and 

potato showing beneficial effects such as accelerated growth and increased yields. In the 

case of strawberry seedlings, plasma irradiation led to a 25% increase in anthocyanin 

content in the fruits.  

In addition to direct treatments, plants can also be exposed to PAW. The RONS species 

generated through the interaction between plasma and water are present at 

concentrations that depend on several factors, including the applied voltage, reactor 

configuration, operating conditions, and the chemical composition of the surrounding 

environment. Numerous studies have reported the effectiveness of PAW in promoting 

plant growth. Acting as a source of nitrogen in the form of NO₃⁻, PAW can optimize crop 

yield and reduce the reliance on conventional fertilizers; in hydroponic systems, for 

instance, it has been shown to double the nitrogen content in leaves, as well as increase 

leaf area and dry weight. Furthermore, PAW naturally modulates pH, replacing chemical 

acidifiers commonly used to maintain optimal conditions for nutrient uptake. Thanks to 

its oxidizing species, it also exerts a strong antimicrobial effect, drastically reducing 

bacterial loads and offering a sustainable alternative to traditional disinfection methods 

such as hydrogen peroxide, ozone, or UV radiation. Additional studies have highlighted 

qualitative improvements associated with PAW treatment: for example, in strawberries, a 

27% increase in sugar content was observed, while under drought conditions PAW was 

able to reduce overall water requirements while still supporting healthy plant growth. 

These effects are most likely due to a more efficient uptake compared to untreated water, 

combined with the fertilizing role of plasma-activated nitrogen species. [139] 
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Seeds can be treated either directly with plasma or indirectly by immersion/irrigation with 

PAW. Direct treatment is most often performed with DBDs at AP. However, the small 

volume of this configuration can be a limit to the scalability of this process. During 

treatment, seeds are exposed to a wide variety of RONS species. One of the most 

consistent outcomes of direct plasma exposure is an increased germination percentage. 

This effect is largely attributed to modifications in seed coat chemistry and surface 

morphology, particularly an increase in hydrophilicity, which enhances water uptake 

during imbibition. Such changes depend strongly on treatment parameters including 

duration, applied power, and the gas feed used; indeed, the gas composition can either 

promote or delay germination depending on the plasma chemistry involved. [140] 

 

Beyond physical surface modification, plasma-generated RONS can also interfere with 

endogenous hormonal signaling: reactive species contribute to the breakdown of 

abscisic acid (ABA), which maintains dormancy, while simultaneously stimulating 

gibberellic acid (GA) biosynthesis, which promotes germination. By altering the redox 

balance in the seed, plasma thus provides a biochemical stimulus that facilitates 

dormancy release and initiation of growth. [141] 

In addition to germination enhancement, plasma treatment exerts antimicrobial effects 

on the seed surface. Reactive oxygen species (ROS) in particular are able to inactivate 

fungal spores and bacterial pathogens, reducing seed-borne diseases during the early 

stages of germination. This disinfection effect improves the likelihood of establishing 

healthy seedlings under conditions that are otherwise favorable to pathogen proliferation. 

Comparable results have been obtained using PAW as an indirect treatment strategy that 

contains H₂O₂, NO₂⁻, and NO₃⁻, which remain stable for days after generation, as well as 

short-lived radicals when applied immediately after plasma exposure. Irrigation with PAW 

has been shown to increase germination rates, modify enzymatic activity, and promote 

seedling growth to a similar extent as direct plasma treatment. In some cases, combining 

direct plasma exposure with subsequent irrigation using PAW resulted in even more 

pronounced improvements in both germination and plant development.[139] 

An emerging and highly promising application of plasma technology in agriculture is the 

development of seed coatings for controlled release of active compounds. A remarkable 
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example is the plasma-assisted encapsulation of fungicides, specifically 

prothioconazole, onto maize seeds.  

 In the approach reported in Figure 19, a multilayer polymeric coating was engineered to 

act both as a carrier and as barrier system. The process involved three successive steps: 

first, the deposition of a hydrophilic polymeric film by plasma, designed to increase the 

wettability of the seed surface and thus improve adhesion of the active compound; 

second, the application of an aqueous solution containing prothioconazole; and finally, 

the deposition of a hydrophobic plasma-polymerized layer to encapsulate the fungicide 

and restore the natural water-repellent character of the seed coat. 

This trilayer design proved highly effective: it ensured uniform distribution of the 

fungicide, minimized leaching into the soil, and allowed for a gradual release of the active 

ingredient during seed germination. Importantly, the coatings did not interfere with water 

uptake or germination capacity, while significantly reducing contamination from 

Fusarium graminearum. In fact, infection rates decreased from 94% in untreated controls 

to negligible levels in coated seeds, confirming both the protective and controlled release 

functions of the plasma-deposited multilayer.  

 

 

Figure 19. Schematic representation of the multilayer coating deposited on maize seeds 

and of the reactor used.  

 

The advantages of this method lie in its ability to maximize fungicidal efficacy with 

minimal chemical input, thereby reducing environmental impact and improving 

sustainability in crop protection. Moreover, plasma deposition provides an 

environmentally friendly and solvent-free platform, fully in line with the increasing 

demand for greener agricultural technologies.[144] 
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Part of my doctoral research has been specifically focused on the use of atmospheric-

pressure plasma technologies and on the development of reactors capable of transferring 

this process to a large-scale setting. This advancement has made it possible not only to 

design coatings incorporating conventional fungicides, but also to successfully embed 

living materials such as bacterial spores. The atmospheric-pressure approach therefore 

represents a crucial step toward the industrial implementation of plasma-based seed 

coatings, broadening both the scope of applications and the potential impact of this 

technology in sustainable agriculture. In the following chapter plasma processes at 

atmospheric pressure for the development of films containing fungicides and bacterial 

spores for the control of fungal pathogens are discussed. 
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2 

Plasma Deposition of Coatings for  

Delivery of Bacterial Spores or Fungicides  

Active Against Fusarium graminearum 

 

 

Part of the results reported in this Chapter concerning the spore-containing 

coatings are presented in the following paper:  

Marianna Roggio, Palmira De Bellis, Fabio Palumbo, Pasquale Trotti, Mario 

Masiello, Rim Touati, Antonio Moretti, Pietro Favia “Plasma Deposition of 

Coatings for Delivery of Bacterial Spores Active Against Fusarium 

graminearum”, Plasma Processes and Polymers, 2025, 22, 8, 70055. 

 

2.1 Introduction  

Cereals, including maize, wheat, and rice, together reach slightly less than one-third of 

the total agricultural production, and are the primary group of crops cultivated worldwide. 
[1-2]  

In all cereal cultivated areas, several phytopathogenic microorganisms, including 

mycotoxigenic fungi, can colonize plants during the whole crop season. The most 

important mycotoxigenic fungi occurring on wheat and associated to plant diseases 

belong to the Fusarium genus. Several Fusarium species have been isolated from wheat 
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plants and kernels; F. graminearum, one of the most dangerous Fusarium species, is the 

main etiological agent of Fusarium Head Blight (FHB) and involved in Fusarium Crown Rot 

(FCR), the most destructive diseases of wheat worldwide. For its ability to colonize wheat 

during the whole crop season, F. graminearum represents both a phytopathological 

problem and a toxicological risk, due to its ability to produce mycotoxins such as 

trichothecenes and zearalenone. [3-6] These toxic compounds can accumulate in infected 

plants before harvest and in stored or processed agricultural raw materials such as flours.  

According to the new strategies of integrated pest management, several agronomic, 

genetic, and biological techniques, as well as agricultural practices, are now available to 

prevent or limit fungal diseases and mycotoxin accumulation. Chemical control, 

however, is still considered a key tool to limit FHB and FCR of wheat. Indeed, the use of 

seeds treated with fungicides allows to protect plants in the first growing stage reducing 

the symptoms of FCR, while fungicide treatments at the flowering time reduce the 

contamination of grains by Fusarium species and their mycotoxins. [7-9] 

Several compounds are active against F. graminearum, particularly demethylation 

inhibitor (DMI) fungicides, which are highly effective even at low doses. Among DMIs, 

prothioconazole (PRO) is a broad-spectrum triazole fungicide with high efficacy, 

developed by Bayer Crop Science and introduced the market in 2004. [10] Its mode of 

action is based on the inhibition of the enzyme C-14 demethylase, which is involved in the 

biosynthesis of fungal sterols, and it is used against a wide range of fungal diseases. [11-12] 

Other chemical classes of fungicides have also been employed: fludioxonil(FLU), a broad-

spectrum, non-systemic phenylpyrrole fungicide, hyperactivates the HOG pathway 

through Group III hybrid histidine kinases in fungi, [13] and pyraclostrobin (PYR), a 

strobilurin-class fungicide.[14]  

In this context, plant growth-promoting bacteria (PGPB) and biocontrol agents (BCAs), 

namely microorganisms capable of counteracting one or more target phytopathogens by 

interfering with their life cycles, [15-16] appear to be the most promising natural tools to 

ensure plant health, as well as the quality and safety of agricultural products. To reduce 

the use of chemical compounds against plant diseases, research on BCAs is mainly 

focused on lactic acid bacteria (LAB), which are able to produce organic acids and 

consequently create unfavorable conditions for fungal growth in food products. Moreover, 
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the lytic enzymes produced by LAB are capable of degrading the cell wall of 

microorganisms and have been demonstrated to play a role in the biocontrol 

mechanisms of plant diseases. [17] Recent studies have highlighted the antimicrobial 

capabilities of species belonging to the Bacillus genus and their metabolites; their 

potential biocontrol mechanisms have been investigated. [18-20] In particular, 

Keshmirshekan et al. focused on B. velezensis. [21]  

This species is included in Annex E – the list of Qualified Presumption of Safety (QPS) 

biological agents (https://www.efsa.europa.eu/en/topics/topic/qualified-presumption-

safety-qps): certain some strains of B. velezensis are already used in agriculture as 

biocontrol agents. 

In recent years, the growing global concerns about environment and food safety 

associated with residue accumulation in food and feed has forced the researchers to 

select new crops protection strategies from mycotoxigenic fungi. [22-23]  

The practice of coating seeds with external materials is commonly employed to improve 

handling, protection, and to enhance the germination and rooting of seeds. [24] In 

traditional coating methods, seeds are wrapped in a thin polymer matrix impregnated 

with pesticides and other additives. However, during handling, particularly during sowing, 

coated seeds are subject to mechanical abrasion, which may result in a rapid release of 

pesticide. 

Efforts to reduce the use of agrochemicals have also boosted the use of treatments with 

BCA and PGPB. It has been reported, for instance, that Bacillus subtilis spores have been 

incorporated into a matrix to coat maize and canola seeds. [25-26] Low-temperature plasma 

processes are widely applied, thanks to their low thermal impact, to modify the surface 

of thermodegradable materials without altering their bulk properties. 

Plasma deposition has been extensively studied for the incorporation of active 

compounds, such as drugs, either in sandwich configuration or as composites, for 

controlled drug-release purposes. [27- 30] 

LP and AP plasma techniques can find applications in agri-food practices and, in 

particular, AP plasma treatments can be used at pre-sowing, pre-harvest, and post-

harvest stages, for example, for decontamination. [31] Research into plasma technologies 

https://www.efsa.europa.eu/en/topics/topic/qualified-presumption-safety-qps
https://www.efsa.europa.eu/en/topics/topic/qualified-presumption-safety-qps
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for agricultural applications is attracting increasing attention, [32] especially for seed 

treatments; these have been applied for crop decontamination [33] and for enhancing the 

growth of several plants, including lentils, [34] soybeans, [35] peas, [36] radishes, [37] tomatoes, 
[38] sweet peppers, [39] oats, wheat, [40] and many other vegetables. However, very few 

studies have been published on plasma deposition of protective seed coatings, including 

LP plasma deposition coating. Such an approach produced interesting results in terms of 

fungal growth inhibition seed germination, and reduced pesticide dispersion in the soil. [7, 

41] 

In recent years, AP plasma deposition processes have attracted the attention of both 

academic and industrial researchers, including in agriculture, due to the many potential 

advantages offered by this technique compared with LP processes, such as simpler 

operation and easier scalability. [42–45] 

The present study focused on the use of composite coatings containing fungicides, with 

the aim of encapsulating these substances and achieving a controlled release of 

compounds that can impact the environment and human health. In this way, an 

antifungal effect against Fusarium was achieved using low doses of fungicides. This 

research also investigated the use of plasma technology for the preparation of composite 

coatings containing living, though dormant, cells, namely spores. For the first time, the 

effect of a plasma-deposited coating on the viability and activity of incorporated bacterial 

spores was investigated.  

As a matter of fact, the research described in this thesis represents the first investigation 

on the deposition of an active biocomposite coating containing a fungicide (synthetic or 

microbial) onto seeds by means of aerosol-assisted atmospheric pressure plasma (AAA-

PP). As illustrated in Scheme 1, the coatings were initially deposited onto glass 

substrates containing either fungicides or bacterial spores, to evaluate their antifungal 

activity. Subsequently, the deposition process of fungicide-containing coating was scaled 

up and transferred to a home-made reactor, capable of treating up to 500 seeds, 

described in Annex A 2.1.  
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Scheme 1. Workflow of the coating process: from model substrates containing bacterial 

spores or fungicides to large-scale seed coating using a home-made reactor large scale. 

 

2.2 Materials and Methods  

2.2.1 Materials  

He 99.999%, C2H4 99.95% (Air Liquide) and an aerosol of Milli-Q quality water (Millipore, 

Bedford, MA) were used as feed in the plasma deposition process. The coatings were 

deposited on 1 cm² shards of double face polished p-doped crystalline silicon (100) 

wafers (MicroChemicals GmbH, Ulm, Germany) for comprehensive chemical and 

morphological characterization. On the other hand, biological assessments were 

conducted on 13 mm diameter microscope cover glasses or filter paper, previously cast 

with bacterial spores or fungicides, specifically prepared for antifungal tests.  

 

2.2.2 Preparation of the Coatings  

To generate the bio-composite layers with the embedded spores or fungicides, the 

coatings were plasma-deposited on top of the cast bacterial spores or fungicides with the 

substrates positioned onto the ground electrode of the reactor shown in Figure 1. The 

reactor consists of two parallel plates silver electrodes 5×8 cm2 wide, 3 mm apart, both 

covered with 0.63 mm thick alumina. The DBD electrodes set up is sealed in a plexiglas 

chamber connected to an exhaust pump. A blend of water aerosol, ethylene and helium 
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was used to feed the plasma. The water aerosol was generated with a pneumatic atomizer 

(mod. 3076, TSI) activated with 3.5 slm He. In these conditions, the mass flow rate of the 

atomized water resulted 125 mg/min, as evaluated by weight calibration of the reservoir 

before and after atomization. Ethylene, precursor of the plasma coating, and additional 

He were supplied at a flow rate of 50 sccm and 2 slm, respectively. The inlets of C2H4 and 

He were controlled with electronic mass flow meters (MKS). The feed was let from one 

side of the reactor, passed through the plasma between the electrodes, and has pumped 

out by a membrane pump from the opposite side. Before and after each process the 

system was purged for 10 min with 5 slm He. 

The discharge was ignited in Continuous Mode (CM) with a power generator system 

composed of wideband AC power amplifier (Al-1000-HF-A by AMP-LINE Corp., West 

Nyack, NY, USA) driven by a function generator (Model TG-1000 by TTi). The amplifier was 

connected to the high-voltage upper electrode with an high voltage transformer (Model 

AL-T1000, AMP-LINE Corp., West Nyack, NY, USA). Voltage and current delivered to the 

discharges were measured, respectively, with a high-voltage probe (P6015A, Tektronix, 

Beaverton, USA) and a resistance-type current probe, both connected to an oscilloscope 

(TDS 2014C, Tektronix, Beaverton, USA). The applied peak-to-peak voltage was kept at 5 

KVpp at a frequency of 20 kHz, resulting in a power density of 1.30 W cm−2.  

 

 

Figure 1. Schematic representation of the AAA-PP reactor used for the deposition of the 

coatings on bacterial spores.  
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2.2.3 Preparation of fungicide-Containing Coatings 

The fungicide products used for the production of the double-layer coatings were as 

follows: PROLINE (PRO, Bayer, 250 g/L Prothioconazole), COMET 250 EC (PYR, BASF, 250 

g/L Pyraclostrobin), and MCW 5278 (FLU, ADAMA, 48–53 wt% Fludioxonil). Aliquots of 30 

μL of aqueous suspensions of the formulations were deposited onto each glass or paper 

substrate and allowed to dry. Depending on the amount of fungicide to be deposited while 

maintaining a constant volume on the substrates, different suspension concentrations 

were used. Samples containing 6, 60, and 100 μg of PRO were prepared. For FLU and PYR, 

only two quantities were considered: 19.2 μg and 60 μg for the former, and 6 μg and 60 μg 

for the latter. 

To prepare the composite layers containing the different fungicides, the coatings were 

plasma-deposited on top of the dried fungicide suspensions, with thickness ranging 

between 90 and 540 nm. 

The fungicide containing samples are named in this chapter with the following code:  

X_fungicide_Th 

Where X = amount of fungicide (μg) deposited on to the sample; fungicide = PRO, PYR, or 

FLU; Th = coating thickness, ranging from 0 to 540 nm, Th=0 corresponds to sample 

without a plasma-deposited film on top. 

 

2.2.4 Preparation of Spore-Containing Coatings 

The strain Bacillus velezensis N3.2 (previously named B. amyloliquefaciens N3.2) [46] is 

part of the Culture Collection of the Institute of Sciences of Food Production of the 

National Research Council (ISPA-CNR), isolated from Italian durum wheat semolina. [47, 

48] The strain was stored at −80°C under cryoprotection and cultivated on Plate Count Agar 

(PCA, Difco, Franklin Lakes, NJ) at 30°C for 5 days before each experiment. 

The biological activity of B. velezensis N3.2 has been evaluated against the F. 

graminearum ITEM 6415 strain (http://server.ispa.cnr.it/ITEM/Collection/); the fungal 

strain was grown on Potato Dextrose Agar (PDA, Difco) medium at 25°C for 7 days before 

each experiment. 
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A spore suspension of B. velezensis N3.2 was obtained in a NaCl 0.85% solution from a 

culture on PCA. The suspension was heated at 90°C for 20 min to kill bacterial cells; the 

suspension was then centrifuged (9000 g; 10 min) to collect the spores, which were then 

resuspended in sterile distilled water at the final density of 106 spores/mL, as determined 

with a Thoma cell counting chamber (Brand, Blaubrand, Germany) and verified by 

dilution-plating on PCA. Aliquots of 40 μL of suspension were cast on each glass 

substrate (about 8 × 104 spores/sample) and allowed to dry. To generate the bio-

composite layers with the embedded spores, the coatings were plasma-deposited on top 

of the cast spores.  

 

2.2.5 Chemical and Morphological Characterization of the Coatings 

The composition of the coatings deposited on the Si substrates has been probed by 

means of Fourier-Transform Infrared Spectroscopy (FT-IR, transmission mode) with a 

Vertex 70 V Bruker spectrometer (32 scans, 4 cm−1). The spectrometer was evacuated to 

less than 150 Pa for 5 min, to avoid spectral interferences from atmospheric H2O vapour 

and CO2. 

The atomic composition of the topmost layer (5–10 nm) of the coating was probed with a 

X-ray Photoelectron Spectroscopy (XPS) PHI 5000 Versa Probe II spectrometer (Physical 

Electronics GmbH), using a monochromatic Al Kα X-ray source@1486.6 eV (15 kV, 

24.8 W, spot size 200 µm). Wide scan and high-resolution C1s, N1s, and O1s spectra were 

acquired in Fixed Analyser Transmission mode at a pass energy of 117.40 eV and 29.35 eV, 

respectively. The surface charge was compensated with a dual beam neutralization 

system and the C1s photoemission peak at 285.0 eV was used as reference for the 

Binding Energy (BE) scale. All spectra were collected at 45° with respect to the sample 

surface. To account for the surface distribution of the O-containing moieties of the 

coatings, the C1s signals were best-fitted with four peak components at 285.0 eV (C–C, 

C–H), 286.4 eV (C–OH, C–OC), 287.7 eV (C = O), and 289.0 eV (COOH, COOR), using a 

90% gaussian shape and 1.5 eV FWHM [49]. Spectra elaboration was carried out with the 

MultiPak data processing software (Physical Electronics GmbH). 
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Static Water Contact Angle (WCA) measurements were carried out with a Ramé-Hart 100-

manual goniometer (distilled water, 4 μL drops, room temperature). WCAs were 

measured on three different points of three replicates. 

The thickness of the coatings was measured on three different points of three replicates 

with a KLA-Tencor instrument (Milpitas, CA, USA) D-120 stylus profiler after scratching 

part of the coating with a scalpel to form a step. The deposition rate was calculated by 

dividing the measured film thickness by the corresponding deposition time; the reported 

deposition rate represents the average of the values obtained at the different deposition 

times investigated. 

Scanning Electron Microscopy (HITACHI TM 3000 Tabletop, Tokyo, Japan) was utilized for 

the morphological characterization of uncoated and plasma-coated samples in 

backscattered electron (BSE) mode, at 15 KV acceleration voltage and 6 mm working 

distance, with no need of prior metallization of the samples. 

 

2.2.6 Biological Characterization of the Fungicide-Containing Coatings  

The strain F. graminearum ITEM 6415 is known to be a strong DON producer and has 

already been used in a previous study to evaluate its sensitivity to different fungicides, 

including prothioconazole.[9] A conidial suspension was prepared by scraping, with a 

sterilized loop, the mycelium from 7-day-old colonies and suspending it in sterile distilled 

water containing 0.01% Tween 20. The conidial suspension was then adjusted to a 

concentration of 1 × 10⁵ conidia/mL wiith a Thoma counting chamber. An aliquot of 100 

µL of conidial suspension was spread on the PDA medium of each Petri dish with 

diameter of 90 mm. Subsequently, a glass slide containing the plasma-coated fungicide 

was placed at the center of the plate. Plates containing only the Fusarium strain and 

slides with plasma coating and uncoated fungicides were used as negative controls. After 

5 days of incubation at 25 °C, the fungicide activity was evaluated considering the 

inhibition halo (in mm). All experiments were performed in triplicate.  
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2.2.7 Biological Characterization of the Spore-Containing Coatings  

A viability test of the embedded B. velezensis N3.2 spores, and a test of their antagonist 

activity against F. graminearum ITEM 6415 strain were performed. Glass slides drop 

casted with suspended B. velezensis N3.2 spores were coated with a plasma-deposited 

barrier film of different thickness, as described previously, by changing the duration of the 

plasma deposition process. 

The density of the spores on coated and uncoated samples was evaluated after detaching 

the spores by shaking the samples (110 rpm, 18 h) in 30 mL of sterile NaCl solution 

(0.85 g/100 mL) and Tween 80 (0.25% v/v). After centrifugation (9000 g, 10 min), the 

detached spores were resuspended in sterile distilled water, plated on PCA, and 

incubated (24°C h, 30°C) for counting the germinated bacteria. Colony counts were 

expressed as log of the Colony-Forming Units per slide (CFU/slide). The viability of the 

spores on the samples was also assessed on PCA after incubation (24, 30, and 48 h at 

25°C). After incubation the spores could germinate, and their viability was determined 

from the bacterial colony formation expressed as the width (w, mm) of the growth annulus 

around the slides. Slides with uncoated spores were used as control in both tests. 

