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Chapter 1: Introduction 

 

1.1. Nanotechnology in agricolture  
 

The economy of most developing countries is based on agriculture, 

which has been fundamental to the rise of human civilization, with more 

than 60 percent of the population depending on it for their sustenance 

(Brock et al., 2011; Jan et al., 2020). To date, many factors such as 

climate changes, industrialization, use of resources, environmental 

issues such as the pesticide and fertilizer use, and increasing food 

demand caused by the growing population, place the agricultural sector 

in front of continuous challenges. In this context, nanotechnology has 

grown rapidly in recent years, and advances in the era of nanostructured 

materials and nanodevices have opened up new possibilities in many 

applications. By developing more efficient and less contaminant 

agrochemicals (nanoformulations), nanosensor for detecting biotic and 

abiotic stresses before they affect production (nanosensors), or new 

genetic manipulation techniques that allow more efficient plant 

breeding (Pérez-de-Luque and Hermosín, 2013; Fraceto et al., 2016) 

and allow active ingredients like pesticides, micronutrients, and 

elicitors to be delivered to plant roots, agriculture can benefit. 

Currently, the pesticides on the market help prevent the spread of pests 

and diseases in global trade and in stored agricultural products and also 
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the use of pesticides protect crops and prevent post-harvest losses, thus 

contributing to food security. However, despite their relevance in plant 

protection, more recently evidence of the severe impacts on the 

environment have emerged (FAO/WHO, 2016). In fact, most of the 

agrochemicals (including pesticides) applied to the crops are lost 

because of several factors including leaching, hydrolysis, photolysis, 

and microbial degradation. Consequently, a large part of agrochemicals 

does not reach the plant target site, and at the same time, they could 

cause groundwater and soil pollution with consequent damage to soil 

microorganisms, plants and animals (McKnight et al., 2015). The 

generation of drug delivery systems based on nanomaterials or 

nanoparticles (NPs) represents a potentially alternative to develop novel 

formulations to successfully fight fungal infections and overcome the 

fungal multi-resistance to existent drugs. The main advantage of these 

nanoformulations could be that they can protect the load from 

volatilization, infiltration, outflow, leaching and photo, chemio- or 

biodegradation. Moreover, nanoformulations offer a promising 

alternative in plant disease management and have many benefits over 

conventional products and approaches, which are associated with 

enhanced efficacy, reduced input, and lower eco-toxicity (Elmer and 

White, 2018; Sathiyabama and Manikandan, 2018).  

However, concerning the nanoformulation of agrochemicals, most of 

them have only been in vitro tested and many questions are still open. 

At first, several aspects need to be solved including the mechanisms of 
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internalization of NPs, sorting and targeting into plant and fungal cells 

according to morphology and physico-chemical properties of NPs.  

It has not been assessed whether the nanocarrier penetrates in fungal 

and plant cells and reaches root or leaf tissues releasing its load inside, 

or if the active compounds are released outside in proximity of the plant 

and fungus. Answering to these questions could hold the key for a 

definitive use of nanotechnology in agriculture. Currently, we find a 

reduced number of antifungal nanoformulations on the market, 

compared to traditional pesticides. Few chemical companies have 

recently advertised microencapsulated nanoscale pesticides for sale. 

Some Syngenta products in Switzerland (Karate ZEON, Subdue 

MAXX, Ospray's Chyella, Penncap-M) and Australia (Primo MAXX, 

Banner MAXX, Subdue MAXX) and microencapsulated pesticides 

from BASF, fall into this category (Prasad et al., 2017). In summary, 

nanotechnology in agriculture could offer enormous promise; however, 

most of the research studies are still ongoing and awaiting field assays 

and extensive testing. 

 

1.1.1. Biopolymeric nanoparticles  

 

The term nanoparticle is often used about any nanometre-sized particle. 

However, the International Union of Pure and Applied Chemistry 

(IUPAC) suggests a specific terminology for different types of 
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nanoparticles. As regards controlled delivery systems, IUPAC 

recognizes several types of nanoparticles (Fig. 1) including: 

nanocapsules, nanospheres, liposomes, dendrimers and micelles (Su 

and Kang, 2020).  

 

 

Figure 1: Schematic representation of the main types of nanoparticles used for 

drug delivery (Modified from Xu et al., 2013). 
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Nanocapsules (10-1000 nm) can encapsulate large amounts of drugs 

and nucleic acids. Nanosphere (20-200 nm) are typically made from 

biodegradable polymers. Liposomes (100-400 nm) are small spherical 

artificial vesicles typically made from lipid bilayers.  Micelles (10-100 

nm) are self-assembled amphiphilic particles that can encapsulate 

lipophobic or lipophilic compounds stabilized by surfactants. 

Dendrimers (3-20 nm) are monodisperse macro-molecules that can be 

utilized to covalently encapsulate or conjugate drugs (Xu et al., 2013). 

In particular, nanocapsules (Fig. 1a) are of interest for applications in 

the agronomic field. The active substance is confined within a cavity 

surrounded by a polymeric shell (Pascoli et al., 2018), but it can also be 

adsorbed on the outer surface of the shell. The release of the entrapped 

substances takes place by diffusion through the polymeric shell and is 

influenced by both the chemical composition of the shell and the 

encapsulation method, which in turn affects the shell's size, shape and 

thickness. 

Biodegradable nanovectors are particularly important both in the 

biomedical and agronomic fields, which are mainly applied in drug 

delivery for human’s therapy drugs and pesticides. The term 

“biodegradable” refers to materials of natural or synthetic origin that 

can be degraded in vivo, enzymatically or otherwise. The products of 

their degradation are not toxic, or at least the risk of toxicity can be 

defined as negligible and are able to enter the normal metabolic 

pathways. Therefore, they are defined as biocompatible materials, 
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remembering that biocompatibility is a property that must be related to 

the organism tolerability and the biological environment (Makadia and 

Siegel, 2011). 

Among these materials, PLGA (poly lactic-co-glycol acid) (Fig. 2) 

shows the greatest potential. It is characterized by high 

biocompatibility, physical resistance and ability to successfully 

transport drugs, proteins, nucleic acids and other macromolecules 

(Makadia and Siegel, 2011) and it is approved by the FDA (US Food 

and Drug Administration). PLGA is synthesized primarily by 

polymerization through opening of the cyclic diesters ring. This is the 

most used method thanks to the shorter times requested and the higher 

conversion rate of monomers (Stevanovic and Uskokovic, 2009). Since 

PLGA is a copolymer of PLA (poly lactic acid) and PGA (poly glycolic 

acid), both these components determine its chemico-physical 

properties. One of the advantages of using PLGA compared to other 

materials is the possibility of adjusting dosage and release of the cargo 

through alteration of some parameters such as molecular weight, the 

size of the vector, and the glycol/lactide ratio (Makadia and Siegel 

2011). Diffusion and bio-erosion are the two main mechanisms by 

which PLGA nanoparticles release the load. For what concerns the bio-

erosion, it has been shown that the water hydrolyses the copolymer, 

causing an increase in the matrix pore size, until the complete 

degradation of the nanoparticle. Furthermore, the water solubilizes the 

carrier's load, allowing it to spread through the pores of the matrix.  
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Figure 2: Structure of poly lactic-co-glycolic acid (x is the number of              

lactic acid units and y is number of glycolic acid units). 

 

1.2. Internalization mechanisms of 

biopolymeric nanoparticles in plants  

 

1.2.1. Endocytosis in plant cells 

A major pathway for membrane proteins, lipids, and extracellular 

molecules to enter a cell is endocytosis. New findings indicate that 

multiple cellular processes require endocytosis, including signaling 

transduction, nutrient uptake, and plant–microbe interactions (Qi et al., 

2018). Different endocytic pathways seem to be responsible for the 

endocytosis in animal cells, including phagocytosis, macropinocytosis, 

clathrin-mediated, and cavaeole-mediated endocytosis (Doherty and 

McMahon, 2009). Compared to the well-defined endocytic networks in 

animals, the understanding of endocytic mechanisms and their 
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physiological role in plants has lagged far behind. A variety of 

endocytic pathways also appear to be involved in endocytosis in the 

plant cells, and these may be clathrin-dependent or -independent (Fan 

et al. 2015). The last mentioned includes fluid-phase endocytosis, 

endocytosis associated with membrane microdomains, and 

phagocytosis-like uptake of rhizobia in plants (Malinsky et al., 2013). 