The antagonistic activity of the bacterial strain against F. graminearum ITEM 6415 was 

evaluated with the dual culture method. In detail, a mycelial plug (4 mm dia ) sample was 

taken from the edge of a 1 week old fungal colony and placed at the center of one of the 

two halves of a PDA plate; a glass slide with the plasma-coated spores was then placed 

at the center of the other half of the plate, on the same diameter length of the plug. Plates 

containing only the Fusarium strain and slides with uncoated spores were used as 

negative controls. After incubation at 25°C for 10 days, the antagonistic activity of B. 

velezensis N3.2 was expressed as the width of the inhibition halo (in mm), measured from 

the edge of the bacterial growth zone to the edge of the mycelium along the inoculum axis. 

All experiments were performed in triplicate. 

The biological results were presented as mean values ± standard deviations. The 

statistical analysis was performed with the Statistica 12.0 software (StatSoft Inc., Tulsa, 

OK, USA). Biological characterization data were compared with a one-way ANOVA test 

followed by Tukey's test to determine significantly different values (p < 0.05). 
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2.3 Results and Discussion  

 

2.3.1 Chemical Characterization of the Plasma-Deposited Coating  

The deposition rate of 82 ± 8 nm/min was measured for the coating used to embed the 

cast Bacillus spores or fungicides in the experimental conditions used; coatings of 

different thickness could thus be deposited on the spores or fungicides by changing the 

deposition time.  

Transmission FT-IR allowed the identification of the main functional groups present along 

the thickness of the plasma-deposited layer. In Figure 2, the absorption FT-IR spectra of 

the C₂H₄ precursor film and of the films deposited on Si for 8 min are reported. The 

spectrum in Figure 2B shows typical bands of organic films characterized by O-containing 

polar moieties, namely, the broad OH stretching band (3600–3100 cm⁻¹), the C–O 

stretching (1084 cm⁻¹), and the C=O stretching (1717 cm⁻¹). These polar groups, 

generated from the interaction of the plasma with the water aerosol, are part of the 

hydrocarbon network of the coating originated from ethylene fragments. Indeed, the IR 

bands typical of a hydrocarbon backbone are detected, such as the aliphatic CHₓ 

stretching at 2953–2870 cm⁻¹ and the CHₓ bending at 1457 cm⁻¹. A similar spectral profile 

was observed for coatings deposited at different deposition times, confirming that the 

chemical composition of the film remains consistent as the deposition time changes. 

 

Figure 2. FT-IR transmission spectrum of the precursor and plasma-deposited coating 

utilized for embedding B. velezenzis N 3.2 spores or fungicides. A) FT-IR of C₂H₄ adapted 

from: https://webbook.nist.gov/chemistry/ , B) FT-IR of film (8 min discharge duration).  
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XPS analysis has been performed on the plasma deposited coatings. The resulting 

surface atomic composition of the coatings, whose corresponding IR spectrum is 

reported in Figure 2, is C = 88.3%, O = 11.0%, and N = 0.7% respectively. Hydrogen cannot 

be detected by XPS; the presence of nitrogen is likely due to air remaining in the plasma 

chamber in spite of the purging with He. The presence of oxygen accounts for the polar 

groups detected by FT-IR. To identify the nature of the O-containing groups in the coating, 

the C1s spectrum was best-fitted with four components peaked at 285.0 eV (C1, C–C, C–

H, reference), 286.4 eV (C2, C–OH, C–OC), 287.7 eV (C3, C = O), and 289.0 eV (C4, COOH, 

COOR), respectively, as shown in Figure 3. The relative area of the peaks was 79.7%, 14%, 

4.3%, and 1%, respectively, for the components C1 to C4, in good accordance with the 

FT-IR analysis, and with the structure of coatings deposited in similar conditions 

discussed in a previous paper. [49] 

 

 

Figure 3. Best fitting of the XPS C1s peak of the plasma-deposited coating utilized for 

embedding B. velezenzis N 3.2 spores or fungicides (8 min discharge duration). 
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The WCA measurements performed on the plasma-deposited coatings revealed a quite 

hydrophilic character, with a WCA value of about 52 ± 2°, as measured on the sample 

deposited with 8 minutes of plasma discharge. The WCA does not change appreciably for 

coatings of different thickness. This level of hydrophilicity is compatible with the 

hydrocarbon network grafted with polar O-containing groups, as revealed by XPS and FT-

IR analysis. 

 

2.3.2 Biological Characterization of the Fungicide-Containing Coatings 

Fungicide activity of coatings containing fungicides.  

The activity of the fungicide PRO trapped in the coating against F. graminearum ITEM 6415 

was evaluated through in in vitro tests. Figure 4 illustrates the results obtained keeping 

the film thickness at 170 nm, while varying the amount of PRO on the substrates; the 

uncoated drop casted fungicide is shown for comparison. It can be observed that the 

sample consisting of a barrier film without fungicide showed no activity against F. 

graminearum, confirming that the antifungal activity is exclusively due to the presence of 

PRO. 

As reported in Table 1, samples containing different amounts of PRO without the coating 

(6-PRO, 60-PRO, 100-PRO) exhibited inhibition zones of 52±3, 46±1, and 45±1 mm, 

respectively, after 5 days of incubation at 25 °C.  

When a 170 nm thick coating is added, varying the amount of PRO between 6 and 100 μg 

leads to inhibition zones between 59 and 69 mm are obtained, confirming that the 

presence of the barrier coating does not inhibit the activity of PRO. Looking more in detail 

to the results reported in table 1, it can be observed that when comparing samples 

containing the same amount of PRO the inhibition halo appears systematically higher for 

the coated ones. This result is quite surprising since it should be supposed that the 

presence of the coating limits the efficient effective diffusion of the fungicide towards the 

conidia. 
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Figure 4. Pictures showing the fungicide activity of PRO at different concentration 

prepared with and without 170 nm barrier coating. Samples tested versus F. graminearum 

after 5 days of incubation on PDA at 25 °C.  

 

Table 1. Fungicide activity (inhibition halo, mm) of PRO-containing coatings against 

Fusarium graminearum after 5 days of incubation at 25 °C, at different PRO amounts and 

film thicknesses of the plasma-deposited barrier layer. 

Sample PRO (μg) Film Thickness (nm) Activity against F. 

graminearum ITEM 6415 

(mm) 

Barrier coating No Fungicide 170 nm No activity 

6-PRO 6 No Film 52c ±3 

60-PRO 60 No Film 46b ±1 

100-PRO 100 No Film 45a ±1 

60-PRO-90 60 90 61f ± 2 

60-PRO-170 60 170 69i± 8 

60-PRO-270 60 270 62g ± 4 

60-PRO-540 60 540 66h ±6 

6-PRO-170 6 170 60e ± 2 

100-PRO-170 100 170 59d± 4 

a–i Values in the same column with different superscript letters are significantly different (p < 

0.05). 
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Moreover, as shown in Figure 5 and Table 1, the fungicide activity of the coatings was also 

evaluated by keeping the PRO amount constant at 60 μg and varying the thickness of the 

barrier film. The inhibition halos were 61±2 mm (60-PRO-90), 69±8mm (60-PRO-170), 

62±4 mm (60-PRO-270), and 66±6 mm (60-PRO-540). Also in this case, it can be observed 

that the activity of the fungicide is not limited by the presence of the coating in spite of the 

deposition of a more than 3-fold thicker coating. Furthermore, even if the obtained values 

are quite similar, the presence of the plasma barrier film seems to lead to higher inhibition 

with respect to the ones obtained with the 60-PRO barrier-free sample. 

 

 

Figure 5. Pictures showing the fungicide activity of PRO (60 μg) coated with different 

thicknesses against F. graminearum ITEM 6415 after 5 days of incubation on PDA at 25 

°C.  

 

The effect of the plasma-deposited barrier film with a thickness of 170 nm was evaluated 

for the fungicides PYR and FLU, the results of the diffusion inhibition tests are reported in 

Figure 6. For samples containing PYR, amounts of 6 and 60 μg were considered for the 

tests. In contrast, for FLU, 19.2 μg was selected as the lowest amount, since this 

compound is applied in the field at higher concentrations. 
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In both cases, the inhibition halo are smaller than those obtained for PRO (Table 1), in 

agreement with the lower intrinsic antifungal activity of PYR and FLU against F. 

graminearum. For the uncoated samples, the inhibition zones were 39.0±2.0 mm and 

36.0±0.5 mm for 19.2-FLU and 60-FLU, and 47.0±2.0 mm and 46.0±2.0 mm for 6-PYR and 

60-PYR, respectively. (Table 2)  

When the fungicide was coated with the 170 nm plasma-deposited barrier film, the 

inhibition halos decreased to 27.0±0.6 mm (19.2-FLU-170), 35.7±0.3 mm (6-PYR-170), 

and 41.0±3.0 mm (60-PYR-170), while for 60-FLU-170 the value remained similar to the 

control (60-FLU). 

These results show that, unlike for PRO-containing coatings, the presence of the plasma 

barrier film in the case of PYR and FLU does not enhance antifungal activity but rather 

tends to reduce it. This behavior can be attributed to the barrier effect of the plasma-

deposited film, which limits the diffusion of the active compound from the sample to the 

agar medium, thereby decreasing the availability of the fungicide in the surrounding area. 

The results obtained for the bilayer coatings containing PYR and FLU were therefore 

expected, as they are consistent with the barrier function of the plasma-deposited 

coating. 

 

Figure 6. Pictures showing the fungicide activity of FLU and PYR at different doses 

prepared with and without 170 nm barrier coating. Samples tested versus F. graminearum 

ITEM 6415 after 5 days of incubation on PDA at 25 °C.  
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Table 2. Fungicide activity (inhibition halo, mm) of FLU- and PYR-containing coatings 

against F. graminearum ITEM 6415 strain after 5 days of incubation at 25 °C, at different 

fungicide doses (μg) and for a fixed film thickness (170 nm) of the plasma-deposited 

barrier layer. 

Sample PRO (μg) Deposition time 

(min) 

Film Thickness (nm) Antagonistic activity 

against F. graminearum 

ITEM 6415 (mm) 

19.2-FLU 19.2 0 No Film 39.0e± 2.0 

60-FLU 60 0 No Film 36.0c ± 0.5 

6-PYR 6 0 No Film 47.0h ± 2.0  

60-PYR 60 0 No Film 46.0g ±2.0  

19.2-FLU -170 19.2 2 170 27.0a ± 0.6 

60-FLU -170 60 2 170 37.0d ± 0.6 

6-PYR-170 6 2 170 35.7b ± 0.3 

60-PYR-170 60 2 170 41.0f ± 3.0 

a–h Values in the same column with different superscript letters are significantly different (p < 

0.05). 

 

Discussion  

The plasma-deposited barrier film enabled the coating of 3 different fungicides: PRO, FLU, 

and PYR. All fungicide-containing composite coatings exhibited inhibition halos, 

confirming their antifungal activity against F. graminearum. The results clearly indicate 

that the presence of the barrier film does not limit the antifungal activity that in the case 

of PRO appears even enhanced, with comparison with the uncoated fungicide. This was 

also observed in a previous similar study where PRO was sandwiched between 2 coatings 

prepared in a low-pressure plasma reactor. [40]  

Such behavior could be attributed to the role of the film as a controlled-release matrix, 

capable of modulating the diffusion of the active ingredient and maintaining an effective 

concentration in contact with the fungal mycelium for a longer period. 

In the present work, the film was obtained by plasma-assisted deposition fed with C2H4 

and water, a process that leads to the formation of a C–Oₓ-containing film (–C–O–, –C=O, 

–OH). The incorporation of oxygen imparts a hydrophilic nature to the coating, enabling 



91 

interactions with water and influencing the diffusion of organic molecules through the 

film. This hydrophilic character may either favor or hinder the release of the active 

compound depending on its intrinsic polarity. 

The increase in antifungal activity observed for PRO in the presence of the plasma film is 

consistent with its physicochemical properties: PRO exhibits a water solubility of 

approximately 22 mg L⁻¹ and a partition coefficient (Log P) of 2.7, making it more polar 

and moderately hydrophilic compared to FLU and PYR, which display much lower 

solubilities (≈ 1.8–1.9 mg L⁻¹) and log P values of 2.6 and 4.1, respectively. The diffusion 

of more hydrophobic compounds is limited by weak interactions with the polar 

environment and by the presence of a hydrated surface layer, which hinders the migration 

of these molecules toward the agar substrate and consequently reduces the inhibition 

zone.[50-51] It could therefore be hypothesized that a more polar fungicide such as PRO 

exhibits better compatibility with the hydrophilic environment of the plasma-deposited 

film, allowing a more gradual yet effective diffusion and consequently benefiting from the 

controlled-release effect induced by the coating. The increase in antifungal activity 

observed up to a film thickness of approximately 170 nm suggests that films too thin allow 

an excessively rapid release, leading to premature depletion of the active compound, 

whereas films of intermediate thickness ensure a more gradual and prolonged release, 

maximizing the biological effect. Overall, the results confirm that plasma-deposited 

coatings containing PRO not only preserve but also enhance the antifungal activity of the 

active component through their function as hydrophilic, diffusion-regulating barriers. The 

combination of the film chemical composition (oxygen-containing groups) and its optimal 

thickness enables controlled fungicide release and a more stable antifungal effect over 

time, making this technology highly promising for applications in the agronomic field, 

particularly for direct seed-coating treatments. 

On the other hand it is possible that prothioconazole, more than the other two fungicide, 

can undergo rearrangement during plasma exposure. This could lead to the formation of 

compounds with a higher activity against Fusarium; this hypothesis, however, needs to 

be confirmed. 
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2.3.3 Characterization of the Spore-Containing Coatings 

Morphological Characterization of the Spore-Containing Coatings 

In Figure 7 the SEM images of B. velezensis N3.2 spores uncoated and coated (for 1 and 

8 min) with the plasma-deposited barrier film are reported. The typical shape of the 

Bacillus spores can be observed in the cast uncoated sample in Figure 7A and B. As a 

comparison, the morphology of the coating without spores is reported in Figure 7C. As 

can be appreciated in Figure 7D, a 1 min coating is not enough to uniformly coat the 

spores, due to their size and shape. When a coating is deposited for 8 min onto the spores, 

elongated wrinkles about 2 μm wide can be observed, consistent with the presence of the 

spores underneath the coating. The formation of wrinkles, evident in Figure 7E and 7F, is 

most likely induced by the presence of spores, since the coating deposited onto flat 

sporeless substrates show smooth morphology with no wrinkles (Figure 7C). [49] 

Additionally, it cannot be ruled out that macromolecular residues from cellular material, 

possibly present at the substrate surface, may reduce the adhesion of the coating, thus 

leading to film detachment.  

 

Figure 7. SEM images (BSE mode, 15 kV) at different magnifications of (A, B) B. velezensis 

N3.2 uncoated spores; (C), plasma coating without spores; (D) spores coated with 1 min 

barrier film, (E, F) spores coated with 8 min barrier film. 
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Viability Tests 

To evaluate the effect of the plasma deposition process and of the thickness of the 

coating on the viability of the spores, both the germination of the spores on agar and the 

quantity of viable spores remaining on the slides were evaluated after the deposition. As 

shown in Figure 8, after 2 days of incubation on PCA the bacterial growth became clearly 

visible around each slide (whitish annulus) for all samples, each with a different width of 

the bacterial growth annulus, depending on the thickness of the barrier film. 

 

 

Figure 8 Picture reporting the bacterial growth of B. velezenzis N3.2 after 48 h incubation 

on PCA at 25 °C. The spores were coated on glass samples with the plasma-deposited 

barrier film at different thickness.  

 

As it can be observed in Table 3, the width (w) of the bacterial growth results the same for 

the uncoated control sample and the one coated with the thinnest (90±10 nm) film, 

whereas it is found decreasing in the other samples as a function of the increasing 

thickness of the coating, reaching the lowest value of 0.8 mm for spores coated with the 

thickest (about 1.4 µm) coating (p < 0.05). 
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Table 3 Bacterial growth (w, mm), quantity of spores recovered from coated and uncoated 

slides (log CFU/slide), and antagonistic activity of B. velezenzis N3.2 against F. 

graminearum ITEM 6415 (mm), at different thickness of the plasma deposited coating. 

Film 
thickness 

(nm) 

Bacterial 
growth after 

48h 
(w, mm) * 

Spore/slide 
(log 

CFU/slide) 

Antagonistic activity against F. 
graminearum ITEM 6415 strain 

(mm) ** 

No Film 4.0±0.1a 4.99±0.09a 10.0±1.2 

90±10 4.0±0.1a 4.74±0.01b 10±1 

180±10 3.0±0.1b 3.89±0.01c 9.8±0.5 

350±20 2.3±0.5c 3.08±0.04c 9.6±0.5 

700±30 1.8±0.2c 2.38±0.04c 9.5±0.8 

1400±50 0.8±0.1d 1.14±0.06c 8±1 

Note: Data are represented as mean ± standard deviation. 

* Expressed as the width (w, mm) of the growth annulus after 48 h of incubation at 25°C. 

** Expressed as an inhibition halo (mm) after 10 days of incubation at 25°C. 

a–d Values in the same column with different superscript letters are significantly different (p < 
0.05). 

 

To evaluate over time the germination of spore coated with different barrier thickness, and 

to better identify the role of the coating onto germination and viability of the spores, the 

bacterial growth has been also observed at different incubation times on spore samples 

coated with the two thickest barrier films, 700 nm and 1400 nm, respectively, and 

compared with an uncoated spore sample control. The results reported in Figure 5 show 

that the uncoated spores germinate only after 24 h giving rise to a growth annulus around 

sample 35. After 30 h also the spores on sample 33, corresponding to 700 nm coating, 

germinate while, at last, after 48 h bacterial growth is observed also around sample 34, 

the one coated with the thickest film. 
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Figure 9 Picture reporting the bacterial growth of B. velezenzis N3.2 strain whose spores 

were coated with the plasma-deposited barrier film at different thickness, after 24 h, 30 h 

and 48 h of incubation (PCA, 25 °C).  

 

It is evident, based on the data obtained, that the germination of the spores and the 

subsequent bacterial growth are somewhat delayed by plasma deposited barrier coating. 

This finding, beneficial for potential applications of plasma deposition approaches on 

seeds and/or on other substrates of interest in agriculture, can be due to a limitation of 

the contact of the spores with the culture medium, that is essential to the germination 

and formation of the bacterial colonies, or/and to the possible reduced viability of the 

spores after the interaction with the plasma enviroment, in spite of the growing protective 

coating. 

In parallel to the viability test on agar, to obtain information on the adhesion tenacity of 

the spores to the slides, samples with uncoated spores and coated with the thickest 

coatings, were subjected to washing, vigorous scraping and subsequent plating to verify 

the quantity of viable spores remained on the slides. As expected, after washing, 5 log 

CFU/slide were recovered from the uncoated slides, while the quantity of recovered 

spores decreased with the increased thickness of the film (Table 3). This result could 

indicate that most spores are more tenaciously protected when the film thickness is 

higher, making difficult their recovery. In such conditions, however, the inactivation of part 

of the spores, potentially increasing with the plasma exposure time, cannot be ruled out. 
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Antagonistic Activity 

To evaluate the antagonistic activity of B. velezenzis N3.2 strain trapped in the coating 

against F. graminearum ITEM 6415, in vitro antagonism tests were carried out. The results 

are reported in Table 3 and Figure 10. The efficacy of the coating was assessed by 

observing the growth of the fungal strain after incubation at 25°C. 

After 10 days, no significant difference was observed between treated and untreated 

samples, attesting that the treatment did not reduce the antifungal activity of the bacterial 

strain. Furthermore, the activity remained unchanged as the thickness of the barrier film 

increased (p > 0.05). When the samples used in the viability test were also subjected to 

the antagonism test after washing, the results showed once more the antagonistic activity 

of B. velezensis N3.2 against the Fusarium strain, highlighting again the presence of active 

spores on the slides, since washing was probably not sufficient for removing all the 

spores. This result leads to the hypothesis that the lower number of spores recovered 

from treated slides (Table 3) could be due to the thickness of the film rather than to a 

reduction in viability due to the plasma process itself. 

 

Figure 10 Antagonistic activity of B. velezensis N3.2 strain against F. graminearum ITEM 

6415 strain, whose spores were coated with the plasma-deposited barrier film at different 

thickness.  
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Discussion 

Fungal plant pathogens, such as many Fusarium species, cause huge losses of crops and 

are dangerous for human health due to the production of mycotoxins. To replace 

fungicides researchers are focusing attention onto natural products and biocontrol 

agents. Bacillus species are suitable as biocontrol agents, since in addition to producing 

antimicrobial substances and stimulating plant-induced systemic resistance, they 

produce spores that increase their resistance to environmental stress conditions. [52] For 

effective field distribution, it is useful to incorporate beneficial microorganisms into 

matrices for seed coating. To be effective, a beneficial microorganism should be 

protected during storage and field application. At the same time, a good film should 

ensure the integrity of the microorganism and the seeds, allowing their germination. 
[53]Polyvinyl alcohol (PVA)-based films have recently been proposed to deliver Bacillus 

megaterium as seed coatings. [53] Coatings consisting of Bacillus strains and gum arabica 

have also been developed to manage Fusarium wilt disease. [52] 

In the present work a plasma deposited coating has been considered for embedding 

spores with antifungal activity. At the best of the authors’ knowledge, this paper explores 

for the first time the plasma deposition of an organic coating onto bacterial spores. This 

approach greatly differs from most of the recent studies on plasma processes for 

agriculture, mostly intended for decontamination and not based on plasma deposition. 

The results well indicate that the plasma deposition of a coating on top of the spores do 

not alter their germinability characteristics, as illustrated in Figures 8 and 9. Further, the 

antifungal activity is not reduced with respect to uncoated spores (Figure 10). On the 

other hand, when considering the effect of film thickness, the germination is delayed, and 

the viability of the spores decreases with increasing deposition time. A possible rationale 

is the limited contact between the spores and the medium, which is necessary to induce 

germination. However, it is known that plasma, especially when fed with air or N2 gas and 

assisted by the associated UV radiation, can inactivate bacterial spores. [54] On the other 

hand, it can be hypothesized that the increasing thickness of the coating may at least 

partially shield the spores from aggressive plasma-generated RONS species. Since it can 

be hypothesized that UV radiation is in part absorbed by the organic species present in 

the plasma feed and by the coating itself, the inactivating effect of plasma on spores 
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might be considered negligible. Further biological tests, indeed, are necessary to support 

this hypothesis. 

 

2.4 Conclusions  

This study demonstrates the potential of plasma-deposited organic coatings as systems 

for the development of active films with antifungal properties and possible applications 

in seed protection. 

The plasma-deposited barrier film enabled the encapsulation of PRO, FLU and PYR 

fungicides. All fungicide-containing composite coatings exhibited clear inhibition zones, 

confirming their antifungal activity against Fusarium. The presence of the barrier layer 

enhanced the antifungal efficacy of PRO compared to the uncoated fungicide, assuming 

that the organic barrier film matrix act as a controlled-release system capable of 

maintaining an effective concentration of the active compound in contact with the fungal 

mycelium over time. The behavior observed for PRO was consistent with its higher polarity 

and limited water solubility, which favor compatibility with the hydrophilic nature of the 

plasma-deposited film. In contrast, more hydrophobic fungicides such as FLU and PYR 

showed reduced activity, likely due to both their intrinsically lower antifungal efficacy 

compared to PRO and to the decreased bioavailability caused by the physical barrier 

effect of the plasma-deposited film, which limits their diffusion through the hydrophilic 

layer of the coating. The barrier film proved to be suitable for the encapsulation of 

pesticides, effectively controlling their environmental availability, confirming that 

plasma-assisted processes can be used for seed-coating treatments with tunable 

release properties. 