As in animal cells, clathrin-mediated endocytosis (CME) occurs 

through the invagination of clathrin-coated membranes, also called 

clathrin-coated pits (Fig. 3) (Fan et al., 2015). CME can be divided into 

five steps, as described extensively by Fan and collaborators in 2015: 

"CME can be divided into five steps. (1) Clathrin-coated endocytic 

vesicle formation begins with the association of adaptor protein 

complex 2 (AP2) with the plasma membrane (PM) via binding to 

phosphatidylinositol-4,5-bisphosphate [PI(4,5)P2]. (2) clathrin and 

unidentified accessory proteins are recruited by the membrane-

associated AP2. After initiation, AP2 binds to various cargo proteins 

through its s2 and m2 subunits. With the aid of accessory proteins, AP2 

continues to recruit clathrin, which polymerizes and forms a clathrin 

coat around the newly formed membrane invagination. (3) When the 

clathrin-coated vesicles (CCVs) mature, the GTPase dynamin-related 

protein (DRP) is recruited at the neck of the vesicle and (4) is 

responsible for the detachment of the vesicle from the PM. (5)”. After 

the vesicles have been peeled off, the coated components are 
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disassembled and the endocytic vesicles containing the cargo are 

released into the cytoplasm (Fan et al., 2015). 

 

 

 

Figure 3: A proposed model of clathrin-mediated endocytosis (CME) in 

plants (Modified from Fan et al., 2015). 

 

In clathrin-mediated endocytosis, an essential protein for vesicle 

detachment is dynamin, a GTPase protein (Fan et al., 2015). 

Nonetheless, in addition to clathrin-dependent endocytosis pathway, 

different researches have revealed several clathrin-independent 

pathways in plant cells, not all dependent on dynamin (Mayor and 

Pagano, 2007; Hemalatha and Mayor, 2019) (Fig. 4).  
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Figure 4: Classification system for endocytic mechanisms. A cargo protein 

can be endocytosed by either clathrin-dependent or clathrin-independent (CI) 

mechanisms. CI pathways can be further classified according to their 

dependence on the large GTPase dynamin (Modified from Mayor and Pagano, 

2007). 

 

In this context, recent studies have revealed microdomain-associated 

endocytosis (nanodomains associated to the plasma membrane rich in 

sterols and sphingolipids). Two membrane microdomain marker 

proteins are flotillin and remorin, and flotillin has been shown to 

participate in a clathrin-independent endocytic pathway in plant cells 

(Fan et al., 2015). The proteins flotillin may have a role in selecting 

lipid cargo for dynamin-independent endocytosis (Mayor and Pagano, 

2007). 
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Figure 5: Two endocytic pathways identified in plant, clathrin-mediated 

endocytosis (CME) and membrane microdomain-associated endocytosis 

(Modified from Fan et al., 2015). 

 

1.2.1.1. Dynasore, a dynamin inhibitor  

 

Dynamin is fundamental for clathrin-coated vesicle formation in 

endocytosis, in transport from the trans Golgi network, and for ligand 

uptake through caveolae (Haucke and Kozlov, 2018; Makaraci and 

Kim, 2018). In clathrin-mediated endocytosis, accumulating evidence 

suggests that dynamine is critical for the pinching and release of a 

completed clathrin-coated pit from the plasma membrane, which 
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becomes a fully enclosed coated vesicle. Infact, dynamin assembles like 

a collar on the neck of a budding pit, and the cooperative 

conformational change that accompanies GTP hydrolysis results in 

neck constriction and scission (Macia et al., 2006).  

Chemical inhibitors continue to be the most commonly used method to 

investigate endocytotic internalization mechanisms. Over the years 

several types of inhibitors have been investigated (Li et al., 2012), 

among them Dynasore has been shown to be extremely effective. 

Dynasore inhibits the GTPase activity of mitochondrial dynamin 

(Drp1), dynamin1, and dynamin2, but not those of other small GTPases 

in vitro. Consequently, Dynasore acts as a potent inhibitor of endocytic 

pathways known to depend on dynamin preventing the detachment of 

the coated vesicle from the membrane (Macia et al., 2006). 

 

1.2.2 NPs uptake in plant cells 

 

In the last decades, many studies have been conducted on the ability of 

nanomaterials to interact with eukaryotic cells (Farnoud and 

Nazemidashtarjandi, 2019). Currently, this ability is mainly utilized for 

nanomedicine applications, to deliver bioactive compounds to animal 

cells (Wang et al., 2021), and only recently researchers have been 

starting to explore the potential of nanocarriers in the field of plant 

biology (Sanzari et al., 2019). Different endocytic pathways appear to 
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be responsible for the internalization of NPs in animal cells, including 

macropinocytosis phagocytosis, clathrin-mediated, and cavaeole-

mediated endocytosis (Manzanares and Ceña, 2020). However, plant 

cells have the cell wall, an additional barrier outside the plasma 

membrane, so these results cannot be used to model internalization in 

plant cells. Several mechanisms have been suggested for NP uptake in 

plant cells (e.g., by binding to carrier proteins, through ion channels, 

aquaporins, by binding to organic chemicals in the environmental 

media or creating new pores) (Lv et al., 2019). It has been proven that 

the capability of NPs to penetrate the plant cells depends on both the 

plant species and NP composition (Etxeberria et al., 2016). The cellular 

uptake also depends on NP dimensions, in relation to the diameter of 

cell wall pores and endocytic vesicles (Varma and Dey, 2021) as a result 

that cell wall and plasma membrane are selective barriers that allow the 

entry into the plant cell only to NPs within a specific size range 

(Tripathi et al., 2017). TEM analyses carried out on grapevine cells 

suggest that PLGA NPs are internalized by endocytic vesicles (Valletta 

et al., 2014). TEM observations suggest that internalized PLGA NPs 

are able to creep into the matrix spaces of the cell wall. The use of 

labeled NPs, labeled endocytic vesicles and specific clathrin-dependent 

endocytosis inhibitors indicate that NPs enter in suspended cells of V. 

vinifera through clathrin-dependent and clathrin-independent 

endocytosis, with a prevalence of the first route on the second (Palocci 

et al., 2017). The absence of PLGA NPs into the vacuole was supported 
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by fluorescence and electron microscopy and this is particularly 

interesting for the application of PLGA NPs as carriers for the delivery 

of bioactive compounds into the plants. However, further studies are 

necessary to understand the mechanisms by which PLGA NPs penetrate 

the plant cell.  

 

1.2.3 NPs uptake in plant tissues and organs 

 

The uptake of nanomaterials by plants is affected by several factors, 

including the particle’s nature, but also the plant’s physiology and its 

interaction with its environment (Pérez-de-Luque, 2017). It has been 

suggested that size is an important limiting factor for NPs penetration 

into plant tissues, with plants usually allowing NPs to move and 

accumulate within cells no larger than 40-50 nm in size; as shown by 

the administration of Au-NPs spheres to Solanum lycopersicum roots, 

or Quantum Dots coated to poly(acrylic acid-ethylene glycol)  in A. 

thaliana leaves (Wang et al., 2016; Fincheira et al., 2020). In addition, 

the type of NPs, its chemical composition and its morphology are other 

factors that influence NPs uptake in plant (Raliya et al., 2016). It is 

possible to alter the properties of the nanomaterials by functionalizing 

and coating their surface, affecting how they are absorbed and 

accumulated in plants (Judy et al., 2012). Moreover, plant species may 

differ in their physiology, resulting in variations in NPs uptake; NPs 

also interact with the environment, which can affect their properties and 
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their possibility to be absorbed (Verma et al., 2021). In order to 

determine the effectiveness of nanomaterials to be internalized in 

plants, methods of application turn out to be crucial. NPs are absorbed 

into plants by the roots, which are specialized in absorbing nutrients and 

water, or by the leaves which are specialized in gas exchange through 

the stomata (Fig. 6 A and B). Two ways for nanoparticles to move 

through tissues are available once they penetrate the plant: the apoplast 

and the symplast (Fig. 6 C). Apoplastic transport occurs through the cell 

wall, and in the extracellular spaces (Sattelmacher., 2001), while 

symplastic transport occurs within adjacent cells' cytoplasm through 

plasmodesmata (Roberts and Oparka, 2003) and sieve plates (Roberts 

and Oparka, 2003). The movement of NPs toward the root central 

cylinder occurs by means of apoplastic transport, which promotes the 

movement of NPs toward the aerial part of the plant following the 

transpiration flow through the xylem (Sanzari et al., 2019; Sun et al., 

2014).  

Before reaching the xylem, the NPs must cross the endodermis through 

the symplastic pathway.  In the endodermis, the Casparian strip, can 

stop the passage of NPs that accumulate, such as the case of mesoporous 

silica nanoparticles and ZnO nanoparticles. (Sanzari et al., 2019). For 

foliar applications, nanomaterials could enter through stomata or cross 

the cuticle barrier through either lipophilic or hydrophilic pathways. A 

lipophilic route involves diffusion through the cuticular wax, whereas 
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a hydrophilic route involves the polar aqueous pores in the cuticle 

and/or stomata (Lv et al., 2019).  