Furthermore, this study demonstrates, for the first time, the feasibility of incorporating 

bacterial spores within a plasma-deposited organic coating, introducing a new strategy 

for the development of active films with antifungal properties and potential applications 

on seeds with no use of chemical substances with high impact on environment and 

human health. 

The Bacillus velezensis N3.2 strain retained both its viability and antifungal activity 

against Fusarium after the plasma deposition process, indicating that the treatment does 
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not compromise the essential biological functions of the spores. Although an increase in 

film thickness was associated with a delay in germination, the embedded spores 

remained effective against fungal pathogens. This innovative offers a promising 

alternative to conventional seed-coating methods, as it preserves the protection and 

functionality of beneficial microorganisms capable of acting against pathogens or 

promoting plant growth. However, further field studies are required to optimize the 

plasma deposition parameters and to assess their direct impact on seed germination and 

crop protection. 
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Annex A 2.1 

As outlined in Chapter 1, once the AAA-PP deposition process of fungicide-containing 

films has been developed onto flat substrates, the methodology was transferred to a 

home-made large-scale reactor designed for coating maize seed. Appendix A 1.2 

presents the deposition parameters used, as well as the evaluation of seed germination 

and the antifungal activity of the PRO-containing coating. 

 

A 2.1.1 Materials and methods  

Preparation of fungicide-Containing Coatings onto maize seeds 

Maize seeds of the “Marano 0501” variety were plasma‐processed and used for testing 

the antifungal properties of the plasma deposited coating containing fungicides. 

PRO was cast onto the 60 maize seeds by spraying 4 g of an aqueous suspension 

containing 6 μL of the commercial product Proline. Seeds were then allowed to dry for 24 

h in a desiccator connected to a membrane pump. Subsequently, a barrier film was 

deposited using the home-made large-scale AAA-PP reactor schematized in Figure 1 A. It 

consists of a cylindrical stainless-steel chamber, 120 cm long and 50 cm in diameter, 

connected to a vacuum membrane pump (N 86, KNF), and containing the electrodes 

assembly shown in Figure 1B. This is composed of a support in PVC bearing two 

horizontal alumina plates (15 cm × 3 cm × 0.63 mm) coated with a silver conductive paste, 

both acting as High-Voltage (HV) electrodes. Between the electrode a slit (15cmx0.1 cm) 

is present through which the gas feed is let. In front of the electrode assembly, at a 

distance of 5 mm, a ground stainless steel stage (60cm x 25 cm) works as counter-

electrode. Seeds are placed into a polycarbonate tray (45 cm x 15 cm x 2 mm), located 

onto the stage connected to a motor allowing forward and backward horizontal, 

movement. This set up allows for a homogeneous sample processing and treatment of a 

larger amount of material. The stage movement speed was set at 1 cm/s. 

The HV electrodes were connected to a high-voltage power supply (ALMA PULSE) suitable 

for the ignition of a dielectric barrier discharge. To monitor the electrical parameters of 

the discharge, an oscilloscope (TDS 2014C, Tektronix, Beaverton, USA) was connected 

through a high-voltage probe (P6015A, Tektronix, Beaverton, USA) between the electrodes 
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and the power supply. The gas feed (ethylene and He) was controlled with electronic mass 

flow controllers (MKS Instruments). The aerosol was generated using a pneumatic 

atomizer (TSI 3064) operated with He 3.5 slm. Ethylene was fed as precursor for the 

plasma coating at a flow rate of 60 sccm, with an additional He flow of 3 slm. The 

discharge duration was 10 min, and the applied peak-to-peak voltage was maintained at 

13 kVpp with a frequency of 20 kHz. Before starting the process, the system was purged 

with 5 slm He for 5 min, and the same procedure was carried out before removing the 

seeds from the chamber. 

 

  

Figure 1 Schematic representation of the AAA-PP reactor (A) and of the electrode 

assembly (B) used for the deposition of the coatings onto maize seeds.  

 

 

 

A 

B 
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Chemical Characterization of Fungicide-Containing Coatings onto maize 

seeds 

The composition of the coatings deposited on the Si substrates has been probed by 

means of FT-IR with a Vertex 70 V Bruker spectrometer (32 scans, 4 cm−1). The 

spectrometer was evacuated to less than 150 Pa for 5 min, to avoid spectral interferences 

from atmospheric H2O vapour and CO2. 

WCA measurements were carried out with a Ramé-Hart 100-manual goniometer (distilled 

water, 4 μL drops, room temperature). WCAs were measured on three different points of 

three replicates. 

The thickness of the coatings was measured on three different points of three replicates 

with a KLA-Tencor instrument (Milpitas, CA, USA) D-120 profilometer after scratching part 

of the coating with a scalpel to form a step. 

 

Activity evaluation of the Fungicide-Containing Coatings onto maize seeds  

The F. graminearum ITEM 6415 strain was selected from the ITEM Collection of ISPA-CNR 

(www.ispa.cnr.it/Collection). 

To evaluate the fungicidal activity of plasma-deposited coatings containing 

prothioconazole on maize seeds against F. graminearum, five different thesis were 

prepared and inoculated with the fungal strain, as summarized in Table 1: Thesis NT, 

without fungicide treatment or barrier film; Thesis C, with barrier film, without fungicide 

treatment; Thesis F, with fungicide treatment, without barrier film; Thesis FC, with both 

fungicide treatment and barrier film; and Thesis CFC, with barrier film applied directly to 

the seed, followed by fungicide treatment and a second barrier layer. In the theses where 

seeds were coated with a barrier film, the coating thickness was 100 nm. 
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Table 1 Description of theses used for experimental assay on maize seeds  

Thesis Seed Coating Fungicide Application 

NT No No 

C Film No 

F No Prothioconazole  

FC Film Prothioconazole 

CFC double Film Prothioconazole 

 

For each treatment, five maize seeds were placed on PDA medium supplemented with 

pentachloronitrobenzene (PCNB). All five treatments were inoculated with a conidial 

suspension at a concentration of 1×10⁵ conidia/mL; a total volume of 100 µL was 

uniformly spread onto the PDA surface and incubated at 25 °C under fluorescent light with 

a 12-hour photoperiod.  

The effect of each treatment in inhibiting fungal colonization of the seeds was evaluated 

after 10 days of incubation. At the same time, seed germination was also assessed. 

Antifungal activity was expressed as the percent of inhibition area, determined using 

ImageJ software (version 1.52d; National Institutes of Health, Bethesda, MD, USA). The 

software was employed to quantify fungal growth by measuring the percent of plate area 

occupied by fungal mycelium in relation to the total surface area, thus allowing 

calculation of fungal inhibition. All experiments were performed in triplicate.  

 

A 2.1.2 Results and Discussion  

Optimization of the coatings on silicon substrates 

The deposition rate of 10 ± 3 nm/min was measured on Si substrates for the coating used 

to embed the cast of PRO under the experimental conditions employed; a 100 ± 7 nm 

coating was deposited onto the maize seeds.  

FT-IR analysis allowed the identification of the main functional groups present along the 

thickness of the plasma-deposited layer. Figure 2A of Chapter 2 (Section 2.3.1, Chemical 

Characterization of the Plasma-Deposited Coating) reports the FT-IR spectrum of the 
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C₂H₄ monomer. Figure 2 reports the FT-IR absorption spectrum of films deposited on 

silicon for 10 minutes. The spectrum shows the typical bands of hydrocarbon films 

characterized by oxygen-containing polar moieties, as also observed for the coating 

described in Chapter 2 (Section 2.3.1, Chemical Characterization of the Plasma-

Deposited Coating). 

 

Figure 2 FT-IR transmission spectrum of the plasma-deposited coating utilized for 

embedding fungicides onto maize (10 min discharge duration).  

 

The WCA measurements performed on the plasma-deposited coatings revealed quite 

hydrophilic character, with a WCA value of about 50 ± 2°. This level of hydrophilicity is 

compatible with the hydrocarbon network grafted with polar O-containing groups, as 

revealed by FT-IR. No further analyses were carried out, as the coating composition was 

found to be very similar to that of the coating deposited on Bacillus spores and fungicides 

described in Chapter 2. 
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Biological Characterization of Fungicide-Containing Coatings onto maize 

seeds 

The antifungal activity of the fungicide PRO embedded in the coating of 100 nm against F. 

graminearum was evaluated on seeds through agar diffusion tests. 

As shown in Figure 3, F. graminearum colonized the entire surface of the PDA plates for 

both untreated (NT Thesis) and coated seeds with the barrier film (Thesis C), resulting in 

complete coverage by the fungal mycelium after 10 days of incubation. In samples 

containing prothioconazole, the fungicide showed good efficacy in reducing fungal 

colonization as evidenced by the formation of inhibition zones around the seeds. It is 

noteworthy that the fungicide embedded coatings (FC and CFC Thesis), are active as 

demonstrated by reduced mycelium growth, notwithstanding the presence of the barrier 

layer, confirming the results reported in Chapter 2.  

 

 

Figure 3 Maize seeds inoculated with F. graminearum, coated and not with a barrier film, 

treated and not with prothioconazole. 
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In table 2 the percentage of the inhibition area is reported for each thesis, and as it can 

be observed it varies significantly among the different treatments. No inhibition zones 

have been measured for the untreated seeds and those coated only with the barrier film 

(Thesis C), confirming the complete colonization by F. graminearum. Seeds treated only 

with the fungicide (Thesis F) exhibited an antifungal effect, with an inhibition area of 51%. 

The highest values were recorded for the bilayer (Thesis FC) and sandwich (Thesis CFC) 

coatings, showing inhibition areas of 72.8% and 75.0%, respectively. The estimated 

values of inhibition area percentage indicates that the combination of the fungicide with 

the coating layers enhanced the protective efficacy against fungal growth. This results 

confirms the outcomes reported in Chapter 2.  

Regarding germination, the percentage of germinated seeds ranged between 80% and 

100% in all theses. Untreated seeds (Thesis NT) showed the highest germination rate 

(100%), whereas the coated seeds exhibited a slight reduction in germination efficiency. 

In particular, seeds coated only with the barrier film (Thesis C) or with combined coatings 

(Thesis FC and CFC) showed germination values between 80% and 93%, suggesting that 

exposure to the plasma treatment and the presence of coating layers may slightly 

interfere with the natural germination process of the seedlings. 

Table 2 Percentage of seed germination and fungal contamination on maize seeds.  

Sample Inhibition area (%) Germination (%) 

NT No Inhibition  100d 

C No Inhibition 80a±5 

F 51±6a 93c±5 

FC 73±3b 87b±6 

CFC 75±5c 93c±7 

a–d Values in the same column with different apex letters are significantly different (p < 0.05). 

Discussion  

Antifungal tests demonstrated that the presence of the fungicide, either alone or 

incorporated into the coating layers, effectively inhibited the growth of F. graminearum on 

PDA plates. The observation of clear inhibition zones around the treated seeds indicates 

that the fungicide remained active following plasma coating deposition and was also able 

to diffuse into the medium, resulting in a reduction of fungal growth. These results confirm 
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the compatibility between the plasma-deposited barrier films and the efficacy of 

fungicide, which was preserved after the encapsulation process. 

The greater inhibition observed in the bilayer (FC) and trilayer (CFC) coatings compared 

with the treatment with fungicide alone (F) suggests that the multilayer structure not only 

protects the active compound but may also promote a controlled release of fungicide 

from the coating matrix. This delayed and prolonged release could explain the larger 

inhibition areas observed, as it ensures longer persistence of the fungicidal activity on the 

seed surface. A similar behaviour has been reported for other plasma-deposited seed 

coatings containing fungicides. [1-2] On the other hand, the absence of inhibition zones in 

the treatment with the barrier film alone (C) confirms that the barrier layer itself does not 

exert antifungal effects. This supports the hypothesis that the reduction in fungal 

colonization is solely due to the presence of the fungicide and not to any intrinsic 

antimicrobial property of the coating. 

With regard to germination, the slight reduction in germination percentage observed for 

the coated seeds suggests that plasma exposure and the presence of coating layers may 

slightly alter the surface properties of the seeds, possibly affecting water uptake or gas 

exchange. However, since the reduction remained limited (80–93%) and overall 

germination values were still high, it can be concluded that the plasma deposition and 

coating processes did not significantly affect seed viability. These results are consistent 

with previous studies demonstrating that the use of cold atmospheric pressure plasmas 

in air on maize seeds allows complete devitalization of the native surface microbiota 

without altering the vital processes of the seed. [3] 

Overall, the combination of plasma-deposited barrier films and fungicide proved to be an 

effective strategy for inhibiting F. graminearum growth while maintaining acceptable 

germination performance. This suggests that the proposed coating technology could 

represent a promising approach for seed protection, allowing the use of lower amounts 

of fungicides and providing a more targeted antifungal action directly at the surface of the 

seeds. 

The aim of this study, the first of its kind to our knowledge, was to test whether a coating 

deposited by atmospheric pressure plasma, capable of encapsulating a fungicidal 

molecule, could be effectively applied to the surface of seeds using plasma technology 
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to control fungal infections. The positive results obtained confirmed the potential of this 

approach and are highly promising, as further technological improvements can certainly 

be expected for future practical applications. 

The data showed that the presence of the plasma-deposited coating did not alter the 

antifungal activity of prothioconazole. Moreover, seeds containing the fungicide and 

coated with the barrier film exhibited antifungal activity, as evidenced by the presence of 

inhibition zones and a higher resistance to Fusarium graminearum infections, most likely 

due to a controlled-release effect enabled by the barrier properties of the film. In addition, 

the coating did not significantly affect the germination capacity of the seeds. 

Overall, this study once again highlights the potential of plasma technology in agriculture, 

particularly for the control of fungal infections on seeds, offering an innovative and 

sustainable approach to seed protection. 
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3 
Plasma Deposition of Coatings  

for Delivery of Essential Oils  

Active Against Nematodes 
 

 

3.1 Introduction  

Intensive agriculture has led to the over-exploitation of natural resources and the 

disruption of soil system functionality, primarily due to the excessive use of synthetic 

products aimed at increasing crop yields. Among the most destructive crop pests are 

plant-parasitic nematodes (PPNs), which are responsible for approximately 12–15% of 

global agricultural losses annually. [1] PPNs can also cause additional damage through 

synergistic interactions with major soilborne pathogens such as Fusarium spp., 

Verticillium spp., viruses, and bacteria that penetrate through root lesions induced by 

nematode infection.[2] 

Among PPNs, root-knot nematodes (RKNs) are considered the most destructive group, as 

they infect the roots of almost all cultivated plant species. Within this group, species 

belonging to the genus Meloidogyne are regarded as the most harmful pests of 

horticultural crops, causing severe yield reductions. In particular, Meloidogyne incognita 

can lead to yield losses of up to 73.3% in tomato production, representing a major threat 

to global food security. Its life cycle begins with eggs laid by adult females on the root 

surface. The first-stage larva (J1) develops within the egg and molts into the second-stage 

juvenile (J2). When juveniles hatch from the eggs and penetrate root tissues, they 

establish permanent feeding sites by inducing the formation of multinucleate giant cells. 

This process alters the roots, causing the characteristic formation of galls and reducing 

the plant’s ability to absorb water and nutrients. [3-6]  
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Given these challenges, there is an urgent need to replace synthetic pesticides with more 

sustainable and environmentally friendly alternatives. One promising approach involves 

the use of biocidal compounds of plant origin such us essential oils (EOs) that show 

strong nematicidal and antimicrobial activity against both PPNs and soilborne 

phytopathogens. EOs are bioactive, biodegradable and environmentally safe. However, 

their practical application is often limited by the high volatility of their active constituents, 

which leads to evaporation and rapid degradation, thereby reducing their persistence and 

efficacy. Consequently, the development of new formulations capable of stabilizing and 

prolonging the biocidal activity of EOs is important. [7-8]  

Among the bioactive compounds present in plant-derived essential oils, 

cinnamaldehyde, the major constituent of Cinnamomum zeylanicum EO, is known to 

have a central role in nematode suppression. It was demonstrated that pure (E)-

cinnamaldehyde caused over 68% mortality of M. incognita J2, whereas the whole C. 

zeylanicum EO induced only 12–13% mortality under the same concentrations, 

confirming the cinnamaldehyde as the main nematotoxic agent of cinnamon oil. [9] 

Morover, Fanelli et al. reported that C. zeylanicum EO induced nematode mortality 

through the disruption of the nervous system and cuticle integrity, and by altering the 

expression of genes related to stress response and motility.[10]  

Nematicidal activity has been investigated for the essential oils of Allium sativum and 

Ruta graveolens. The EO of A. sativum and its sulfur-containing compounds shown strong 

nematicidal effects against M. incognita by interfering with enzymatic systems and 

oxidative metabolism. [11] Likewise, the EO of R. graveolens, rich in alkaloids and 

furanocoumarins such as chalepensin and graveolin, has been documented to inhibit egg 

hatching and J2 motility through neurotoxic and cuticle-disrupting mechanisms. [12]  

These findings highlight the potential of EOs and their key constituents as natural sources 

of bioactive compounds for sustainable nematode management strategies. 

In this context, LTP processes have attracted increasing interest due to their minimal 

thermal impact, allowing surface modification of thermally sensitive materials without 

altering their bulk properties. LP and AP plasma deposition techniques are considered 

environmentally friendly, as they use minimal reactants and no solvents. [13-16] Recent 

studies have demonstrated the effectiveness of plasma-based methods for depositing 
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nanocomposite coatings containing fungicides on seeds, providing protection against 

Fusarium infections, as shown in the previous chapter. [17-18]  

Therefore, exploring plasma-assisted deposition methods for the development of active 

coatings against soilborne pathogens and pests represents a particularly promising 

alternative to traditional agriculture practices.  

The aim of this study was to encapsulate Allium sativum, Cinnamomum zeylanicum and 

Ruta graveolens EOs into composite films plasma deposited on zeolites, a widely used 

inert material in agriculture, by means of the Aerosol-Assisted Atmospheric Pressure 

Plasma Deposition (AA-APPD) technique, in order to evaluate their nematicidal activity 

against M. incognita through in vivo studies. 

 

3.2 Materials and Methods  

3.2.1 Materials  

He 99.999%, C2H4 99.95% (Air Liquide) and an aerosol of Milli-Q quality water (Millipore, 

Bedford, MA) were used as feed in the plasma deposition process. The coatings were 

deposited on 1 × 1 cm² shards of double face polished p-doped crystalline silicon (100) 

wafers (MicroChemicals GmbH, Ulm, Germany) for comprehensive chemical 

characterization. On the other hand, biological assessments were conducted using 

zeolites (Molecular Sieve 0.4 nm, Beads 1.6–2.5 mm) purchased from Sigma-Aldrich. The 

essential oils used to load the zeolites were: Allium sativum (AS, garlic essential oil, 

Aroma-Zone, France), Cinnamomum zeylanicum (CZ, cinnamon bark essential oil, Flora 

srl, Italy), and Ruta graveolens (RG, rue essential oil, Mystic Moments, United Kingdom). 

The extraction solvent used to recover CZ from the zeolites was cyclopentyl methyl ether 

(CPME, VWR Chemicals, purity ≥ 99.9%). Absolute ethanol (Honeywell, ACS reagent, ≥ 

99.8%) was used to inject the extracts into the GC–MS; Trans-cinnamaldehyde (≥ 99%, 

Sigma-Aldrich) was used as the standard for the calibration curve. 
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3.2.2 Preparation of EOs-Containing Coatings onto zeolite  

EOs were cast onto zeolite before the plasma deposition process. Zeolite (80 g) was 

placed in a 150 mm diameter Petri dish and kept under agitation on a rocking shaker. 

Subsequently, 20 mL of ethanol containing 1 g of the respective EOs (A. sativum, C. 

zeylanicum, and R. graveolens) were slowly dropped onto the zeolite under continuous 

agitation and left for 2 h until complete solvent evaporation. 

The amount of each EO used to load the zeolite was selected based on experimental 

tests, which demonstrated that the effective dose required to achieve nematocidal 

activity of these EOs was 200 mg per kg of soil. The EO-loaded zeolites were then coated 

with barrier films using the large-scale DBD reactor described in Chapter 1, Appendix A 

2.1. Briefly, the film deposition process on the zeolite granules was carried out in a DBD 

discharge fed with 60 sccm ethylene as matrix precursor and an aerosol of water 

generated with 3.5 slm He, and an additional 3 slm He buffer. The discharge durations 

used to produce coatings with thicknesses of 100 and 200 nm were 10 and 20 min, 

respectively. The applied peak-to-peak voltage was maintained at 13 kVpp with a 

frequency at 20 kHz. The distance between the plasma source and the zeolite was 

maintained at 2 mm. The EO loaded zeolites in the amount of 80 g were laid onto a tray 

and placed onto the movable ground stage integrated into the reactor, which was moved 

back and forth during the process. Before starting the process, the system was purged 

with 5 slm He for 5 min, and the same procedure was repeated before removing the 

zeolites from the chamber. 

 

3.2.3 Chemical Characterization of Coatings Deposited onto Si 

Substrates 

For all the analyses Si substrates were placed on top of the zeolite during the plasma 

deposition process to obtain the same coating conditions. The composition of the 

coatings was analyzed by means of Fourier Transform Infrared Spectroscopy (FT-IR, 

transmission mode) with a Vertex 70 V Bruker spectrometer (32 scans, 4 cm⁻¹ resolution). 

The spectrometer was evacuated to less than 150 Pa for 5 min to avoid spectral 

interferences of atmospheric H₂O vapor and CO₂.  
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Static Water Contact Angle (WCA) measurements were carried out with a Ramé-Hart 100-

manual goniometer (distilled water, 4 μL drops, room temperature). WCAs were 

measured on three different points of three replicates. 

The thickness of the coatings was measured on three different points of three replicates 

with a KLA-Tencor instrument (Milpitas, CA, USA) D-120 profilometer after scratching part 

of the coating with a scalpel to form a step. 

To prepare the composite layers containing the different EOs, 100 and 200 nm thick 

coatings were plasma-deposited on the surface of the zeolites loaded with the three 

different essential oils. 

The EO-containing samples are referred to in this chapter using the following code:  

EO_ZEO_Th 

where: EO = essential oil (AS, CZ, RG); ZEO = indicates that the essential oil is loaded onto 

the zeolite; and Th = coating thickness, ranging from 0 to 200 nm (Th = 0 corresponds to 

the absence of a plasma-deposited film). 

GC-MS characterization of Cinnamomum zeylanicum EO embedded onto 

Zeolite  

The extraction of C. zeylanicum essential oil and the quantification of its main 

constituent, trans-cinnamaldehyde, were carried out with the following samples: CZ, 20 

g of zeolite loaded with 260 mg of EO; CZ-100, 20 g of zeolite loaded with 260 mg of EO 

and coated with a 100 nm barrier film; CZ-200, 20 g of zeolite loaded with 260 mg of EO 

and coated with a 200 nm barrier film. The EO was extracted from the zeolite with 20 mL 

of CPME in a thermostatic ultrasonic bath at 20 °C for 30 min. Subsequently, the zeolite 

was separated from the extraction solvent using a separatory funnel equipped with a filter. 

The solvent was removed by evaporation under reduced pressure up to 200 mBar, the EO 

was then recovered with ethanol, and the trans-cinnamaldehyde quantified by gas 

chromatography (GC–MS) with a Shimadzu GCMS-QP2010 SE instrument equipped with 

a BP-5MS capillary column (SGE, length 30 m, internal diameter 0.25 mm, stationary 

phase thickness 0.25 µm). Identification of trans-cinnamaldehyde in the samples was 

performed by GC- MS analysis under the following conditions: injector and column 
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temperatures 250 °C and 100 °C, respectively (GC), split injection mode, ion source and 

interface temperatures 200 °C and 230 °C, respectively (MS). He was used as the carrier 

gas at an initial pressure of 62.7 kPa (total flow: 54 mL/min; column flow: 0.89 mL/min). A 

four-point calibration curve was constructed for the quantification of trans-

cinnamaldehyde content. Each calibration point was injected in triplicate, as was each 

extract. 

 

3.2.4 Assessment of nematicidal activity 

These nematicidal experiments were carried out in collaboration with Dr. Pasqua 

Veronico and Dr. Trifone D’Addabbo (IPSP-CNR). An Italian population of M. incognita was 

previously reared for two months on the tomato cultivar Regina di Fasano in a greenhouse 

at 25 ± 2 °C. The infested tomato roots were finely chopped and thoroughly mixed before 

taking four random 10 g samples, on which the density of M. incognita eggs and second-

stage juveniles (J2s) per gram of root was determined. Nematode eggs and J2s were 

extracted by shaking the root samples for 3 min in a 1% aqueous sodium hypochlorite 

solution. Extracted eggs and J2s were recovered on a 20 µm sieve and counted under a 

microscope. Appropriate amounts of this inoculum were added to the non-sterilized 

experimental soil to reach an initial nematode population density of approximately 16 

eggs and J2s per mL of soil. The homogeneous distribution of the inoculum in the soil was 

ensured by mixing for 10 min in a concrete mixer. 

The soil was then amended with zeolites loaded with essential oils (EOs) of A. sativum, C. 

zeylanicum, and R. graveolens, both uncoated and coated with a barrier film of 100 nm or 

200 nm, and distributed into 1 L pots (14 cm diameter), which were maintained for two 

weeks in a greenhouse at 26 °C.Five replicates were prepared for each condition. The 

controls consisted of untreated soil, free EOs and soil treated with a commercial 

formulation of the nematicide Fluopyram (Velum Prime®, Bayer Crop Science, Milan, 

Italy). The synthetic nematicide was applied at a dose of 0.625 L ha⁻¹. 

Subsequently, one-month-old tomato seedlings (cv. Regina di Fasano) were transplanted 

into treated and untreated soils and allowed to grow for 50 days. The pots were arranged 
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on greenhouse benches in a randomized block design, maintaining a constant 

temperature of 26 °C. 

Root gall formation caused by M. incognita infestation was evaluated on each root system 

using a 0–5 scale, where: 0 = no galls; 1–2 = galls only on secondary roots; 3 = galls on 

main lateral roots; 4 = 50% of roots galled; and 5 = maximum possible nematode 

infestation. Nematode multiplication on tomato roots was determined by extracting and 

microscopically counting the eggs and J2s present in the roots and in the soil of each 

replicate. 

At the end of the experiment, the tomato plants were uprooted, and the fresh weight of 

shoots and roots of each plant was recorded. Leaf chlorophyll content was also 

measured using a SPAD meter (Konica Minolta, Japan,). The SPAD (Soil Plant Analysis 

Development ) value is a dimensionless index based on light transmittance at 650 and 

940 nm and provides a relative estimate of leaf chlorophyll concentration, which is closely 

related to the nitrogen status and photosynthetic activity of the plant. Measurements 

were taken from the middle portion of healthy leaves from two different branches (SPAD1 

and SPAD2) located in the upper part of each plant.  

 

3.3 Results and Discussion 

3.3.1 Optimization of coatings on silicon substrates  

The deposition rate of 10 ± 3 nm/min was measured on Si substrates for the coating used 

to embed the EOs under the experimental conditions employed; processes lasting 10 and 

20 min produced coatings of 100±7 nm and 200±15 nm, deposited on zeolites to entrap 

the EOs. Transmission FT-IR analysis allowed the identification of the main functional 

groups present along the thickness of the plasma-deposited layer. For reference, the FT-

IR spectrum of the C₂H₄ monomer is reported in Figure 2A of Chapter 2 (Section 2.3.1 

Chemical Characterization of the Plasma-Deposited Coating). Figure 1 reports the FT-IR 

absorption spectrum of films deposited on silicon for 10 min. The spectrum shows the 

typical bands of hydrocarbon organic films characterized by oxygen-containing polar 

moieties, as also observed for the coating described in Figure 2B of Chapter 2 (Section 

2.3.1).  
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Figure 1 FT-IR transmission spectrum of the plasma-deposited coating utilized for 

embedding EOs onto zeolite (10 min discharge duration). 

 

The WCA measurements performed on the plasma-deposited coatings revealed quite 

hydrophilic character, with a WCA value of about 54 ± 3°. This level of hydrophilicity is 

compatible with the hydrocarbon network grafted with polar O-containing groups, as 

revealed by FT-IR analysis. No further analyses were carried out, as the chemical 

composition was found to be very similar to that of the coating deposited on Bacillus 

spores and fungicides described in Chapter 2.  

 

3.3.2 Chemical Characterization of Cinnamomum zeylanicum EO 

Entrapped onto Zeolite by GC–MS 

Cinnamaldehyde, quantified as the main constituent (93%w/w) of C. zeylanicum essential 

oil and responsible for its nematicidal activity, was analyzed in the different zeolite 

samples loaded with EO and coated with barrier films of different thickness. As reported 

in Table 1, cinnamaldehyde was recovered in similar amounts from all the analyzed 
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samples, indicating that no substantial loss of the compound occurs during the 

preparation steps on zeolite (CZ) or in the presence of coatings of 100 (CZ-100) and 200 

nm (CZ-200). 

Although slight variations among the samples are observed, most of the cinnamaldehyde 

content is retained by the zeolite. In particular, the samples with barrier coatings show a 

comparable or slightly higher retention capacity, suggesting that the coating may help 

stabilize the active compound without reducing its availability. 

 

Table 1 Amount of cinnamaldehyde contained in the zeolite loaded with EO and coated 

with barrier films of different thicknesses. 

Sample trans-cinnamaldehyde (mg) 
CZ-ZEO 239.6 ± 6 

CZ-ZEO-100 207.2 ± 5 
CZ-ZEO-200 240.0 ± 7 

Values are reported as mean ± standard deviation (n=3).  

 

3.3.3 Nematicidal activity of Coatings Containing EOs 

All soil treatments with the three essential oils, either applied in their free form or carried 

by zeolites, significantly reduced the multiplication of Meloidogyne incognita, measured 

as the number of eggs per gram of root and per milliliter of soil, as well as the formation 

of galls on tomato roots, as reported in Table 2. 

Among the treatments, the EO-loaded zeolites coated with plasma-deposited barrier 

films showed the highest nematicidal efficacy. Samples coated with the thinner 100 nm 

film (AS-ZEO-100, CZ-ZEO-100, and RG-ZEO-100) were already more effective in reducing 

nematode reproduction compared with both the free essential oils and the uncoated EO-

loaded zeolites. When the coating thickness increased to 200 nm (AS-ZEO-200, CZ-ZEO-

200, and RG-ZEO-200), the inhibitory effect became even more pronounced. 

Specifically samples with the 100 nm coatings reduced the number of eggs per gram of 

root by 54%, 47%, and 59% for garlic, cinnamon and rue essential oils, respectively, 

whereas the 200 nm coatings achieved reductions of 77%, 72%, and 69%, respectively, 
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as reported in Table 3. In comparison, treatments with the free essential oils resulted in 

lower reductions (51%, 22%, and 51%). 

A similar trend was observed for the number of eggs and J2 per milliliter of soil. Samples 

with the 100 nm coatings induced reductions of about 44%, while the 200 nm coatings 

resulted in greater decreases of 64%, 60%, and 52% for garlic, cinnamon, and rue, 

respectively. These reductions were consistently higher than those obtained with the free 

essential oils (44%, 20%, and 48%). 

Overall, the results clearly demonstrate that increasing of the thickness coating enhances 

the nematicidal efficacy of the EO-loaded zeolites, likely by limiting EO volatilization and 

prolonging its activity in soil. Nevertheless, the nematicidal effect of all EO-based 

treatments remained significantly lower than that achieved with the synthetic nematicide 

Fluopyram, which almost completely suppressed nematode multiplication. 

 

Table 2 Effect of soil treatments with the zeolite-carried EOs of A. sativum, C. zeylanicum, 

and R. graveolens on the infestation of M. incognita on tomato. 

Treatment Nematode population 

Eggs/g roots                          EGGs and J2/mL soil 

Root gall index 

AS-ZEO-100 23159 ± 3429cd 8.8 ± 0.8cde 2.8 ± 0.4c 

AS-ZEO-200 11605 ± 1255f 4.6 ± 1.3f 1.8 ± 0.4f 

AS-ZEO 20079 ± 4511de 7.8 ± 2.0de 2.2 ± 0.4def 

AS 24906 ± 1960cd 9.4 ± 1.5cd 2.8 ± 0.4c 

CZ-ZEO-100 26583 ± 3901c 10.0 ± 1.2c 2.8 ± 0.4c 

CZ-ZEO-200 13805 ± 1154f 5.0 ± 1.0f 2.0 ± 0.0ef 

CZ-ZEO 24466 ± 2529cd 9.2 ± 0.8cde 2.6 ± 0.5cd 

CZ 38855 ± 1624b 14.6 ± 0.9b 4.0 ± 0.0b 

RG-ZEO-100 20531 ± 2568d 7.6 ± 1.5e 2.8 ± 0.4c 

RG-ZEO-200 15408 ± 2764ef 5.8 ± 1.5f 2.4 ± 0.5cde 

RG-ZEO 15213 ± 2374f 5.6 ± 1.1f 2.0 ± 0.0ed 

RG 24545 ± 2015cd 9.2 ± 1.9cde 2.6 ± 0.5cd 

Fluopyram  491 ± 135g 0.8 ± 0.4g 1.0 ± 0.0g 

Non-treated 50003 ± 10820a 18.8 ± 1.5a 5.0 ± 0.0a 

Non-infested - - - 

a-g Values in the same column with different apex letters are significantly different (p < 0.05).  
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Table 3 Percentage reduction of M. incognita multiplication after the different soil 

treatments.  

Treatment Eggs/g roots Eggs and J2/ml soil 
 garlic cinnamon rue garlic cinnamon rue 

EO liquid -51% -22% -51% -44% -20% -48% 

EO loaded 
zeolite 

-60% -51% -70% -56% -48% -60% 

EO loaded 
zeolite + 100 nm 

-54% -47% -59% -44% -44% -44% 

EO loaded 
zeolite + 200 nm 

-77% -72% -69% -64% -60% -52% 

Fluopyram -99%   -80% 

Non-treated -   - 

 

The results of tests relative to the health status of the tomato plants investigated in this 

trial are reported in Table 4. As it can be observed, overall the health status of the plants 

was not negatively affected by the different soil treatments. However, the growth 

parameters were differently influenced depending on the essential oil and coatings 

applied. 

Plants treated with A. sativum EO-loaded zeolites, either uncoated or coated with the 

thicker 200 nm film (AS-ZEO and AS-ZEO-200), as well as those treated with C. 

zeylanicum EO-loaded zeolites coated with the 200 nm film (CZ-ZEO-200), showed 

significantly greater height and aerial biomass compared with the non-treated control.  

Conversely, plants grown in soils treated with free C. zeylanicum and R. graveolens, or 

with uncoated cinnamon EO-loaded zeolites (CZ-ZEO), show a significant reduction in 

both plant height and aerial biomass, suggesting a possible phytotoxic effect related to 

the higher volatility or concentration of the unprotected oils. SPAD1 and SPAD2 values did 

not differ significantly among treatments and were comparable to non-treated and non-

infested controls, indicating that none of the treatments adversely affected the 

chlorophyll content or photosynthetic performance of tomato leaves. In contrast, all soil 

treatments with the three essential oils, as well as the chemical nematocide Fluopyram, 

led to a marked reduction in root biomass compared with plants grown in non-treated 
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soils, either infested or non-infested by M. incognita. However, among EO-based 

treatments, AS-ZEO-200 and CZ-ZEO-200 maintained relatively higher root weights, 

suggesting that the thicker coating layer may mitigate the negative impact of EO release 

on root development and plant vigor. 

 

Table 4 Effect of soil treatments with the zeolite-carried EOs A. sativum, C. zeylanicum, 
and R. graveolens on the growth of tomato plants. 

Treatment Plant height 

(cm) 

Plant weight (g) 

Aerial part                 Roots 

SPAD values 

SPAD1                          SPAD2 

AS-ZEO-100 27.2 ±1.9cde 35.6 ±3.4fg 16.2 ±1.6efg 38.4 ±5.2bcd 41.0±4.2 cde 

AS-ZEO-200 27.6 ±1.9de 38.4 ±3.6gh 17.8 ±2.5gh 36.4 ±6.8abcd 38.4±3.9 abcd 

AS-ZEO 33.6 ±3.6gh 47.4 ±3.2j 13.6 ±1.3bcd 45.6 ±1.8e 43.2 ±4.4 de 

AS 27.6 ±2.3de 31.4 ±1.8de 19.0 ±1.6h 38.6 ±2.9bcd 38.4 ±4.3 abcd 

CZ-ZEO-100 25.8 ±2.8bcd 31.8 ±4.1de 12.2 ±1.6ab 32.4 ±4.4ab 33.8 ±5.1 ab 

CZ-ZEO-200 26.6 ±2.1cd 37.6 ±1.8gh 17.2 ±0.8fgh 37.8 ±7.9abcd 37.8 ±8.7 abcd 

CZ-ZEO 23.4 ±2.1b 22.6 ±1.3b 10.6 ±1.7a 31.8 ±5.1a 32.8 ±4.9a 

CZ 24.2 ±2.5bc 27.0 ±1.6c 17.4 ±0.9gh 40.8 ±4.1de 38.8 ±2.6 bcd 

RG-ZEO-100 25.8 ±3.2bcd 32.2 ±1.6de 13.8 ±1.8bcd 33.6 ±3.4abc 35.4 ±0.5 abc 

RG-ZEO-200 27.6 ±2.3de 33.4 ±1.1ef 14.8 ±1.5cde 36.8 ±3.6abcd 37.8 ±3.3 abcd 

RG-ZEO 32.2 ±2.2fg 36.0 ±1.9fg 15.2 ±2.2def 36.8 ±5.4abcd 36.2 ±2.6 abc 

RG 19.4 ±2.1a 16.0 ±1.7a 13.0 ±1.4bc 33.6 ±8.3abc 32.8 ±6.9 a 

Fluopyram 39.8 ±3.1i 30.4 ±1.7d 12.6 ±1.1ab 38.2 ±3.5bcd 40.4 ±3.2 cd 

Non-treated 29.8 ±1.5ef 33.4 ±1.8ef 24.2 ±1.3i 39.2 ±3.8cd 38.6 ±4.6 abcd 

Non-infested 28.0 ±2.0de 40.2 ±1.8hi 28.2 ±1.5j 47.0 ±2.8e 46.4 ±4.0 e 

a-i Values in the same column with different apex letters are significantly different (p < 0.05).  

 

Discussion 

The ZEO-samples loaded with three EOs coated with barrier films of different thicknesses 

were all effective in reducing M. incognita infestation on tomato plants. The degree of 

nematocidal efficacy was strongly influenced by the presence and the thickness of the 
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plasma-deposited barrier coating applied to the zeolite carriers loaded with essential 

oils. 

Among the treatments tested, the results reported in Tables 2 and 3 indicate that zeolites 

loaded with cinnamon and garlic oils and coated with a thicker plasma layer exhibit 

consistently higher nematicidal activity. This enhanced efficacy may be attributed to the 

thicker coating, which likely plays a role in controlling the release of the active 

compounds into the soil. In contrast, treatments based on rue oil yielded less consistent 

results, and in this case the effect of the plasma coating does not appear to be significant. 

The beneficial effect of the plasma-deposited coating was also evident in plant growth 

performance (Table 4). The coated zeolites loaded with EOs led to significantly greater 

plant height and shoot biomass compared with the EO-loaded but uncoated zeolites, 

suggesting that the indirect exposure of plants to the essential oils improved vegetative 

vigor while maintaining effective nematode control. Conversely, plants directly exposed 

to free cinnamon EO or to CZ-ZEO showed reduced height and aerial biomass, likely due 

to localized phytotoxic effects caused by excessive exposure. The systems coated with 

the 200 nm film, however, appeared to mitigate these effects, as indicated by the better 

vegetative growth and higher root biomass observed for the AS-ZEO-200 and CZ-ZEO-200 

samples. SPAD1 and SPAD2 values did not show significant differences among 

treatments and were comparable to those of the non-treated and non-infested controls. 

This indicates that the chlorophyll content and photosynthetic efficiency of tomato plants 

were not negatively affected by any of the treatments, confirming that they did not cause 

harmful effects on the general physiological status of the plants. 

Although the efficacy of the EO-based treatments was lower than that of the synthetic 

nematicide Fluopyram, their lower toxicity and well known nematicidal activity make 

these coated zeolite systems a promising and environment safer alternative for the 

sustainable management of root-knot nematodes in tomato cultivations.  
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3.4 Conclusions  

The results of this study demonstrate that barrier coatings plasma-deposited on EOs-

loaded zeolite supports offer an effective strategy to enhance the nematocidal 

performance of EOs the potential phytotoxic effects of M. incognita. The coating acts as 

a barrier improving the stability of the volatile compounds and allowing their gradual 

diffusion into the soil, resulting in a prolonged nematode suppression compared with 

uncoated EOs-loaded zeolite or pure mixed with the soil 

In addition to their nematocidal efficacy, the coated formulations contributed to 

maintaining or even improving plant growth and vigor, confirming that controlled release 

of EOs is compatible with plant health. The absence of significant differences in SPAD 

values across treatments further indicated that the photosynthetic efficiency and 

chlorophyll content of tomato plants were not adversely affected. 

Although the performance of these natural formulations did not reach that of the 

synthetic nematicide Fluopyram, the combination of moderate efficacy, low toxicity, and 

environmental safety highlights their potential as a sustainable and eco-friendly 

alternative for root-knot nematode management in tomato cultivation. 
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4 
Plasma Jet Deposition  

of Antimicrobic Zinc-Based Nanocomposite  

Thin Films  

 

4.1 Introduction  

A substantial portion of global agricultural production is destined to meet the food 

demand resulting from current population growth. Crops with high nutritional and 

productive value, such as potatoes (Solanum tuberosum L.), play a strategic role because 

they are characterized by a high carbohydrate content, considerable versatility, and 

relatively affordable cost. The quality, yield, and shelf life of potato tubers can be 

significantly reduced by pectinolytic bacteria belonging to the genus Pectobacterium. [1] 

Pectobacterium carotovorum subsp. carotovora, commonly known as Erwinia 

carotovora, is a gram-negative, facultative anaerobic bacterium. Its virulence is mainly 

attributable to enzymes that cause the maceration of plant tissues, leading to the onset 

of a disease known as potato soft rot. [2] Tuber rot can occur immediately in the soil, 

shortly after harvest, or during storage. In particular, in growing plants, the bacteria attack 

the base of the stems, which become black, slimy, and soft under moist conditions. [3] 

Erwinia carotovora is particularly known for its ability to survive in the soil in contaminated 

tubers, crop residues, and weed root systems. [4]  

Among the major fungal phytopathogens affecting wheat are Fusarium graminearum, 

Fusarium culmorum, and Fusarium moniliforme, which cause Fusarium head blight 

(FHB) and foot rot diseases, leading to significant reductions in both yield and wheat 

quality. In recent years, the use of nanomaterials has gained increasing attention in 

agriculture for pathogen control. [5]  
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It is evident that the efficacy of disease control methodologies, which include practices 

such as crop rotation, soil sanitation, and the use of chemical substances, including 

copper-based compounds, often does not reach the expected levels. Moreover, these 

methodologies are not without their own well-documented deleterious effects on living 

organisms. [6] Such limitations have led to growing interest in mulching, one of the oldest 

agricultural practices, which today has assumed an innovative role in the agricultural 

sector thanks to the advent of nanotechnologies. 

Mulching, defined as the application of a protective layer on the soil, is an agronomic 

method aimed at promoting crop growth. Plastic mulching represents the most 

widespread form of mulching worldwide among fruit and vegetable producers, primarily 

because of its ease of management and simple installation in the field. [7] The material 

employed is mainly polyethylene (PE), chosen for its advantageous economic 

characteristics, malleability, impermeability, chemical inertness, and ability to 

incorporate additives and/or pigments. [8] Recent studies have demonstrated that PE 

mulch films can be transformed into “active mulches” through surface modifications, 

enabling the controlled release of nutrients or agrochemicals. For example, films 

modified with mineral particles (such as talc, zeolite, calcium carbonate) can serve as 

carriers for micronutrient salts such as iron, copper, and manganese sulfates, which are 

gradually released under natural field evaporation–condensation cycles. This approach 

ensures a sustained supply of nutrients without altering the structural properties of 

polyethylene and represents a step toward more functional mulching systems.[9] 

Modifying mulching materials with antimicrobic but environmentally friendly 

compounds, appears as an intriguing way to fight pathogens like Erwinia carotovora which 

can survive in soils.  

Currently, the use of nanomaterials in agriculture is attracting increasing attention, 

particularly for the control of pathogens that threaten crops. Metallic nanomaterials 

(such as silver, zinc, and iron) and those based on metal oxides (such as titanium dioxide 

and iron oxides) have demonstrated significant antibacterial activity. [9] Among these, zinc 

oxide nanoparticles (ZnO NPs) stand out as a promising alternative due to their broad-

spectrum antimicrobial effectiveness and favorable physicochemical properties, such as 

high thermal and chemical stability, UV protection, controlled release of Zn²⁺ ions, and 
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low toxicity.[10-11] These characteristics have led to their approval by the FDA for safe 

applications. [12] Other compounds widely used in agriculture for pathogen control are 

zinc salts. In particular, zinc acetate dihydrate (ZAD) is recognized as a reliable source of 

zinc. The EFSA has confirmed the safety of using this substance in materials and 

applications intended to come into contact with food. [13] However, both forms of zinc 

present certain limitations. ZnO NPs tend to aggregate and bioaccumulate; their 

antimicrobial efficacy strongly depends on particle size distribution, and their production 

costs are relatively high. Zinc salts, although more economical and readily available, 

release Zn²⁺ ions rapidly in solution, leading to higher toxicity. [14-16] For these reasons, the 

encapsulation of ZnO NPs and zinc salts, such as ZAD, in an organic matrix can represent 

a promising strategy capable of reducing toxicity, improving stability, and optimizing the 

controlled release of Zn²⁺ ions, making their use more efficient and sustainable.  