 

Figure 6: Nanoparticles absorption, uptake, transport, and penetration in 

plants. (A) Nanoparticle characteristics influence their absorption and 
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translocation, as well as the method of application. (B) Tissues and barriers in 

roots or leaves that must be passed through before nanoparticles can be taken 

up by vascular tissues. In soil, microorganisms and compounds can facilitate 

or hinder nanoparticle taking up. (C) For moving up and down, nanomaterials 

can follow apoplastic and/or symplastic pathways, and can switch from one 

pathway to another by radial movement. (D) Nanoparticles can be internalized 

through different mechanisms, such as pores, endocytosis, carrier proteins, and 

plasmodesmata (Modified from Pérez-de-Luque, 2017). 

 

Internalization of NPs by the plant cell and crossing of the plasma 

membrane are required for them to enter the symplastic pathway (Fig. 

6 D). There are various ways for nanoparticles to do this (Pérez-de-

Luque, 2017): 

• Endocytosis: the plasma membrane invaginates, incorporating 

NPs, giving rise to a vesicle that can reach different cellular 

compartments.  

• Pore formation: NPs can induce the formation of pores in the 

plasma membrane throught carrier proteins: NPs bind to cell 

membrane proteins that act as carriers for internalization. 

Aquaporins, for instance, were suggested as nanomaterial 

transporters in the cell, but their tiny pore sizes (ranging 

between 2.8 and 3.4 Å) make them unlikely to penetrate NPs. 

• Ion channels: there is only the possibility for small NPs to 

successfully cross the membrane by exploiting ion channels, 
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but these channels have a size of about 1 nm so this is the upper 

limit. 

• Plasmodesmata: this involves specialized structures for 

transporting nanomaterials, which are already within the 

symplast, between cells. 

However, any mechanism will use the NPs to get to the vascular tissues 

then they will accumulate in the leaves, flowers and fruits. 

 

1.2.4 Arabidopsis thaliana: model plant selected for the NPs 

uptake studies 

Arabidopsis thaliana (Fig. 7) is a small, annual, rosette plant. It is a 

member of the Brassicaceae family, in the eudicotyledon group of 

angiosperm vascular plants, and it is distributed in Asia, Europe, and 

North America (Kramer, 2015). Several different ecotypes have been 

harvested and are available for experimental analysis. The accepted 

ecotypes for genetic and molecular studies are Columbia and Landsberg 

(Meinke et al., 1998). The full life cycle (seed germination, formation 

of a rosette plant, bolting of the main stem, flowering, and maturation 

of the first seeds) takes place in a short period of time about 6 weeks 

(Fig. 7). In terms of size, the flowers are 2 mm long, self-pollinate at 

bud opening and may be easily crossed by applying pollen to the stigma. 

The fruits, called siliques, produce 0.5 mm long at maturity seeds. 

Seedlings grow in rosette plants from 2 to 10 cm in diameter, based on 
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growth conditions. Small unicellular hairs, called trichomes, cover the 

leaves and are convenient models for studying cell morphogenesis and 

differentiation (Meinke et al., 1998). In a greenhouse or in climate 

chamber, plants can be cultured in petri plates or grown in pots. 

Flowering is rapid and, prior to senescence, the inflorescence forms a 

progression of flowers and siliques for several weeks (Meinke et al., 

1998). Four green sepals form the outer whorl, and four white petals 

compose the inner whorl of the flowers. The flowers have six pollen-

bearing stamens and a gynoecium forming the silique. Hundreds of 

siliques with more than 5000 seeds are produced by the mature plants, 

which reach about 20 cm in height. The roots are easy to investigate in 

culture, have a simple structure, and do not establish symbiotic 

relationships with nitrogen-fixing bacteria (Meinke et al., 1998). 

Currently, several studies have been carried out using A. thaliana as a 

model plant (Chapter 3). For these reasons, A. thaliana has been chosen 

as model plant for NPs uptake studies. 
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Figure 7: Arabidopsis thaliana. (A) A. thaliana at different stages of its life 

cycle. (B) A. thaliana flower (C) pollen grain (scanning electron 

micrograph) and (D) mature siliques (seed pods; left: closed; right: open with 

a few remaining unshattered seeds) (modified from Krämer, 2015). 
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1.3 Uptake of PLGA NPs in plant pathogenic 

fungi: is it a sustainable strategy for pest 

management?  