In light of these challenges, among the various polymers used to produce material 

coatings, polyethylene glycol (PEG) has attracted particular attention as an ideal 

candidate for the incorporation of antimicrobial agents, thanks to its non-toxicity and 

biodegradability, which have enabled its use in the pharmaceutical, biomedical, and food 

packaging sectors, as well as its approval by the FDA. [17] Recent studies report that PEG 

can be used to prepare a coating matrix containing ZnO NPs and alginate as antibacterial 

agents on the surfaces of PE food packaging materials. [18-20] Unfortunately, the 

development of such coatings on PE is extremely difficult, as PEG forms a viscous liquid 

or wax at room temperature. [21-22] To overcome these limitations, various techniques have 

been employed for the production of PEG coatings, including grafting [23] and self-

assembled monolayers (SAMs). [24] In this framework, plasma polymerization has 

emerged as an innovative alternative for the deposition of PEG-like films through the use 

of low-pressure plasma techniques, such as capacitively coupled plasma chemical 

vapor deposition (CCP-CVD). [25,26] However, these techniques present practical 

limitations, including the need for complex and expensive vacuum equipment, as well as 

the difficulty of vaporizing liquid monomers such as PEG due to its low vapor pressure, 

which hinders their direct use in the vapor phase. Recently, research has shown a growing 

interest in the development of polymer films deposited by aerosol-assisted atmospheric 

pressure plasma (AA-APP) processes, which allow liquid precursors to be introduced into 

the plasma in the form of microdroplets, thereby facilitating their polymerization and 
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deposition on different substrates, while overcoming the disadvantages of low-pressure 

systems. [27-31] Notably, the use of aerosol-assisted atmospheric plasma jet (AA-APPJ) 

techniques has enabled not only the deposition of degradable PEG-like films using liquid 

precursors such as tri(ethylene glycol) divinyl ether (DVE-3), [20] but also the simultaneous 

incorporation, during polymerization, of antimicrobials such as ZnO NPs,[30] Ag NPs, and 

AgNO3,[32] which are of great relevance for biomedical and food-packaging applications. 

So far, plasma processes in the agricultural field have been mainly employed for 

decontamination purposes and to promote the germination of seeds and plants. [33-42] 

However, to date, no studies have reported the use of plasma for the deposition of films 

on materials of agricultural interest. 

Taking these factors into account, the present study aimed to develop zinc-based 

antimicrobial nanocomposite coatings on polyethylene substrates, a material widely 

used for agricultural mulching, by means of the AA-APPJ technique. Specifically, the 

research focused on comparing the effectiveness of plasma deposition of two different 

zinc forms, ZnO NPs and ZAD, evaluating their antimicrobial activity within plasma-

polymerized PEG-like films. To the best of our knowledge, this work represents the first 

study in which a plasma-deposited atmospheric pressure film exhibits antibacterial 

activity against an agriculturally relevant phytopathogenic bacterium, such as E. 

carotovora. Moreover, the antifungal activity was assessed against Fusarium 

graminearum, Fusarium culmorum, and Fusarium moniliforme, to explore the potential 

of plasma-deposited zinc-based nanocomposites as multifunctional and 

environmentally sustainable coatings for crop protection. These nanocomposite coatings 

were transferred onto wheat seeds to assess their effectiveness directly on the plant 

material. 

 

4.2 Materials and Methods  

4.2.1 Materials  

Argon and helium with a purity of ≥ 99.999 %, used as plasma gases, were obtained from 

Air Liquide (Belgium). DVE-3 and ZAD were purchased from Sigma-Aldrich (Belgium). ZnO 

nanoparticles were acquired from US Research Nanomaterials, Inc. (USA), with a 
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diameter range of 10–30 nm and a purity of 99 %. Milli-Q water was produced by filtering 

deionized water through a Millipore system. All culture media, including brain heart 

infusion broth (BHI, CM1135), tryptone soy agar (TSA, CM0131), nutrient broth (NB, 

CM0001), and plate count agar (PCA, CM1012), were obtained from Oxoid (Belgium). 

Phosphate-buffered saline (PBS) was purchased from VWR (Belgium). The formulation of 

soybean casein digest broth with lecithin and polyoxyethylene sorbitan monooleate 

(SCDLP), per liter, contained: 17 g casein peptone, 3 g soybean peptone, 2.5 g 

dipotassium hydrogen phosphate, 1 g L-α-phosphatidylcholine, 7 g TWEEN® 80, 5 g 

sodium chloride, and 2.5 g D (+) anhydrous glucose. All components were supplied by 

Sigma-Aldrich (Belgium), except for sodium chloride (CHEM-LAB CL00.1429) and glucose 

(CHEM-LAB CL00.0710). Ultrahigh-molecular-weight polyethylene (UHMWPE) film, 

purchased from Goodfellow (England), was used as the coating substrate, cut into 5 × 5 

cm² squares, and subsequently cleaned with 2-propanol and ethanol (≥ 99.5 %, Carl Roth 

, Germany). Prime-grade silicon wafers with a diameter of 100 mm were supplied by 

Siegert Wafer GmbH (Germany). 

 

4.2.2 Plasma deposition  

The AA-APPJ reactor, based on a dielectric barrier discharge (DBD) system, was employed 

for the deposition of zinc-based nanocomposites and it is illustrated in Figure 1. The 

plasma configuration consists of two coaxial electrodes coated with Al₂O₃: the internal 

one made as a hollow cylinder (12 mm in diameter) is connected to an RF supply, while 

the external electrode (14 mm in diameter) is grounded. The body of the plasma source 

includes conical reductions to facilitate installation and mechanical fixation of the 

system. The reactor is powered by a CESAR 136 RF generator (Advanced Energy 

Industries), operating at 13.56 MHz and connected to an L-type matching network, with 

an output power of 40 W. [43] The working gases are introduced into the 2 mm inter-

electrode gap through two symmetrical inlets positioned 10 cm above the discharge 

region, ensuring a laminar gas flow at the outlet of the source. A helium (3 slm) and argon 

(1 slm) gas mixture is used to generate the annular plasma. Two different liquid 

dispersions were used as precursors: (i) a DVE-3 monomer-based dispersion containing 

0.5, 1, and 2 wt% ZnO nanoparticles, and (ii) a DVE-3-based dispersion containing 1.5, 2, 
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3, and 6 wt% ZAD. Before using the dispersions in the aerosol atomizer, it was sonicated 

for 10 min. The dispersions were introduced inside the inner electrode in the form of an 

aerosol, generated by a pneumatic atomizer and carried by argon gas. The argon flow rate 

for aerosol generation was 0.50 slm, while a dilution flow rate of 4 slm was used to adjust 

the precursor concentration. The deposition process was carried out by moving the 

plasma head over the substrate using a movable stage controlled by software ST 43.2, 

BZT-CNC, with a scan speed of 500 mm/min and a track width of 2 mm. The distance 

between the plasma head and the substrate was maintained at 2 mm, and to obtain 

coating thickness above 100 nm, a total of three passes were performed. 

 

 

Figure 1. Schematic representation of the aerosol assisted atmospheric pressure jet 

used for nanocomposite deposition.  
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4.2.3 Assessment of antibacterial activity 

The antimicrobial properties of plasma-polymerized PEG-ZnO and PEG-ZAD 

nanocomposite coatings were tested against Erwinia carotovora CNPB 2046 following the 

ISO 22196 guidelines, with appropriate modifications. The E. carotovora strain was 

obtained from the culture collection of the Research Unit Food Microbiology and Food 

Preservation (FMFP) at Ghent University. The strain was suspended in a cryovial 

containing cryobeads, BHI broth, and 15% glycerol. After thorough mixing, the BHI 

solution was removed, and the cryovial containing the cryobeads with the strain was 

stored at –75 °C. Two beads of each strain were then cultured in fresh BHI broth and 

incubated for 48 h at 30 °C. Pure cultures were obtained using the four-quadrant streak 

method on TSA, incubated at 30 °C for 48 h. The pure cultures thus obtained were 

subsequently transferred to TSA slants and stored for up to six weeks at 4 °C. For the 

preparation of the test inoculum, a small aliquot from each subculture was transferred 

into fresh BHI broth and incubated at 30 °C for 24 h. After incubation, 100 μL of the 

homogenized cell suspension were transferred into fresh BHI and incubated again at 30 

°C for 24 h. Subsequently, the cultures were centrifuged at 9500 rpm for 15 minutes at 4 

°C, and the BHI supernatant was removed. The bacterial pellets were resuspended and 

diluted to obtain a final concentration of approximately 4.5 × 10⁵ – 4.5 × 10⁶ colony forming 

units (CFU)/mL, using a 1:500 dilution of NB in sterile distilled water. Uncoated (control) 

and plasma-coated UHMWPE samples, each measuring 50 mm × 50 mm, were placed in 

sterilized Petri dishes. Then, 0.5 mL of the prepared test inoculum was added to each 

sample. The inoculum was covered with a piece of sterile stomacher bag (polyethylene, 

Nerbe Plus) measuring 40 mm × 40 mm. Gentle pressure was applied to ensure uniform 

distribution of the inoculum, after which the Petri dishes were sealed. The prepared Petri 

dishes were placed inside a sealed chamber, the bottom of which contained a saturated 

aqueous solution of potassium sulfate to maintain an internal relative humidity above 

90%. After sealing, the chamber was incubated at 30 °C for 24 h. Following incubation, 

the bacteria were recovered from Petri dishes with 10 mL of SCDLP. The number of viable 

bacteria present in the SCDLP medium was determined using the standard pour plate 

technique on PCA. The plates were incubated at 30 °C for 48 h, after which CFUs were 

enumerated. 
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To calculate the antimicrobial activity of each tested condition, the following formula was 

used:  

R = Log(B/C) 

R = antibacterial activity; B = average number of viable bacteria on the control sample 

(UHMWPE) after 24 h; C = average number of viable bacteria on the antibacterial sample 

after 24 h. 

Each sample was analyzed in three biological replicates, and each replicate was plated 

in triplicate. The calculated CFU/mL values are expressed as mean ± standard deviation. 

 

4.2.4 Assessment of Antifungal Activity 

The PEG-ZnO and PEG-ZAD nanocomposite coatings were deposited onto seeds durum 

wheat variety Senatore Cappelli and tested against F. graminearum, F. culmorum, F. 

moniliforme.  

F. graminearum F206, F. culmorum F7, and F. moniliforme F232, stored in a 15% water–

glycerol solution in the isolate collection of the Department of Soil, Plant and Food 

Sciences (DISSPA) – University of Bari, were reactivated by culturing on MEA medium 

(Malt Extract Agar; 20 g/L malt extract, 20 g/L agar). Conidial suspensions were obtained 

by adding sterile water and gently scraping the colonies with a sterile spatula. The 

suspensions were subsequently quantified and adjusted to a final concentration of 5 × 

10⁴ conidia/mL. 

30 seeds were used for each pathogen and each treatment. Seeds were sown individually 

in cell trays containing 15 mL of sterile potting soil, and 500 µL of the corresponding 

conidial suspension were applied to each pot. As a control, an additional 30 untreated 

seeds were sown under the same conditions. 

Plants were grown in a greenhouse at 25 °C, with supplemental lighting and constant 

humidity, for a period of 15 days. After 7 days, germination percentage was assessed, 

whereas after 15 days the plants were collected to perform the following measurements: 

collar browning (cm), apical necrosis (cm), and total plant length (cm). The infection 
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severity index was calculated by normalizing the data to the germination of the control 

group  as follow: 

𝐼𝑛𝑓𝑒𝑐𝑡𝑖𝑜𝑛 (%) =
basal browning + apical necrosis

𝑝𝑙𝑎𝑛𝑡 𝑙𝑒𝑛𝑔ℎ𝑡
× 100 

All collected data were analyzed using Costat Cohort software, applying a completely 

randomized Two-way ANOVA with a significance level of p >0.05, followed by Duncan’s 

post hoc test. 

 

4.2.5 Chemical and Morphological Characterization of the 

nanocomposite coating  

The physicochemical properties of the PEG-ZnO and PEG-ZAD nanocomposites were 

investigated using various surface characterization techniques. 

The surface chemical composition was analyzed using Fourier-Transform Infrared 

Spectroscopy (FT-IR), performed in both transmission and ATR (attenuated total 

reflectance) modes, and X-ray photoelectron spectroscopy (XPS). The surface 

morphology was examined by Atomic Force Microscopy (AFM) and field emission 

scanning electron microscopy coupled with energy-dispersive X-ray analysis (SEM-EDX). 

Water contact angle (WCA) measurements were conducted to evaluate the surface 

wettability of the nanocomposites, and profilometry analysis was carried out to 

determine the coating thickness.  

FT-IR analysis 

The composition of the coatings deposited on the silicon substrates was analyzed by FTIR 

spectroscopy using a Bruker Tensor 27 spectrometer (64 scans, 4 cm⁻¹ resolution) 

equipped with a single-reflection Attenuated Total Reflectance (ATR) accessory (MIRacle, 

Pike Technology) and a mercury cadmium telluride (MCT) detector. The OPUS 6 software 

was used for spectral analysis and for correcting the absorption of atmospheric H₂O 

vapor and CO₂ present in the environment. 
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The precursor materials used for the plasma deposition process were analyzed by FTIR in 

transmission mode using a Bruker Vertex 70 V spectrometer (32 scans, 4 cm⁻¹ 

resolution). In this case, the spectrometer was evacuated to a pressure below 150 Pa for 

5 minutes to avoid spectral interferences from atmospheric H₂O vapor and CO₂. 

XPS analysis  

The atomic composition of the topmost layer (5–10 nm) of the plasma-polymerized 

coatings was analyzed by XPS using a PHI 5000 Versa Probe II spectrometer (Physical 

Electronics GmbH), equipped with a monochromatic Al Kα X-ray source with a photon 

energy of 1486.6 eV and operating at a power of 24 W. During the analysis, both wide-scan 

spectra and high-resolution C1s and O1s spectra were acquired in Fixed Analyser 

Transmission mode, with a pass energy of 187.0 eV for survey scans and 23.50 eV for high-

resolution scans. The surface charge was compensated using a dual-beam charge 

neutralization system, and the C1s photoemission peak at 285.0 eV was used as the 

binding energy (BE) reference. 

All spectra were collected at a 45° angle relative to the sample surface. To account for the 

surface distribution of oxygen-containing functional groups in the coatings, the C1s 

signals were fitted with four peak components at 285.0 eV (C–C, C–H), 286.4 eV (C–OH, 

C–OC), 287.7 eV (C=O), and 289.2 eV (COOH, COOR), using a 95% Gaussian peak shape 

and a full width at half maximum (FWHM) of 1.2 eV.  

The spectra processing was carried out using the MultiPak data analysis software. 

AFM analysis  

Surface morphology and roughness of both the UHMWPE substrate and the PEG-ZnO 

nanocomposites were characterized using an XE-70 atomic force microscope (Park 

Systems, Korea) operating in non-contact mode. The surface roughness parameter (Rq), 

describing the average deviation of height values from the mean surface profile, was 

evaluated through XEI software. Measurements were carried out over a 10 × 10 μm² scan 

area. For each experimental condition, three areas were randomly selected across three 

independent samples, and the results are expressed as the mean Rq ± standard 

deviation. 
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FE-SEM analysis  

The FE-SEM analyses were carried out on silicon substrates and used for the 

morphological characterization of the films containing either ZnO NPs or ZAD, by a Zeiss 

Sigma microscope (Carl Zeiss Co., Oberkochen, Germany) equipped with an in-lens 

secondary electron detector and an INCA Energy energy-dispersive spectroscopy (EDS) 

detector. The analyses were performed at an accelerating voltage of 5 kV and a working 

distance of 1.1 mm, without the need for prior metallization of the samples. 

Furthermore, the samples with the highest zinc content, namely PEG-ZnO 2% and PEG-

ZAD 6%, were analyzed using an EDX spectrometer coupled to the FE-SEM at an 

accelerating voltage of 15 kV, acquiring elemental analyses over three different areas. 

WCA analysis 

The surface wettability of the samples was evaluated through static water contact angle 

(WCA) measurements using an OCA115EC digital goniometer (DataPhysics Instruments) 

on silicon substrates. Drops of distilled water, each with a volume of 2 μL, were deposited 

on the sample surface at room temperature. The drop angle was determined using the 

dpiMAX software. 

Profilometry analysis 

The thickness of the coatings was measured on three different points of three replicates 

with a KLA-Tencor instrument (Milpitas, CA, USA) D-120 profilometer after scratching part 

of the coating with a scalpel to form a step. 

 

4.3 Results and discussion  

4.3.1 Antimicrobial efficacy of PEG-ZnO and PEG-ZAD nanocomposites  

The antibacterial activity of the deposited coatings has been evaluated against E. 

carotovora, and the results are reported in Figure 2 and Table 1, for different content of 

ZnO NPs and ZAD. The plates shown the bacterial growth obtained after 48 h of incubation 

on PCA from the E. carotovora cells recovered following the ISO 22196-based assay. A 
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clear reduction in the number of recovered colonies is observed as the Zn concentration 

in the PEG-like nanocomposite coatings increases. 

 

Figure 2. Antibacterial activity of PEG-ZnO and PEG-ZAD nanocomposite coatings 

against E. carotovora, evaluated after recovery following the ISO 22196 protocol and 48 h 

of incubation on PCA.  

 

The antimicrobial effects of the PEG-ZnO and PEG-ZAD nanocomposite coatings depend 

onto the composition of the aerosol used for the plasma deposition. In particular, the 

PEG-ZnO coatings exhibited an increase in antibacterial activity as the ZnO NPs content 

in the aerosol is increased from 0.5 to 2 wt%. It is evident that, at the same concentration, 

the PEG-ZnO 2% coatings showed higher antibacterial efficiency compared to the 

corresponding PEG-ZAD 2% coatings. For this reason, further plasma deposition 

conditions were investigated using higher ZAD concentrations in the DVE-3 precursor (3 

and 6%). The results indicated that, as the ZAD content increased, the antibacterial 

activity of the films progressively improved, reaching values comparable to those of PEG-

ZnO 2% in the case of PEG-ZAD 6%. The antibacterial activity was found to be dependent 

on the zinc dose contained in the coatings, as reported in previous studies. [44-45]  
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Table 1. Results of the antibacterial activity of PEG-ZnO and PEG-ZAD nanocomposite 

coatings against E. Carotovora.  

 

Sample 

Number of viable bacteria 

log (CFU/ml), 24h incubation 

 

Antibacterial activity (R) 

UHMWPE 5.2a ± 0.4 - 

PEG 4.8a ± 0.2 0.4d ± 0.2 

PEG-ZnO 0.5% 4.0ab± 0.2 1.2c ± 0.2 

PEG-ZnO 1 % 2.7cd± 0.7 2.5b± 0.7 

PEG -ZnO 2% 1.0d± 0.7 4.2a ± 0.7 

PEG-ZAD 1.5% 4.3ab ± 0.6 0.9cd ± 0.6 

PEG-ZAD 2% 3.5bc ± 0.1 1.3c ± 0.1 

PEG-ZAD 3% 3.0bcd ± 0.7 1.7bc± 0.7 

PEG-ZAD 6% 0.8d± 0.2 4.4a ± 0.2 

a-e Values in the same column with different superscript letters are significantly different 

(p < 0.05). 

 

The PEG-ZAD coatings therefore required higher Zn²⁺ concentrations to achieve 

antibacterial effectiveness similar to that of PEG-ZnO coatings. Indeed, previous studies 

have reported that the antibacterial activity of ZnO NPs has been investigated both 

against phytopathogenic bacteria such as E. carotovora [13] and against other bacterial 

species including Staphylococcus aureus, Pseudomonas aeruginosa and Escherichia 

Coli [46] showing higher efficiency due to their distinct mechanisms of action. ZnO NPs 

operate through a dual antibacterial mechanism: (i) upon exposure to visible light, they 

can generate high concentrations of reactive oxygen species (ROS), mainly hydroxyl 

radicals, hydrogen peroxide (H₂O₂), and singlet oxygen; and (ii) ZnO NPs, or the Zn²⁺ ions 

possibly released from them, can accumulate on the bacterial surface, in the cytoplasm, 

or within the periplasmic region, thereby interfering with cellular functions and/or 

damaging the membranes. [47-50] Furthermore, the antibacterial activity of ZnO NPs also 

depends on their size distribution. Smaller nanoparticles exhibit higher solubility, leading 

to an increased concentration in the medium. At the same time, the reduced size of the 

NPs facilitates the penetration and accumulation of ZnO NPs within bacterial cells. [50] 
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These factors collectively enhance the overall antibacterial effectiveness of the 

nanoparticles. Conversely, zinc salts owe their antibacterial activity exclusively to the 

presence of Zn²⁺ ions dissolved in solution. At sufficiently high concentrations, these ions 

interact with microbial membranes, altering their permeability, and with intracellular 

structures, particularly enzymes and nucleic acids, thereby interfering with metabolic 

and respiratory processes and ultimately leading to cell death.[49] However, this effect is 

strongly dependent on the available ionic concentration: in neutral or slightly basic 

media, such as bacterial culture conditions, the amount of free zinc tends to decrease, 

thus limiting the activity of the salts. We hypothesize that, due to the multiple 

mechanisms of action exhibited by ZnO NPs as described above, their incorporation into 

a plasma-polymerized matrix makes them more active even at lower concentrations 

compared to traditional zinc salts such as ZAD. 

 

4.3.2 Assessment of Antifungal Activity: Germination, Plant Height, and 

Browning Degree 

The influence of Zn-containing coatings on seed germination was evaluated against F. 

graminearum, F. culmorum, and F. moniliforme. As shown in Figure 3, after 7 days all 

treatments exhibited high germination rates, ranging between approximately 86% and 

91%. The highest germination was observed in PEG-ZAD 6% and PEG-ZAD 3%, with 

values of 91% and 94%, respectively. Coatings containing ZnO NPs deposited on the seed 

surface also maintained high germination rates, above 89%, while PEG and the untreated 

control showed slightly lower values (86% and 84%, respectively). However there is not a 

statistic difference between the different coatings. But it is interesting that the increase in 

germination due to the presence of Zn compounds onto the seeds is statistically 

significant with respect to the control. 
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a-c Values letters are significantly different (p < 0.05). 

Figure 3. Germination percentage of wheat seeds coated with PEG-ZAD and PEG-ZnO 

after 7 days of incubation in soil contaminated with F. graminearum, F. culmorum, and F. 

moniliforme.  

 

The assessment of plant height after 15 days is reported in Figure 4 revealed that seeds 

coated with PEG-ZnO1% and PEG-ZnO2% reached the greatest heights, measuring 21 cm 

and 20 cm, respectively. This suggests a potential growth-promoting effect or reduced 

stress during early development. PEG-ZAD3% and PEG-ZAD6% showed intermediate 

plant heights, whereas PEG and the control produced shorter plants, measuring 18 cm 

and 15 cm, respectively. These results indicate that nanocomposite coatings containing 

ZnO may contribute to improved seedling vigor. 
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a-c Values letters are significantly different (p < 0.05). 

Figure 4. Plant Height of wheat seeds coated with PEG-ZAD and PEG-ZnO after 15 days 

of incubation in soil contaminated with F. graminearum, F. culmorum, and F. moniliforme.  

 

Figure 5 shows the browning degree evaluated after 15 days of incubation with the 

Fusarium species. PEG-ZAD6% and PEG-ZnO2% showed the lowest browning levels 

(18% and 17%, respectively), indicating a reduction of infection. PEG-ZAD3% and PEG-

ZnO1% displayed moderate browning values (20% and 22%, respectively), while PEG and 

the control exhibited the highest levels (23% and 25%), consistent with greater 

susceptibility to pathogen damage. These findings demonstrate that PEG-ZnO and PEG-

ZAD coatings can reduce browning symptoms compared to the untreated control. 
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a-e Values letters are significantly different (p < 0.05). 

Figure 5. Browning wheat seeds coated with with PEG-ZAD and PEG-ZnO after 15 days of 

incubation in soil contaminated with F. graminearum, F. culmorum, and F. moniliforme.  

 

Seed coatings based on Zn showed a slightly protective antifungal effect against the 

tested Fusarium species. Germination remained high in all treatments, and the slightly 

higher values observed in PEG-ZAD 3% and PEG-ZAD 6% may suggest a positive 

contribution of Zn supplied through zinc salts such as ZAD. This trend is consistent with 

previous findings showing that Zn compounds can enhance seed metabolic activation 

and early enzymatic processes, improving germination performance. [51] 

PEG-ZnO1% and PEG-ZnO2% produced the tallest seedlings, since Zn is able to promote 

root–shoot elongation and early plant vigor, as reported for ZnO-based treatments that 

slightly stimulated wheat seedling growth and did not impair germination. [52] In addition, 

nanoscale ZnO has been shown to improve plant biomass and reduce stress-related 

biochemical responses in wheat, which could partially align with the growth-promoting 

trend observed in these cases.[53]  

The browning degree indicated a reduction in infection symptoms in PEG-ZAD6% and 

PEG-ZnO2%. Zn-based antifungal action has been associated with membrane 

destabilization, ROS generation, and structural damage to Fusarium hyphae. These 
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mechanisms may contribute to the reduction in browning observed, although further 

investigation would be necessary to confirm the specific processes occurring in this 

system.[54]  

 

4.3.3 Chemical and Morphological Characterization of PEG-ZnO and 

PEG-ZAD nanocomposites coatings  

Considering the antimicrobial activity observed for the PEG-like nanocomposites 

containing ZnO NPs or ZAD, the surface chemistry of these coatings was investigated. FT-

IR  analyses were performed for the characterization of the coatings and of the precursors, 

and the results are presented in Figure 6. In particular Figure 6 A-C reports the FTIR 

spectra of the DVE-3 precursors, of the ZnO NPs and of ZAD.  

The FTIR spectrum of the DVE-3 monomer was found to exhibit the characteristic 

absorption bands of an aliphatic divinyl ether. Specifically, the C–H stretching vibrations 

of methyl and methylene groups were observed at 2950–2850 cm⁻¹, the C=C stretching 

vibration at 1616–1634 cm⁻¹, and the C–O–C ether stretching vibration at 1100–1120 

cm⁻¹. 

The molecular structure of DVE-3, featuring both ether linkages and reactive vinyl 

terminal groups, is considered chemically relevant to plasma-induced polymerization 

and crosslinking processes. 

The FT-IR spectrum of ZnO NPs 10–30 nm was recorded in the wavenumber range of 

4000–400 cm⁻¹. The main absorption peaks, located between 522 and 422 cm⁻¹, were 

assigned to the stretching vibrations of the Zn–O bond. In contrast, the FT-IR spectrum of 

the ZAD compound showed two distinct bands corresponding to the COO- anion at 1564 

cm⁻¹ and 1445 cm⁻¹, which are typical of zinc carboxylate salts.  

In Figure 6D the spectrum of the plasma-polymerized PEG-like coating (Zn-free) is 

reported for the wavenumber range of 4000–600 cm⁻¹. As it can be observed, the 

characteristic peaks of the pristine DVE-3 were preserved, along with the appearance of 

a broad O–H stretching band at 3500–3100 cm⁻¹ and a C=O stretching vibration at 1730–

1700 cm⁻¹. 
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Figure 6. FTIR spectra (ATR and transmission) of the precursors and the PEG-like coating. 

A) ATR of DVE-3, B) FT-IR of ZnO NPs, C) FT-IR of ZAD, D) ATR of PEG-like coating.    

 

The absorption spectra of the PEG–ZnO and PEG–ZAD nanocomposites (not reported) did 

not show any distinctive characteristic peaks and were similar to that of the PEG-like 

coating, likely due to the very low concentration of the additives. 

The surface elemental composition of the developed PEG coatings, whose corresponding 

IR spectrum is shown in Figure 6D, as well as that of the PEG–ZnO and PEG–ZAD 

nanocomposites, was investigated by means of XPS measurements. The results are 

summarized in Table 2. As expected, the plasma-polymerized PEG-like coatings primarily 

consist of carbon and oxygen, originating from the DVE-3 monomer. The relative ratio of 

these elements is consistent with that previously reported for PEG polymers obtained 
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using other plasma polymerization methods and resembles the O/C ratio of conventional 

PEG polymers. [19] 

Similarly, for the PEG–ZnO and PEG–ZAD coatings, the XPS analysis revealed the 

presence of carbon and oxygen on the surface, while zinc was not detected. This absence 

is most likely due to the incorporation of zinc within the deeper layers of the polymeric 

matrix, below the typical sampling depth of the XPS technique. It is noteworthy that, with 

increasing concentrations of ZnO NPs and ZAD within the coatings, the overall oxygen 

content slightly increases. This behavior can be attributed to the higher amount of 

incorporated ZnO NPs and zinc-based carboxylate salt, both of which also contain 

oxygen. 

 

Table 2 Surface elemental composition of the plasma-polymerized PEG, PEG-ZnO and 

PEG-ZAD nanocomposite coatings.  

Sample C (at.%) O (at.%) 

PEG 65.7 ± 0.7 34.5 ± 0.7 

PEG-ZnO 0.5% 63.9 ± 0.5 36.1 ± 0.5 

PEG-ZnO 1% 63.9 ± 0.4 36.1 ± 0.5 

PEG-ZnO 2% 64.1± 0.5 35.9 ± 0.4 

PEG-ZAD 1.5% 64.0± 0.6 36.0 ± 0.6 

PEG-ZAD 3% 63.0± 0.5 37 ± 0.5 

PEG-ZAD 6% 63.0 ± 0.3 37 ± 0.4 

 

To identify the nature of the oxygen-containing groups present in the coatings, the C1s 

spectrum of the PEG-like film was best-fitted with four components, showing peaks at 

285.0 eV (C1, C–C, C–H, reference), 286.4 eV (C2, C–OH, C–OC), 287.7 eV (C3, C=O), and 

289.2 eV (C4, COOH, COOR), respectively, as shown in Figure 7. The relative areas of the 

peaks were 27%, 55.1%, 11.4%, and 6.5% for the C1–C4 components, respectively, in 

good agreement with the FT-IR analysis and with the structure of coatings deposited 

under similar conditions, as discussed in a previous study. 
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Moreover, the dominant peak is associated with the functional C–O–C groups, which exist 

in the initial monomer structure, indicating a high retention of the monomer functionality. 

Other oxygen-containing groups, including C=O and O–C=O, were also identified in the 

C1s spectra. These groups are not inherently part of the DVE-3 structure. It is likely that 

the C–O–C groups of the monomer are partially destroyed during the plasma 

polymerization process, leading to the formation of small monomer fragments. These 

fragments can reassemble to form a coating with increased relative amounts of C=O and 

O–C=O groups. These findings are consistent with previous studies, which also report the 

incorporation of oxygen-containing functional groups, such as carboxylic (O–C=O) and 

carbonyl (C=O) groups, on the surface of developing coatings through atmospheric-

pressure plasma polymerization. 

 

 

Figure 7. XPS high-resolution C1s peak fitting for plasma-polymerized PEG. 

To gain a deeper understanding of the coating morphology, AFM analysis was performed 

on the film surface, and the obtained images are illustrated in Figure 8. As it can be 

observed, the plasma-polymerized PEG-like coating exhibits a notably smooth surface. In 

contrast, the PEG–ZnO nanocomposite coatings display rougher surfaces, and an 

increase in the ZnO nanoparticle content results in a progressive rise in surface 

roughness. From these images, the root mean square roughness (Rq) values were 

calculated and are summarized in Table 3. 
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A pronounced decrease in UHMWPE roughness is observed upon deposition of the PEG-

like layer, suggesting that the plasma-polymerized coating levels the substrate by 

occupying surface irregularities. 

The PEG-like coating shows a low Rq value (15.0 ± 0.2 nm), indicative of a smooth surface, 

whereas the PEG–ZnO coatings exhibit significantly higher roughness, particularly for the 

sample containing 2 wt% of ZnO NPs, where the Rq value reaches 28.2 ± 1.4 nm. The 

observed trend likely arises from a more pronounced aggregation of ZnO nanoparticle 

clusters on the surface, which is responsible for the increased roughness. 

To obtain a comprehensive understanding of the dispersion degree of ZnO nanoparticles 

within the PEG matrix, SEM images were also acquired and are reported in Figure 8. With 

increasing NP concentration in the DVE-3 monomer, the nanoparticles begin to aggregate 

within the monomeric dispersion, and these aggregates, once introduced into the 

plasma, lead to the formation of non-uniform clusters on the surface. Furthermore, due 

to their high surface energy and frequent Brownian collisions, small-sized nanoparticles, 

such as those used in this study, tend to agglomerate more readily. 

It is worth noting that the formation of similar NP agglomerates has been widely reported 

and discussed in the literature for aerosol-assisted plasma processes involving the 

atomization of NP dispersions. [31]  

The maximum antimicrobial activity observed for the PEG–ZnO 2 wt% coatings against E. 

carotovora may be attributed to locally high ZnO concentrations on the surface, which 

continue to release ROS and Zn²⁺ ions, thus providing a strong antibacterial effect. These 

agglomerates could act as “hot spots” that enhance microbial inhibition, despite the non-

uniform NPs dispersion. Given the nanoparticle size, even in the form of clusters, they 

remain small enough to penetrate bacterial membrane and induce oxidative stress. [51]  

The SEM images clearly highlight the densely packed structure of NPs agglomerates, 

covered by a thin organic layer. The presence of this organic layer may explain why the 

surface atomic composition of the nanocomposite coatings, as determined by XPS (with 

a maximum sampling depth of ~10 nm), is dominated by the hydrocarbon polymer. 
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Figure 8. SEM and AFM images of plasma-polymerized PEG and PEG–ZnO 

nanocomposite coatings (0.5%, 1%, and 2%).  

The plasma-deposited PEG–ZAD coatings, as showed in Figure 9, exhibited an increase 

in surface roughness with the rising percentage of ZAD dispersed in the starting monomer. 

As reported in Table 3, the Rq value of these coatings increases compared to the PEG 

reference, reaching a maximum of 20.6 ± 1.2 nm for the PEG–ZAD 6% sample, indicating 

a modest topographical variation with increasing zinc acetate concentration. During 

deposition, part of the salt may accumulate in the uppermost regions of the film, leading 

to microscopic discontinuities or higher-contrast areas, which result in a slight increase 

in the roughness measured by AFM. 

However, these irregularities are less pronounced than the surface asperities generated 

by the presence of ZnO clusters in the PEG–ZnO coatings, confirming that the PEG–ZAD 

film maintains a more continuous and compact surface morphology. Nevertheless, in 

both PEG–ZnO and PEG–ZAD coatings, the surface morphology observed by AFM may 

also be influenced by the deposition conditions. In particular, the absence of continuous 

agitation during deposition may favor particle sedimentation and aggregate formation 

already within the precursor suspensions, which is subsequently reflected in the coating 

morphology. 

As observed in the SEM images, small aggregates and residual salt fragments are 

irregularly distributed within the polymer matrix, and their density and dimensions tend 
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to increase with increasing ZAD concentration in the PEG-like coating. Moreover, it is 

evident that in some areas of the coating, these agglomerates are covered by a thin layer 

of the organic polymer matrix. Accordingly, the following mechanism was hypothesized. 

ZAD although highly soluble in polar solvents such as water, is insoluble in the organic 

monomer DVE-3, where it remains as a finely dispersed solid phase. 

The low volatility of DVE-3 (K) combined with the very limited diffusive mobility of the solid 

particles in the viscous monomer (D) results in a high Péclet number (Pe = K/D). Under 

these conditions, the salt forms aggregates irregularly distributed throughout the 

monomer phase. [55]  

The rapid plasma-induced polymerization then consolidates this microstructure, leading 

to PEG-like coatings containing salt-rich spots partially covered by the organic matrix, in 

agreement with the morphological and surface observations. 

The antimicrobial activity of PEG-ZAD coatings could also be attributed, similarly to what 

was observed for the PEG–ZnO coatings, to the high local concentration of salt 

agglomerates and to the continuous release of Zn²⁺ ions. 

 

 

Figure.9 SEM and AFM images of PEG-ZAD nanocomposite coatings (1.5%, 3%, and 6%).  
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Table 3 Surface roughness value (Rq) for the plasma-polymerized PEG, PEG-ZnO and 

PEG-ZAD nanocomposite coatings.  

Sample Rq (nm)  

UHMWPE 23.2 ± 0.2 

PEG 15.0 ± 0.2 

PEG-ZnO 0.5% 25.0 ± 0.6 

PEG-ZnO 1 % 27.0 ± 1.3 

PEG -ZnO 2% 28.2 ± 1.4 

PEG-ZAD 1.5% 17.1 ± 1.4 

PEG-ZAD 3% 18.4 ± 3 

PEG-ZAD 6% 20.6 ± 1.2 

 

 Furthermore, EDX analysis performed on the same area as the SEM surface images 

revealed zinc atomic content of 2.9±0.5 % at. for the PEG–ZnO 2% coating and 1.5±0.3 % 

at. for the PEG–ZAD 6% sample. The detection of Zn with EDX and not with XPS confirm 

that Zn is mostly inside the matrix. In fact the maximum analyzed depth with XPS is few 

nanometers whereas the one of EDX is hundreds of nm. Hence for EDX the detection of 

Zn is straightforward. 

The study also investigated how the incorporation of ZnO NPs and ZAD influences the 

surface wettability of the PEG–ZnO and PEG–ZAD nanocomposite coatings. Table 4 

reports the measured WCA values for PEG and for the zinc-based nanocomposites. As 

expected, PEG exhibits hydrophilic properties, with a WCA value of 42 ± 1°. Similarly, the 

PEG–ZnO coatings also show hydrophilic behavior; however, in the presence of ZnO 

nanoparticles or ZAD, the WCA value slightly increases, ranging from 45–48° for PEG–ZnO 

and 45–46° for PEG–ZAD. A low increment in WCA is observed for the coatings containing 

ZnO or ZAD, likely due to the change in the morphology, that is know to have a role in WCA 

evaluation.  
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Table 4 WCA values for plasma-polymerized PEG, PEG-ZnO, PEG-ZAD. 

Sample WCA (°) 

PEG 42 ± 1 

PEG-ZnO 0.5% 48 ± 1 

PEG-ZnO 1 % 45 ± 3 

PEG -ZnO 2% 47 ± 1 

PEG-ZAD 1.5% 46 ± 1 

PEG-ZAD 2% 45 ± 1 

PEG-ZAD 3% 46 ± 1 

 

In Table 5 the thicknesses values of the plasma deposited coatings are reported. 

Variations in film thickness are observed as a function of the ZnO NPs and ZAD aerosol 

content. In particular, an increase in coating thickness is detected when higher 

concentrations of ZnO NPs and ZAD are used in the monomer suspension. When the 

lowest concentrations of ZnO NPs (2 wt%) and ZAD (1.5 wt%) are considered for the 

plasma deposition, thin films are obtained, with thicknesses of 92 ± 10 nm and 98 ± 10 

nm, respectively. However, increasing the concentrations to 2 wt% in ZnO NPs and 6 wt% 

in ZAD the thickness is considerably affected, reaching 164 ± 40 nm and 120 ± 20 nm, 

respectively. It is also important to note that coatings with a higher zinc content exhibit a 

lower degree of thickness uniformity, as indicated by the higher standard deviation values 

compared to nanocomposite coatings with lower Zn content. The observed increase in 

film thickness can be attributed to the presence of nanoparticles whose size is larger than 

that of the polymer precursors and as such have an important impact in determining the 

film growth. Furthermore, as also evidenced by SEM and AFM analyses, the limited 

solubility of these components in the monomer may lead to the formation of aggregates 

within the solution. As a result, clusters of nanoparticles and zinc salt can be introduced 

into the plasma, acting as nucleation centers. This process may promote the growth of 

plasma-polymerized PEG chains around the agglomerations in the gas phase, which 

subsequently deposited onto the substrate in the form of larger clusters, leading to the 

formation of a non-uniform and rough coating. 
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Table 5 Thickness values for plasma-polymerized PEG, PEG-ZnO, PEG-ZAD. 

Sample Thickness (nm)  

PEG 90 ± 10 

PEG-ZnO 0.5% 92 ± 10 

PEG-ZnO 1 % 100 ± 10 

PEG -ZnO 2% 164 ± 40 

PEG-ZAD 1.5% 98 ± 10 

PEG-ZAD 2% 112 ± 10 

PEG-ZAD 3% 120 ± 20 

 

4.4 Conclusions  

This study demonstrates, for the first time, the development of antimicrobial 

nanocomposites produced by AA-APPJ deposition, aimed at controlling microbic 

phytopathogens. The antibacterial activity of the coatings proved to be effective when 

using different concentrations of ZnO and ZAD (zinc acetylacetonate dihydrate) dispersed 

in the monomer. The results showed a strong ability of coatings to inhibit the growth of E. 

carotovora, the bacterium responsible for soft rot in potatoes, one of the most significant 

bacterial diseases causing tissue maceration and considerable post-harvest losses. This 

innovative approach represents a promising alternative to conventional polyethylene 

coating methods used in agriculture, as it enables a controlled release of zinc and 

provides a prolonged and targeted antimicrobial action against agricultural pathogens, 

thereby contributing to improved crop health and the sustainability of farming practices. 

The application of the same Zn-based nanocomposites as seed coatings further extends 

their potential within plant protection strategies. Once deposited onto wheat seeds, 

these coatings demonstrated the ability to not alter seed germination, support the initial 

development of seedlings, and mitigate infection symptoms caused by Fusarium 

species. The presence of zinc entrapped within the films may have determined 

physiological activation during germination and a reduction of browning symptoms in 

wheat plants. 
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5 
 

Decontamination of maize kernels 

 and degradation of mycotoxins 

 by means cold plasmas 

 

This Chapter is based on the following publication of the PhD candidate: 

Stefania Somma, Mario Masiello, Miriam Haidukowski*, Biancamaria Ciasca, 

Eloisa Sardella*, Pietro Favia, Fabio Palumbo, Marianna Roggio, Antonio 

Moretti “Decontamination of maize kernels and degradation of mycotoxins 

by means of cold plasmas” LWT, 2025, 215, 117205. 

At the basis of this chapter, my contribution consisted in the design and execution of 

decontamination experiments using plasma technologies. I carried out treatments on 

artificially contaminated maize kernels and on filter paper, applying the different plasma 

configurations (CP, PTG, and PTW) and the corresponding operating conditions. 

 

5.1 Introduction 

Maize, among the most cultivated crops worldwide, plays a key and increasing role in 

global agri-food systems including direct food consumption and indirect feed pathways 

for animal-sourced foods. [1] In all maize-cultivated areas, specific pedoclimatic 

conditions can lead to both abiotic and biotic stresses, resulting in significant economic 

losses and threatened food safety for both unprocessed maize and its derived products. 
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Among biotic stresses, mycotoxigenic fungi are of particular concern, as they can 

colonize maize during the entire crop cycle and the post-harvest storage. 

The most frequently occurring mycotoxigenic fungal species belong to the genera 

Fusarium and Aspergillus. Fusarium proliferatum, along with F. verticillioides, is 

associated to some of the most devastating fungal diseases of maize, including Fusarium 

ear and stalk rots, and Fusarium stem and root rots. Aspergillus flavus is also commonly 

detected on maize kernels in maturity and during storage. Although primarily found in 

tropical regions, this species has increasingly been reported in various areas of Europe 

due to recent climatic changes. [2] Contamination by Fusarium and Aspergillus species 

poses phytopathological issues and toxicological risks for humans and animals. Many of 

these species produce a wide range of mycotoxins, harmful secondary metabolites, that 

accumulate in maize kernels and often remain stable even after physical and chemical 

treatments, including high temperature used in food processing. The mycotoxins most 

frequently found worldwide on maize are fumonisins (FBs), particularly FB1, FB2, and FB3 

types, produced mainly by F. verticillioides and F. proliferatum, and aflatoxins (AFs), 

produced by A. flavus and, to a lesser extent, by other Aspergillus species. [3]  Moreover, F. 

proliferatum is ubiquitous, capable of colonizing a wide range of important agricultural 

crops besides maize and other cereals, including vegetables and fruit trees. [4] This 

species produces not only FBs, but also other mycotoxins such as moniliformin,[5] 

beauvericin,[6] fusaproliferin,[7] and fusarins, [8] thus increasing the risk of multiple 

mycotoxin occurrence in foodstuff. Among FBs, FB1 is classified by the International 

Agency for Research on Cancer (IARC) as possible carcinogen compound for humans 

(Group 2B; IARC, 2002). [9] Additionally, FBs can induce several significant health effects 

in livestock and other animals. [10] In contrast AFs, known for their acute toxicity, 

carcinogenicity, mutagenicity, teratogenicity, and immunosuppressive properties, are 

classified as Group 1 carcinogens for humans. [11] To address the toxic effects of FBs and 

AFs on humans and animals, European authorities have established maximum levels for 

these mycotoxins in food and feed to ensure safety (EC, 2006, 2007; EFSA, 2018). [12-13] 

In line with Integrated Pest Management strategies, various agronomic, genetic and 

biological techniques, as well as agricultural practices, are now available to prevent or 

limit fungal diseases and associated mycotoxin accumulation. Different chemical and 

physical strategies are used globally to combat crop contamination and reduce fungal 
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species responsible for mycotoxin production. However, currently used decontamination 

procedures often have drawbacks, such as loss of nutritional properties and high 

environmental impact, which limit their application in the food industry.[14] Moreover, 

since the biological and chemical detoxification of mycotoxins is not permitted for human 

food within the European Union, physical methods are the only approved approaches in 

food industry. [15] This opens the way to the research of newer physical detoxification 

methods 

When an atmospheric pressure plasma is fed with O2, N2 or mixtures of them, including 

air, reactive oxygen and nitrogen species (RONS) are produced. The most commonly 

found reactive species in atmospheric air plasma are O, OH, O2
*, O3, O2

–, HO2, H2O2, N, 

N2
–, NO, NO2, NO3, and N2O. When AP interacts with moisture, H2O2, NO2

-, NO3
- and 

ONOO- species are generated; these are considered long-lived reactive species with 

extended stability in aqueous phases. [16-20] It is widely believed that plasma-assisted food 

decontamination processes are initiated by RONS, creating a highly reactive environment 

that induces various changes in exposed targets. The decontamination efficiency is 

influenced by multiple factors, including feed gas, process parameters and plasma 

exposure mode (e.g., direct vs. indirect). [21]  

Most literature focuses on the direct exposure of contaminated samples to plasmas, [22-

23]where the target is completely immersed in the ionized gas and becomes part of the 

electric circuit, influencing the electrical properties of the discharge. This allows the 

target to benefit from the synergistic effects of direct UV radiation and short- and long-

lived reactive species against fungi and/or mycotoxins, resulting in highly efficient 

processes. [24-27]The primary mechanisms of microbial destruction involve the breakdown 

of cell walls through reactions of RONS with peptiglycan layers, deterioration of cell 

membranes due to hyperoxidation of unsaturated fatty acids and proteins primarily 

attributed to OH radicals, and DNA oxidation.  

In direct exposure modes, UV light and temperature are thought to have minimal effects 

on decontamination. [25,28-29] Indeed, increased UV light and heat can compromise product 

quality and organoleptic properties, potentially altering the genetics of kernels. [30-

31]Furthermore, kernels germination time may be affected, posing ecological and safety 

risks to the final product. [32]Thus, it is crucial to develop milder approaches that maximize 

the beneficial decontaminating effects of plasma and minimize possible damage. 
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The referenced studies highlight growing interest in CAPs for food decontamination. 

Although several papers have reported the effects of direct CAPs on fungal species 

responsible for food spoilage and their metabolites, including mycotoxins,[33-34] most of 

these studies deal with in vitro experiments. However, recent advances on the application 

of CAPs vs mycotoxin degradation are available, providing discussion on possible working 

mechanisms and their effect on food quality, and on the toxicity of degradation products. 
[24,35-36] 

The present paper shows that, besides the effects of UV radiation and electrical field, the 

RONS produced in N2 and/or O2 gas feeds play a pivotal role in mycotoxin degradation, as 

stated also by Liu et al. [21]To evaluate the effectiveness of RONS in kernel 

decontamination, we decided to test plasma processes fed with either pure O2 or 

synthetic dry air. To enhance versatility and efficiency of these processes and minimize 

the risk of altering food quality, we opted to test the effect of a remote configuration, 

switching on the plasma far from the target, as well as evaluating the decontamination 

effects induced by plasma-treated water. [37-38] 

The aim of this study is to explore alternative decontamination approaches for maize 

kernels and methods for mycotoxins degradation aided by soft plasma technologies. 

Additional aims are the investigation of the pattern of the degradation products of 

mycotoxins derived from plasma treatments, and the application of plasma technologies 

on naturally contaminated maize kernels. 

 

5.2 Materials and Methods 

 

5.2.1 Chemicals 

Analytical-grade methanol (MeOH) was purchased from Mallinckrodt Baker (Milan, Italy). 

UPLC grade Acetonitrile was obtained from Merck (Merck KGaA, Germany). Ultrapure 

water was produced in house with a Millipore Milli-Q system (Millipore, Bedford, MA, 

USA). The (3S,7R)-11-methoxy-6,8,19-trioxapentacyclo[10.7.0.02,9.03,7.013,17]nonadeca-

1,4,9,11,13(17)-pentaene-16,18-dione (C17H12O6; AFB1 purity >99 %), the  (2R)-2-[2-

[(5S,6S,7R,9R,11S,16S,18R,19R)-19-amino-6-[(3S)-3,4-dicarboxybutanoyl]oxy-11,16,18-

trihydroxy-5,9-dimethylicosan-7-yl]oxy-2-oxoethyl]butanedioic acid (C34H59NO15, FB1, 
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purity >99 %) and NaCl were purchased from Sigma (Milan, Italy). Filter paper grade 4 (20-

25 µm particle retention) and glass microfiber filters (GF/A) were purchased from 

Whatman International Ltd. 132 (Maidstone, UK). AOF MS-PREP® immunoaffinity 

columns were obtained by Romer Lab (Romer Labs Inc., Tulln, Austria). The Phosphate 

Buffered Solution (PBS) at pH 7.4 was prepared by dissolving commercial PBS tablets 

(Sigma–Aldrich, Milan, Italy) in distilled water. Regenerated cellulose membrane filters 

(RC 0.2 µm) were obtained from Phenomenex (Bologna, Italy) 

 

5.2.2 Plasma Processing 

Three different treatment approaches were utilized on conidial suspensions of A. flavus 

and F. proliferatum plated on potato dextrose agar (PDA) medium or directly applied to 

maize seeds, namely: 1) remote plasma processing, where samples were positioned a 

few millimeters away from the plasma phase (Close Plasma treatment, CP); 2) 

introducing a stream of plasma-treated gas (Plasma Treated Gas, PTG) into a container 

with the contaminated samples; 3) processing the samples with plasma-treated tap 

water (Plasma Treated Water, PTW). All experiments and conditions, while part of a 

fundamental study, were selected with consideration of potential industrial scale-up, 

aiming to make the proposed processes competitive with current market 

decontamination protocols. For example, shorter treatment times, or, in the case of the 

PTW approach, using tap water instead of distilled water, could facilitate progress toward 

practical and industrial applications. 

CAPs were generated with a modified Dielectric Barrier Discharge (DBD) PetriPlas+ 

plasma source, shown in Figure 1 and described in detail elsewhere. [20, 39-40] The source 

consists of a Plexiglas flow unit equipped with gas connections and a discharge unit. A 

dry diaphragm pump (Pfeiffer Vacuum, Aßlar, GER) is connected directly to the flow unit 

for the CP approach and during the production of PTW, or through the sample holder 

containing the Petri dish with maize kernels in the case of PTG as shown in Figure 1b. The 

pump is used to evacuate exhaust gases and maintain the constant pressure of about 760 

Torr, as measured with a MKS baratron.  
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An electric field of 6 kHz frequency and 13.8 kV peak-to-peak voltage was generated using 

a power supply connected to a programmable 10 MHz DDS function generator (TG1010A, 

Aim-TTi, Huntingdon, UK) to ignite a volume discharge of the size of the high voltage (HV) 

electrode (3 cm dia). The DBD discharges were ignited for 5 min, pulsed with a 50% duty 

cycle (D.C.), 50 ms of plasma on (ton) over a period (t = ton + toff) of 100 ms. In the CP and 

PTW modes the discharge unit was adapted for treating maize kernels and tap water, 

respectively, contained in a Petri dish (6 cm dia) fastened under the DBD source, in a slot 

of the same diameter of the flow unit (Figure 1a-b). In both cases, the distance between 

the plasma and the surface of the sample to be treated was set at 2 mm.  

 

 

Figure 1. Schematic representations of cold atmospheric plasma treatment of maize 

kernels with a volume Dielectric Barrier Discharge (DBD) used in three different remote 

approaches: (a) CP treatment, with the sample underneath the plasma source; (b) PTW 

treatment, with the samples rinsed in tap water previously exposed to plasma; c) PTG 

process, with the samples exposed downstream to plasma gas effluents. 

 

For the PTG treatments, a glass petri dish was positioned beneath the DBD, allowing the 

exhaust gas, along with its long-lived species, to flow through an external holder 
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containing a Petri dish filled with agar or maize kernels as shown in Figure 1c. All 

processes for the three approaches were carried out in a closed system, not exposed to 

the surrounding atmosphere; the reaction chamber was purged with the designed gas 

feed for 1 or 2 min before plasma ignition, depending on the approach used.  

PTG and CP treatments of maize kernels were facilitated by diffusing RONS from the CAP 

to the samples through the grid, grounded, of the DBD (Figure 1b). Pure O2 (air liquid, 

99.999%) and synthetic air (air liquid, 99.999%) were used for the treatments. Gas flow 

rates were measured with MKS mass flow controllers. Concerning the PTW treatment, the 

H2O2 and NO2
- concentration were previously determined, and the water pH as well.  

The H₂O₂ concentration was quantified by a colorimetric copper–2,9-dimethyl-1,10-

phenanthroline assay, while NO₂⁻ was determined using the Griess reaction; samples 

were appropriately diluted (1:4) with ultrapure water to ensure measurements within the 

linear range of the assays. The quantification of Reactive Oxygen and Nitrogen Species in 

PTW revealed that PTW-O2 contain 2189 M of H2O2 and 1.4  0,9 M of NO2
-, while PTW-

Air contain 91 9 M H2O2 and 100  7 M of NO2
- . The PTW-O2 and PTW-Air have a pH 

respectively of around 6.1 and 5.8 starting from tap water at a pH of 6.2.  

Table 1 summarizes the experimental conditions utilized in the plasma treatments, where 

each condition is denoted with a name that combines the treatment approach (CP, PTG 

or PTW) with the gas feed and treatment duration (es. CP-O2 3 min). 
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Table 1. Experimental conditions used for plasma treatments of fungal conidia (agar 

medium-PDA, maize kernels) and AFB1 and FB1 mycotoxins (paper, maize kernels) 

Treatment Typology of 
sample 

Duty 
Cycle 
(%) 

Peak to 
peak 
voltage 
(kV)  

Frequency 
(kHz)  

Gas feed 
and flow 
(SLM)  

Purging 
time 
(min) 

Treatment 
time (min) 

CP Maize kernels  
(n°40 or 5 
grams*), PDA, 
paper 

50 13 6 O2 or Air  
(0.5 SLM) 

1 3, 20 

PTG Maize kernels  
(n°40 or 5 
grams*), PDA, 
paper 

50 13 6 O2 or Air  
(1 SLM) 

2 3, 20 

PTW Maize kernels 
(n°40), PDA 
sprayed with 
2ml of tap 
water 

50 13 6 O2 or Air  
(0.5 SLM) 

1 5 

* for investigating the degradation of mycotoxins; SLM: standard liter per minute  

 

5.2.3 Determination of the effects of plasma and reactive species on 

Aspergillus flavus and Fusarium proliferatum 

Artificial contamination of Potato Dextrose Agar (PDA) medium and maize 

kernels and evaluation of conidial germination  

Two aflatoxigenic Aspergillus flavus strains, ITEM 8095 and ITEM 8111, along with a single 

Fusarium proliferatum strain, ITEM 12072, were used to assess the effects of different 

plasma treatments on conidial germination. These strains, isolated from Italian maize, 

were selected within the ITEM microbial collection of the Institute of Sciences of Food 

Production (CNR-ISPA), for their ability to produce high levels of aflatoxins and fumonisins 

under both field conditions and in vitro. 

For each strain, 100 µL aliquots of conidial suspension, along with three decimal dilutions 

were spread on PDA plates and subsequently exposed to CAPs in triplicate. Three 

untreated inoculated plates served as control. The conidial germination rates of control 

and plasma treated samples were analysed after 48 h of incubation at 25 °C.  

To evaluate the effects of CAP treatments on maize kernel surface-contaminated with 

conidia, the kernels were first sterilized in autoclave. They were then inoculated after 1 
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min immersion in 100 µL conidial suspension (107 conidia/mL) and allowed to dry in 

microbiological hood at room temperature. For the CP and PTG treatments, maize 

samples artificially contaminated with fungal spores were placed in Petri dishes (40 

kernels per dish). After the treatment, each sample was rinsed with 10 mL sterile distilled 

water to obtain conidial suspensions, which were then properly diluted and spread (100 

µL) onto PDA plates. 

For testing the activity of PTW, tap water instead of sterile distilled water was plasma 

treated to prepare conidial suspensions. This strategy was adopted to prevent a situation 

in which the initial contamination of samples with the conidial suspension, followed by 

either spraying or, more critically, immersion in PTW, might result in mechanical removal 

(wash-off) of the conidia, rather than achieving the intended inhibitory effect. After 48 h 

of incubation at 25 °C the germinated conidia capable of forming fungal colonies on the 

PDA plates were counted. A conidial suspension in sterile distilled water was used as 

control. 

Evaluation of the effects of plasma treatments on conidial germination 

After 48 h of incubation at 25 °C the germinated conidia capable of forming fungal 

colonies on the PDA plates were counted. The effect of plasma treatments on the 

germination was assessed by comparing the number of colonies in each treated group 

with the number of colonies in the controls (untreated theses). Each reported value 

represents the mean of three replicates. The inhibition of germination, expressed as a 

percentage, was calculated using the following formula: 

Inhibition (%) = [(C -T)/C] X 100) 

where C is the number of colonies grown in the control sample and T represents the 

number of colonies grown in the treated sample. 

5.2.4 Evaluation of the effect of plasma on AFB1 and FB1 mycotoxins 

Preparation of mycotoxins standard solutions 

Stock 1 mg/mL solutions of AFB1 and FB1 were prepared by dissolving solid commercial 

toxins in acetonitrile and a 50:50 (v/v) acetonitrile/water solution, respectively. The AFB1 

solution was then diluted to 1 µg/mL in acetonitrile, while the FB1 solution was diluted to 
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100 µg/mL in the acetonitrile/water mixture. These solutions were utilized for spiking 

experiments on maize kernels and paper filter to evaluate the degradation efficiency of 

the various treatments. Quantification of mycotoxins was performed using a matrix-

matched calibration curve for the detection on maize kernels (20 - 100 µg/kg for AFB1 and 

100 - 1000 µg/kg for FB1) and a standard calibration curve for the detection on paper (0.02-

0.10 µg/mL for AFB1 and 0.1-1.0 µg/mL for FB1).  

Contamination of filter paper and maize kernels with AFB1 and FB1 standard 

solutions 

The effect of plasma exposure on AFB1 and FB1 was evaluated independently using 

distinct samples on both filter paper and maize kernels. For each mycotoxin, a set of 18 

samples was prepared and analyzed: 3 contaminated samples for each plasma 

treatment (CP-O2, CP-Air, PTG-O2, PTG-Air); 3 contaminated untreated samples (positive 

control); 3 uncontaminated plasma treated samples of maize kernels (negative control).  

Filter paper and maize kernels (5 g) were artificially contaminated with 0.25 mL of AFB1 

solution (1 µg/mL) and 0.05 mL of FB1 solution (100 µg/mL). This resulted in final 

concentrations of 0.05 µg/mL on paper and 50 µg/kg on maize kernels for AFB1, as well as 

1 µg/mL on paper and 1000 µg/kg on maize kernels for FB1. To detect potential AFB1 

degradation products, which are likely to be present in much smaller amounts than the 

original compounds, and considering the instrumental sensitivity, it was necessary to 

select a level of AFB1 contamination in maize kernels that was one order of magnitude 

above the maximum limit in food and feed. The samples were allowed to rest at room 

temperature for approximately two hours to facilitate the evaporation of the solvent. 

Mycotoxin analysis by LC-HRMS 

The quantification of mycotoxins in filter paper samples was performed after extraction 

with 3 mL of methanol/water (70:30, v/v). The samples were filtered through a 0.22-µm RC 

syringe filter before injection into the LC-HRMS apparatus. 

For quantifying the mycotoxins in kernel samples, AOF MS-PREP® immunoaffinity column 

cleanup was run according to the manufacturer instructions. Briefly, 5 g of kernel samples 

and 1 g of NaCl were extracted with 20 mL of methanol/water (60:40, v/v), blended at high 

speed for 2 min. After centrifugation (4000 rpm, 10 min), 10 mL of the filtrate were diluted 
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with 15 mL of PBS. Following filtration through glass microfiber filter paper, 5 mL of the 

filtrate (equivalent to 0.5 g of sample) were injected in the column. The column was rinsed 

with 20 mL of water before elution. The toxins were eluted from the column with 1 ml of 

methanol followed by 1 mL of water. The final sample (10 μL) was then injected in the 

UHPLC-HRMS/MS equipment. 

For analysing degradation products, additional sample of treated and control maize 

kernels were prepared and extracted with 20 mL of methanol/ultrapure water (80:20, v/v) 

in orbital shaker for 1 h. The extracts were then diluted tenfold with water, centrifuged 

(15000 rpm, 4 °C, 20 min) and injected in the UHPLC/HRMS equipment. 

Liquid chromatography–HRMS analysis was performed with a Q-ExactiveTM Plus mass 

spectrometer, equipped with a heated electrospray ion source (HESI II) coupled to an 

Ultimate 3000 UHPLC system (all from Thermo Fisher Scientific, San Jose, CA, United 

States). A Gemini UHPLC C18 column (150 × 2 mm, 5-µm particles, Phenomenex, 

Torrance, CA, United States) was used, preceded by a Gemini C18 guard column (4 × 2 

mm). The column oven was set at 40 ◦C. The injection volume was 20 µL. The flow rate of 

the mobile phase was set at 200 µL/min, with eluent A water and eluent B methanol, both 

containing 0.5% acetic acid and 1 mM ammonium acetate. For creating the gradient, the 

proportion of eluent B was kept constant at 10% for 5 min and then linearly increased to 

80% in 36 min. Finally, it was raised to 100% and kept constant for 5 min. The column was 

re-equilibrated with 10% eluent B for 9 min. The HESI II ion source was operated both in 

positive and in negative ion modes, with parameter settings reported in Ciasca et al. [38] 

AFB1 and FB1 degradation ratio and degradation standard deviation (SD) were evaluated 

using the following formulas:  

 

Degradation SD =  
Treatment peak area

Control peak area
 ∗ √(

treatment SD

treatment peak area
)

2

+ (
control SD

𝑐ontrol peak area
)

2

 

 

Statistical analyses 
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The standard deviation values for all theses were calculated, based on three replicates. 

The one-way analysis of variance (ANOVA) was used to determine whether there are any 

statistically significant differences between the treatments. The means were then 

compared using the Tukey’s multiple comparisons method as post-hoc test. If the p-value 

for the 95% confidence interval was below 0.05, differences were considered significant. 

Statistical analyses were performed using GraphPad version 10.0.0 software. 

 

5.3 Results 

5.3.1 Activity of the plasma treatments on Aspergillus flavus  

The quantification of the fungal colonies developed on PDA after each treatment 

compared to the untreated controls was used to calculate the inhibition of germination 

induced by the plasma treatments. The results shown in Figure 2 and Figure 3 are derived 

from at least six different experiments in all treatment conditions. The data for A. flavus 

result from experiments run on two different strains showing a high level of reproducibility.  

Figure 2 shows the results of conidia spread on PDA before the treatments. All treatments 

were found to effectively reduce conidial germination, with inhibition values ranging from 

35% (PTW) to 100% (PTG). Specifically, PTW exhibited a notable but lower and significant 

(P<0.0001) efficacy compared to the other treatments, with about 44% inhibition. In 

contrast, both CP and PTG treatments resulted in 100% inhibition of germination for A. 

flavus, regardless of gas feed and treatment times used.  
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Figure 2. Inhibition of conidial germination of Aspergillus flavus grown on potato dextrose 

agar (PDA) after plasma treated tap water (PTW), direct plasma treatment (CP) and 

plasma treated gas (PTG), with air or O2. Inhibition values were calculated by comparing 

the germinated conidia of each treatment thesis with the relative control. Standard 

deviations are also reported. Means with a different letter indicate significant differences 

between treatments at 0.05 level of significance. 

 

The second set of experiments, with results shown in Figure 3, focused on maize kernels 

contaminated in the lab with A. flavus spores to simulate natural contamination. These 

experiments dealt only with the CP and PTG approaches, which were identified as the 

most effective in the previous set of data, as illustrated in Figure 2. 

A comparison of Figure 2 and Figure 3 clearly shows that treatments on maize kernels 

result generally less effective than those on PDA. Additionally, the standard deviations in 

Figure 3 suggest that the results for kernels are less reproducible, likely due to the 

irregular shape of the kernels. Among the treatments tested, the PTG-O2 20 min appeared 

to be the least effective, although any significant difference (P<0.1) was detected from 

statistical analysis. In contrast, 

for the CP approach, particularly at 3 min treatment time, the CP-O2 treatment exhibits 

greater efficacy compared to CP-Air. At 20 min treatment time, the CP processes display 

similar effectiveness independently on the feed used. 
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Figure 3. Inhibition of conidial germination of Aspergillus flavus contaminating maize 

kernels surface, after direct plasma treatment (CP) and plasma treated gas (PTG), with air 

or O2. Inhibition values were calculated by comparing the germinated conidia of each 

treatment thesis with the relative control. Standard deviations are also reported. Means 

with a different letter indicate significant differences between treatments at 0.05 level of 

significance. 
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5.3.2 Activity of the plasma treatments on F. proliferatum  

Similarly to A. flavus, the conidial suspensions of F. proliferatum spread on PDA also 

showed complete inhibition of conidial germination under all conditions tested in both 

CP and PTG experiments, as shown in Figure 4. 

 

 

Figure 4. Inhibition of conidial germination of Fusarium proliferatum grown on potato 

dextrose agar (PDA), after plasma treated tap water (PTW), direct plasma treatment (CP) 

and plasma treated gas (PTG), with air or O2. Inhibition values were calculated by 

comparing the germinated conidia of each treatment thesis with the relative control. 

Standard deviations are also reported. 

 

Maize kernels contaminated with F. proliferatum were exposed to CP and PTG treatments 

using either O2 or air-feeds; the resulting inhibition growth data are presented in Figure 5. 

As for A. flavus, on maize kernels contaminated with F. proliferatum the PTW approach 

proved less effective than the other methods, with significant differences (P<0.0001) in 

inhibiting the conidial germination, regardless the gas feed. Indeed, the two other 

approaches yielded approximately 60% inhibition across all treatment times and feeds 

used, except for the PTG-air 20 min treatment, which gives about 90% inhibition. Similarly 

to what is found for A. flavus, the PTG-air 20 min treatment appears to be the most 

effective, significantly different (P<0.0001) from the other treatments. Overall, under the 

experimental conditions investigated, regardless of the gas feed used, the PTW approach 

results less effective than the two approaches in dry conditions. 
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Figure 5. Inhibition of conidial germination of Fusarium proliferatum contaminating maize 

kernels surface, after plasma treated tap water (PTW), direct plasma treatment (CP) and 

plasma treated gas (PTG), with air or O2. Inhibition values were calculated by comparing 

the germinated conidia of each treatment thesis with the relative control (C). Standard 

deviations are also reported. Means with a different letter indicate significant differences 

between treatments at 0.05 level of significance. 

 

We can conclude that for maize kernels artificially contaminated with F. proliferatum or A. 

flavus, an inhibition percentage of conidial germination of at least 50% was obtained with 

the CP and PTG treatments investigated. 

 

5.3.3 Activity of plasma treatments on mycotoxin contamination 

After having established the various efficacy of CP and PTG treatments on conidial 

germination of F. proliferatum and A. flavus, we have investigated the ability of the plasma 

processes to degrade AFB1 and FB1 mycotoxins produced by these fungi on filter papers 

and on maize kernels artificially contaminated (50 µg/kg AFB1; 1000 µg/kg FB1). Indeed, as 

shown in Figure 6, all treatments exhibit satisfactory degradation rates for AFB1 on filter 

paper, higher than 52%, with the exception of the CP-O2 3 min treatment. In contrast, for 

FB1 on paper a slightly lower degradation efficacy is measured, higher than 40%, 

compared to AFB1. A significant difference between the CP-O2 20 min treatment and the 

other treatments is observed for the degradation of FB1 on paper. Most of the treatments 

lead to higher degradation efficiency when applied to a standard mycotoxin solution, 

except for the CP-O2 20 min treatment which shows a higher efficiency of FB1 degradation 
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on maize kernels. Overall, only minor differences in degradation rate are observed based 

across all treatment approaches and feed used. 

The degradation percentage of FB1 after the CP-O2 20 min treatment was also assessed 

for maize samples naturally contaminated with 650±56 µg/kg of FB1, resulting in a 68% 

contamination reduction, consistent with the detoxification results obtained on paper for 

the same process. 

In summary, for artificially FB1 contaminated maize kernels, treatments with O2 were 

found significantly more effective than those with air, with the CP-O2 approach showing 

the highest mycotoxin degradation rate at both treatment times used. Conversely, for 

AFB1 contaminated maize kernels, the two indirect PTG processes at the longest 

treatment time of 20 min gave the best results for AFB1 degradation.  

 

 

Figure 6. Degradation percentage (%) of a) aflatoxin B1 (AFB1) and b) fumonisin B1 (FB1) on 

paper and kernel maize after CP or PTG treatments with different feed (O2 or air) and 

process time (3 or 20 min). Standard deviations are also reported. Means with a different 

letter indicate significant differences between treatments at 0.05 level of significance. 
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5.3.4 Investigation of the degradation products in maize kernels 

contaminated with AFB1 

Given the effectiveness of the PTG-O2 20 min treatment against AFB1 and considering that 

the conditions of such treatment are particularly gentle, very interesting for practical 

applications, we decided to investigate the by-products formed after treating AFB1 in 

such way. The presence of AFB1 degradation by-products was assessed on maize kernels 

artificially contaminated and treated using the PTG-O2 20 min mode as shown in Figure 

7.  

 

 

Figure 7. UHPLC-HRMS chromatogram of maize contaminated with 1 µg/g of AFB1, 

treated with the PTG-O2 20 min process. Peaks attributable to AFB1 and degradation 

products (m/z 353.0867, 305.0656, 329.0656, 347.0761, 317.0651, 321.0969, 331.0812 

and 313.0706) are shown. Resolution: 70,000 FWHM; extraction window tolerance 5 ppm. 

 

In Table 2 the proposed degradation products of AFB1 are listed, with their molecular 

formula, structures, and n-octanol-water partition coefficient (log P). 
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Table 2. Proposed degradation products with relative molecular formula, exact mass 

([M+H]+), retention time (RT) and n-octanol-water partition coefficient (LogP). 

AFB1                                 2,3,6a, 9a – tetrahydro-4-methoxycyclopenta [c]furo[2,3:4,5[furo[2,3-h] 
chromene-1,11-dione 

C17H12O6 

 

313.0706/335.0526 

logP:0.45 

Product 1 2-oxo-5-(2,4,6,7-tetrahydroxy-2,3,3a,8a-tetrahydrofuro[2,3-
b]benzofuran-5- 
yl)cyclopentanecarboxylic acid 

C16H16O9 

OH

O

OH

O

O

O

OH

OH

OH  

353.0867/375.0686 
logP: -2.68 

RT: 17.2 min, 20.2 min 

Product 2 2,3-dihydroxy-9-methoxy-2,3,7,8-
tetrahydrocyclopenta[c]furo[2,3-h]chromene-5,6-dione 

C15H12O7 

CH3

O

OO

O
OH

OH

O

 

305.0656 

logP: -0.91 

RT: 18.4 min 

Product 3: AFQ1/ epi AFQ1 3(R) -3 -hydroxy-4-methoxy-2,3,6a, 9a- 
tetrahydrocyclopenta[c]furo[3’, 2’:4,5]furo[2,3-h]chromene-
1,11-dione 
 

C17H12O7 

CH3

O

O
O

O

O

O

OH

 

329.0656 

logP: -0.5 

RT: 22.9 min, 23.7 min 

Product 4 (A) AFB1 8,9 

dihydrodiol 

(B) AFB1 8,9 dihaldeide 

C17H14O8 

CH3

O

O
O

O

O

O

OH

OH

 

O

CH3

O

O
O

O

OH

O

OH

 

347.0761/369.0581 

logP: -0.39 

RT: 21.05 min 

 

Furan 
rings 

Lactone Ring 

Methoxy group 

Cyclopentanone bridge 
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Product 5 4,8 - dihydroxy-2,3,6a,8, 9, 9a- 
hexahydrocyclopenta[c]furo[3’,2’:4,5]furo[2,3-h]chromene-
1,11-dione 

C16H12O7 

OH

OO

O

O

O

OH

 

317.0656/339.0475 

logP: 0.07 

RT: 17.6 min, 23.4 min 

  

Product 6 2-(2,4-dihydroxy-2,3,3a,8a-tetrahydrofuro[2,3-b]benzofuran-
5-yl)-5-hydroxycyclopent-1-ene-1-carboxylic acid 

C16H16O7 

 
OH

O

OH

O

O

OH

OH

 

321.0969 
 
logP: 0.6 
 
RT: 22.3 min, 23.6 min 
Product 7 2-(6-methoxy-4-methyl-3a,8a-dihydrofuro[2,3-b]benzofuran-

5-yl)-5 oxocyclopent-1-ene-1-carboxyl acid 
C17H14O7 

 
OH

CH3

O

OO

OH

O

O

 

331.0812/ 353.0632 
 
logP: 1.37 
 
RT: 23.1 min 
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To elucidate the structure relative to all detected peaks, MS/MS spectra were analysed 

(Table 3), and the detected fragments were compared with MS/MS spectra reported in the 

literature.  

 

Table 3. Retention time, molecular formula, and exact mass of the investigated products. 

 Parent Ion Product Ions 
 Retention 

Time 
(min) 

Molecular 
Formula 

Exact Mass 
[M+H]+ 

Exact mass 
[M+H]+ 

Molecular 
formula 

Product 1 17.2 C16H16O9 353.0867 No detected  
Product 2 18.4 C15H12O7 305.0656 259.0601 C14H10O5 
Product 3 
(AFQ1 – epi 
AFQ1) 

22.9/23.7 C17H12O7 329.0656 311.0542 
283.0588 
259.0594 

C17H11O6 
C16H11O8 
C14H11O5 

Product 4 21.1 C17H14O8 347.0761 329.0656 
319.0811 
311.0538 
301.0697 
273.0747 

C17H13O7 
C16H15O7 
C17H11O6 
C16H13O6 
C15H13O8 

Product 5 17.6/23.4 C16H12O7 317.0651 289.0707 C15H12O6 

Product 6 22.3/23.6 C16H16O7 321.0969 301.0697 
273.0747 

C16H13O6 
C15H13O8 

Product 7 
 

23.1 C17H14O7 331.0812 
 

313.0707 
285.0757  

C17H12O6 
C16H12O5 

AFB1 27.8 C17H12O6 313.0706 285.0757  
241.0495 

C16H12O5 
C14H9O3 

 

5.4 Discussion 

Food contamination by toxigenic fungi like Aspergillus, Fusarium, Alternaria, and 

Penicillium, as well as by their mycotoxins, is a current health issue arising significant 

political and economic implications. The CAP technology offers a promising alternative 

to conventional decontamination methods, demonstrating effectiveness in fungi 

inactivation, in interfering with mycotoxins biosynthesis, and in mycotoxins degradation. 
[39-41] 

In this study we compared different plasma assisted approaches, both in dry (CP and 

PTG) and in wet conditions (PTW) to assess their efficacy against two toxigenic fungal 

https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/aspergillus
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/fusarium
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/alternaria
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/penicillium
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/mycotoxin
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species and their AFB1 and FB1 mycotoxins commonly found in maize. The PTW approach 

indeed has been soon excluded after preliminary tests due to its low effectiveness on 

fungal inactivation in the experimental conditions used in this research. 

The limited efficacy of PTW was attributed to the low concentrations of stable reactive 

species (i.e., H₂O₂ and NO₂⁻) generated, as well as to a pH that was not sufficiently low, 

as reported in the literature for plasma-treated water approaches to achieve effective 

inhibition of fungal proliferation. 

Our findings indicate that CAP treatments significantly inhibit conidial germination and 

subsequent colony development of A. flavus and F. proliferatum. Previous studies have 

reported similar efficacy of cold plasma processe against mycotoxigenic fungi. [27,33,42] 

Although studies exist on A. flavus and aflatoxins reduction after plasma treatments,[43-44] 

we believe that our research is the first to examine the effects of CAP processes on F. 

proliferatum, since most of the reports found deal with other Fusarium species.[45-46]  

Plasma processes, indeed, were found more effective versus conidia grown in vitro in PDA 

compared to conidia contaminating maize kernels. This discrepancy may be attributed to 

the complexity of the maize kernels tridimensional shape, which limits the complete 

exposure of their surface to plasma components (i.e. UV-vis, electromagnetic field etc.) 

and, mainly, to plasma-generated RONS. Indeed, to improve the reproducibility and the 

homogeneity of the treatment, the holder of the kernels was shaken during the plasma 

processes. This could be considered a limitation of the treatments on plant materials but 

can be easily overcome in the industrial applications. 

This study, however, shows clearly that fungal development could be inhibited by at least 

50% and up to 90% with just few minutes of dry CAP treatments using air or O2 (Figure 3 

and 5). Notably, in the case of PTG, air plasma appeared more effective than O2. Working 

in a closed system we are sure that no contamination from atmospheric N2 occurs in O2 

plasma processes; this allows to exclude any effect of reactive nitrogen species (RNS) on 

the targets with respect to reactive oxygen species (ROS). Using O2 as gas feed of CAPs 

enhances the production of ROS such as ozone (O3), which is beneficial for reducing 

microbial load .[47] Higher levels of O3 in O2-fed CAPs have been linked to reduced 

microbial counts on surfaces like hazelnuts.[48] N2 is also used as feed in CAPs for 

generating reactive nitrogen species that can further interact with O2 to form gaseous 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/pathogen-load
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compounds such as NO, NO2, and NO3
- ions in water media, all of known antimicrobial 

activity. [49] 

The application of various approaches to decontaminate maize kernels indicates that, in 

the case of CP treatments, changing treatment time and gas feed among our parameters 

has minimal impact. The slight effects of the electric field, UV radiation, and both long- 

and short-lived species may be more influential, instead. Although the CP process is 

carried out in remote, the potential influence of other plasma components with RONS, 

cannot be entirely disregarded. [39] In contrast, for the plasma treatments with the gas 

effluents from CAPs, PTG, where only chemical effects can be active obviously due to the 

presence of stable ROS, a clear difference is seen depending on the feed used on maize 

kernels contaminated with A. flavus and F. proliferatum. Specifically, the PTG-air process 

results significantly more effective than the PTG-O2, highlighting the more active role of 

RONS (e.g.,NO, NO2,) with respect to ROS (e.g. O3) in the decontamination process. NO3
- 

ions can also be formed in presence of moisture or liquid water. 

In contrast, among the approaches tested in our research, PTW treatments cannot be 

recommended for further investigation, as this approach proved to be the least effective 

against both A. flavus and F. proliferatum. The reduced efficacy of PTW compared to CP 

and PTG tretaments may stem from the absence of RONS insoluble in the PTW, such as 

O3, which indeed play a crucial role in dry decontamination processes. [50]Another 

disadvantage of PTW processes is that their implemention for industrial kernel processing 

may be more complex, more costly and less versatile than dry decontamination methods. 

In terms of mycotoxin abatement, similalyr as it is found for conidia contaminated 

substrates, CAP approaches proved more effective on flat (paper) substrates than on to 

maize kernels. The reduced degradation of mycotoxins observed in the presence of a food 

matrix is documented; a recent review, [21] in fact, highlights that in CAP-based 

degradation approaches, mycotoxins may not be directly exposed to plasma and its 

components because hidden in the grooves of the food. Additionally, food features such 

as surface area, roughness and composition can influence degradation rates. 

Specifically, roughness and smoothness of the food surface affect the contact area 

between mycotoxins and reactive species, thereby impacting the degradation efficiency.  

Our processes revealed different effects for FB1 and AFB1. For FB1, treatment time did not 
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significantly influence the degradation efficiency. Among the tested approaches, a 20 min 

CP-O2 treatment resulted in the highest FB1 degradation (68%) for artificially 

contaminated maize, a finding that was also confirmed for naturally contaminated 

kernels. 

In contrast, treatment time was particularly relevant for degrading AFB1, as the maximum 

degradation (23±5% on kernels and 77±28% on paper) was only achieved after 20 min of 

the PTG-O2 process. These results were consistent for both paper and artificially 

contaminated kernels. The impact of exposure time on AFB1 degradation was also studied 

by Siciliano et al.,[51] who assessed the efficiency of DBD plasma for degrading AFs in 

standard solutions under different conditions. They found that at low plasma power (400 

W) 12 min exposure time was needed to be effective, while in more aggressive conditions, 

1000 W power with 100% N2 feed, 100% degradation of AFB1 was achieved even at the 

short exposure time of 1 min. When comparing our data (from dry food) with those 

reported by Siciliano et al., [52] which were conducted on liquid solutions of mycotoxins, it 

is important to consider that the liquid matrix can actively contribute to the formation of 

additional RONS, further aiding in mycotoxin degradation. 

In artificially contaminated maize kernels, the PTG-O2 treatments achieved a higher 

degradation of AFB1, comparable with that reported by Iqdiam et al. [53] for aflatoxin 

degradation in peanuts after CAP jet treatments. However, our approach is clearly less 

invasive and quicker, as it can process several seeds simultaneously. It is important to 

mention that the AFB1 concentration used in our research on artificially contaminated 

kernels was ten times higher than the allowed limit.  

We have also investigated the degradation products of AFB1 after a 20 min PTG-O₂. 

treatment. So far, only a limited number of studies have explored the degradation 

pathways and products of mycotoxins plasma treated in remote. Most papers on AFB1 

degradation products focus on modifications of the terminal furan rings,[53] indeed, 

alterations to the lactone ring and the methoxy group have also been reported .[54] 

AFB1 can be metabolized and bioactivated by CYP450 enzymes, leading to the formation 

of the highly toxic epoxy compound aflatoxin B1-8, 9-epoxide, which can bind to 

intracellular biomacromolecules like DNA, RNA, and proteins, causing gene mutations, 

thus potentially resulting in cytotoxicity and carcinogenesis. [33] The difuran ring in AFB1 is 
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considered primarily responsible for its toxicity and carcinogenicity, particularly the 

double C=C bond on the terminal furan ring . [54] 

Our study identified the most abundant degradation product in the PTG-O₂ treated maize 

samples at m/z 305.0656, resulting from the cleavage and hydroxylation of the remaining 

furan ring. This finding is in agreement with those of Wielogorska et al. [53] We identified 

seven AFB1 degradation products after accurate mass measurements, with an error of 

less than 2 ppm, and fragmentation pattern analysis, as detailed in Table 3. 

Product 3 (m/z: 329.0656) is related to AFQ1 or epi-AFQ1, a metabolic AFB1 product 

produced by cytochrome P450 enzymes, which is readily excreted in urine. Product 1 

(m/z: 353.0867) results from the addition of a hydroxyl group to the benzene ring. Product 

4 (m/z: 347.0761) differs by 34 mass units from AFB1, suggesting the presence of two 

hydroxyl groups; it is attributed to AFB1 8,9-dihydrodiol or AFB1 dialdehyde, as noted by 

Loi et al. (2023). Product 5 (m/z: 321.0969) is believed to form through an addition reaction 

at the C(8)–C(9) bond, accompanied by lactone ring opening and O-cleavage of the 

methoxy group at C(4) of the benzene ring, a product also reported by Wang et al. [54] 

Finally, product 7 (m/z: 331.0812) was detected by Shi et al. [53] after a high-power CAP 

treatment of pure AFB1 powder on a glass slide. The double C=C bond on the terminal 

furan ring is the main functional group responsible for toxic effects, and our results 

demonstrate that plasma-generated ROS can react with this moiety of the molecule. 

Based on the considerations presented, the plasma-chemical treatments discussed in 

this paper offer a valid and significantly more versatile alternative to the technologies 

currently employed and tested in the field of food and seed decontamination. Among the 

promising low-temperature decontamination methods, high-pressure carbon dioxide 

(HPCD) could be a potential alternative to plasma-based approaches, particularly due to 

its ability to operate at lower temperatures than thermal pasteurization. [54] However, 

HPCD has limitations, notably requiring the sample to be moist for optimal efficacy, 

which makes it less suitable for dehydrated seeds like maize.[53] While HPCD is effective 

against microorganisms, it has minimal effect on biomolecules such as mycotoxins, as 

CO2 exhibits little reactivity with these toxins. In contrast, plasma-assisted technologies 

offer similar low-temperature benefits but are also effective in degrading mycotoxins, as 

shown in our study. Moreover, plasma-based methods can be easily integrated into 

existing production lines and applied after packaging, enhancing their potential for  
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industrial use. 

 

5.5 Conclusions 

This study investigates the feasibility of fungal decontamination and mycotoxins 

degradation through plasma assisted processes run in three different approaches. The 

results indicate that both A. flavus and F. proliferatum are significantly impacted by 

plasma treatments, both in vitro and on maize kernels. A notable advantage of the indirect 

use of CAPs has been registered, with no contact on the kernels, which minimizes 

possible heating of the target. Our results demonstrate that the chemical effects of 

plasma on fungi arise from a combination of RONS. Specifically, air-fed plasmas in the 

PTG configuration result more effective than those fed with O₂. The investigation on 

mycotoxins shows that both air and O₂-fed CAPs possess high degradation potential for 

AFB1, while CP-O₂ treatment proves most effective to degrade FB1, probably due to the 

structural differences between the molecules. 

In summary, this paper highlights the significant impact and efficacy of remote plasma-

assisted approaches in promoting the decontamination of food from fungi and 

mycotoxins. It emphasizes the versatility of these soft physical decontamination 

methods, as they can be consistently applied regardless of the target of interest. 
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Conclusions and Perspectives  

The research carried out in this thesis has demonstrated how plasma technologies 

represent highly versatile and adaptable tools for agricultural systems. The entire work 

has been developed through a series of complementary research lines, which have made 

it possible to coherently and experimentally address issues related to crop protection, the 

sustainable use of plant protection products, the management of fungal and bacterial 

pathogens, and post-harvest food safety. The results obtained highlight how plasma, 

thanks to its non-thermal nature, its ability to generate reactive species, and its operation 

without solvents, can offer innovative solutions across the agricultural chain from seed 

coating to the treatment of agricultural materials. 

The first research area focused on the encapsulation of fungicides using plasma-

deposited films. The coatings obtained through plasma processing proved capable of 

effectively incorporating molecules such as prothioconazole, fludioxonil, and 

pyraclostrobin while preserving their antifungal properties. The studies conducted 

showed that the deposited films exhibit a hydrocarbon-based, carbon-rich structure 

containing oxygenated groups, which ensured the protection of the active compound. In 

vitro antifungal tests confirmed that the activity of the plant protection product persists 

even when it is incorporated into films of variable thickness, demonstrating that the 

plasma-deposited matrix does not hinder diffusion. Moreover, when prothioconazole was 

coated with a plasma-deposited film, larger inhibition halos against fungal growth were 

obtained. This approach not only reduces the direct and massive use of fungicide since 

the doses employed were lower than those used in the field, but also minimizes 

dispersion in soil, thereby contributing to reduced environmental impact and improved 

operator safety. 

From encapsulation on model substrates, the process was then validated on maize 

seeds. The transfer was carried out inside an atmospheric-pressure DBD reactor 

designed to treat hundreds of seeds uniformly. Tests on seeds coated with 

prothioconazole encapsulated within the plasma-deposited film confirmed the 

compatibility of the process with seed viability, showing that plasma treatment does not 

compromise germination. At the same time, agar tests conducted in the presence of 
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Fusarium graminearum demonstrated that the fungicide trapped beneath the film 

continues to exert significant protective activity, reducing fungal colonization compared 

to untreated seeds or seeds coated only with the barrier film. The coating acts as a 

protective barrier for the plant protection product, limiting losses due to abrasion or 

leaching—factors particularly relevant during transport, sowing, and storage. This 

technology could represent a starting point for application within industrial seed-coating 

processes, offering a safer and more environmentally friendly alternative to conventional 

treatments. 

Another experimental approach explored in this thesis involved the development of 

coatings containing Bacillus spores. This aspect of the research is particularly innovative, 

as no previous studies in the literature have demonstrated the possibility of embedding 

living cells—in this case, bacterial spores—within plasma-generated films while 

maintaining their viability. This result represents a paradigm reversal compared to what is 

commonly reported in the literature in this field. In fact, plasma is often proposed as a 

means to decontaminate surfaces from spores and bacteria. In the case examined in this 

thesis, however, plasma is employed with the aim of protecting the spores and enabling 

their subsequent germination. This is made possible by the use of a plasma capable of 

depositing a thin film that shields the spores from any germicidal species present in the 

plasma. 

The treated spores remained viable and capable of inhibiting Fusarium graminearum 

once released from the plasma-deposited film, producing inhibition halos comparable to 

control samples. This result opens new perspectives for seed treatments: the possibility 

of combining, within a single coating, both chemical molecules or biocontrol agents while 

modulating their release. Such an approach meets the growing need for sustainable, 

environmentally friendly, and biologically based crop protection strategies, offering a 

concrete alternative to synthetic pesticides or to chemical processes that are less 

environmentally respectful. 

In parallel with seed applications, the research extended the use of plasma technologies 

to granular agricultural materials, particularly zeolites loaded with essential oils known 

for their nematocidal activity, such as those from Allium sativum, Cinnamomum 

zeylanicum, and Ruta graveolens. Despite their efficacy, these compounds are 
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characterized by high volatility and poor long-term stability, properties that limit their 

direct use in the field. Plasma coating enabled the protection of essential oils from 

immediate evaporation, stabilizing them on the zeolite surface. Tests conducted on 

Meloidogyne incognita showed that coated zeolites maintained strong nematicidal 

activity and that film thickness likely influenced release kinetics, allowing their use in soil 

environments.  

Another major contribution was the development of zinc-based nanocomposite films 

through aerosol-assisted atmospheric pressure plasma jet deposition at Ghent 

University. Incorporating ZnO or zinc acetate into PEG-like matrices resulted on 

polyethylene coatings with strong antibacterial activity against Erwinia carotovora, a 

pathogen of great importance for horticultural crops such as potato. The same process 

was transferred onto wheat seeds, and its effectiveness was evaluated in terms of 

germination, plant length, and infection severity caused by three Fusarium species: F. 

graminearum, F. culmorum, and F. moniliforme. The results showed a reduction in 

infection levels across all coated seeds. The effectiveness demonstrated by these 

nanocomposites confirms that plasma-deposited films can become active tools not only 

for seed protection but also for the development of functionalized agricultural materials, 

such as mulching films or packaging surfaces. The possibility of modulating zinc content 

by adjusting deposition conditions gives the process substantial flexibility. Additionally, 

the fact that these materials were successfully tested on real substrates, such as wheat 

seeds, highlights both the robustness and the transferability of the method. 

The final chapter of the thesis addressed a critical issue for food safety: the 

decontamination of maize kernels from toxigenic fungi and mycotoxins using cold plasma 

for post-harvest applications. Tests conducted on Aspergillus flavus and Fusarium 

proliferatum  capable of producing aflatoxins (AFB1) and fumonisins (FB1) showed that 

remote treatments, plasma-treated gas, or plasma-treated water can significantly reduce 

conidial germination, with reductions ranging from 50% to 90%. Even more relevant is the 

demonstration that plasma can degrade mycotoxins such as AFB1 and FB1 directly on the 

food matrix, generating degradation metabolites that are structurally different and less 

toxic, thus confirming the effectiveness of oxygen- and nitrogen-reactive species-

mediated processes. The use of indirect exposure configurations also minimized 

potential side effects on kernel quality, preserving nutritional characteristics and 
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structural integrity. This is particularly important within the European regulatory 

framework, which prohibits chemical detoxification of food and allows only physical 

methods for treating contaminated raw materials. 

Taken together, the various research lines explored in this thesis demonstrate that plasma 

can serve as a transversal technology for agronomic innovation. Owing to its adaptability 

to different substrates, its ability to incorporate chemical and biological agents, its 

capacity to modulate the release of active compounds, and its role as a post-harvest 

decontamination tool, plasma technology shows enormous potential for future 

sustainable agriculture. It enables the reduction of pesticide use, the stabilization of 

natural molecules, the exploitation of biological agents, the functionalization of 

agricultural materials, and the improvement of food safety—all through solvent-free, 

energy-efficient processes that are compatible with living matter. 

Overall, this thesis confirms that plasma represents an innovative tool capable of 

responding to the emerging needs of modern agriculture: greater sustainability, reduced 

chemical inputs, enhanced use of biocontrol agents, crop protection, and improved food 

safety. Future perspectives involve the integration of these technologies into industrial 

processes, the optimization of operating parameters according to specific agricultural 

matrices, and the development of hybrid chemical–biological formulations that fully 

exploit the flexibility and non-thermal nature of plasma. 
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