Fungi have developed a multitude of strategies to colonize plants, and 

these interactions result in a wide spectrum of consequences ranging 

from beneficial interactions to death of the host. Regarding plant 

pathogens, fungi represent probably the most diversified group of 

ecologically and economically relevant threats. The plant pathogen 

fungi belong mainly to the phyla Ascomycota and Basidiomycota. 

Fungal infections cause a wide spectrum of disease symptoms. 

Conventionally, fungal plant pathogens are classified into two main 

groups: biotrophic pathogens, which form intimate interactions with 

plants and can persist in and use living tissues (biotrophs), and 

necrotrophic pathogens, which kill the tissue to draw out nutrients 

(necrotrophs). In addition to these two groups, there are hemibiotrophic 

pathogens, which start as biotrophs and then switch to become 

necrotrophs (Doehlemann et al., 2017). Plant pathogenic fungi have 

been a destructive threat over the history of agriculture. Some of these 

include Botrytis cinerea, which is responsible for “gray mould" 

(Bolívar-Anillo et al., 2020); and Aspergillus species that are not 

considered primary causes of plant diseases but are found as 

opportunistic storage moulds (Varga et al., 2007). Even if in modern 



22 
 

agriculture most fungal pathogens can principally be controlled by 

modern crop management, massive outbreaks still occur with 

devastating yield losses. New sustainable strategies to control plant 

pathogenic fungi in agriculture is necessary. Some studies in which 

nanoformulates have been used to control harmful fungi is reported in 

chapters 4 and 5. B. cinerea and Penicillium expansum can be 

significantly inhibited by zinc oxide nanoparticles (He et al., 2011); 

NPs self-assembled from fungicide fenhexamid and 

polyhexamethylene biguanide have shown high antimicrobial activity 

against B. cinerea, and Sclerotinia sclerotiorum (Tang et al., 2021); 

Aspergillus niger is more susceptible to carvacrol and thymol essential 

oils loaded into mesoporous silica nanoparticles (Bernardos et al., 

2015); and cyazofamid encapsulated in PLGA NPs inhibited 

Phytophthora infestans zoospore release and reduced tomato leaf 

infection (Fukamachi et al., 2019). 

 

 

1.3.1 Botrytis cinerea 

 

Botrytis cinerea (Fig. 8) is a necrotrophic fungus and is considered the 

second most important plant pathogen in the world, making it one of 

the most studied fungal phytopathogens (Dean et al., 2012). It causes 

diseases known as ‘‘grey mould’’ which are responsible for 

considerable economic damage (Bolívar-Anillo et al., 2020). This 
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parasite attacks the green and particularly rich in water tissues, but not 

the lignified ones (Coertze et al., 2001). The infection appears as 

chlorotic spots that progressively become brown and develops necrosis. 

Leaf infection is characterized by the typical grey mould; on shoots, 

brownish areas appear with necrotic lesions and longitudinal striations. 

B. cinerea germination occurs in a temperature ranging between 5 and 

30 °C, with an optimum of about 15 °C, after 15 hours of wetting. In 

fact, prolonged rain and high relative humidity are the ideal conditions 

for the development of this pathogen (Zitter, 2005). 

B. cinerea has a broad host range that causes severe pre- and post-

harvest losses, so it has an evident global impact on plants and plant 

products. For instance, B. cinerea infect grape inflorescences at 

flowering stages (beginning, full, and end of flowering) (Ciliberti et al., 

2015). Similarly, in blueberries, flowers are more susceptible from 

preflowering to full bloom (Abbey et al., 2019). Although flower 

infection on the field is significant, B. cinerea is the most important 

postharvest pathogen of table grapes because of the massive economic 

losses due to berry wilt, rot and biochemical alteration that reduce the 

quality of wine (Abbey et al., 2019). 
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Figure 8: Botrytis cinerea, etiological agent of gray mold. A) Conidia of B. 

cinerea, B) scanning electron micrograph of B. cinerea infection on a leaf C) 

gray mold on V. vinifera bunch.  

(Figure source: https://www.microbiologiaitalia.it/micologia/botrytis-cinerea-

la-muffa-nobile-e-i-vini-botritizzati/; 

https://www.sciencephoto.com/media/14714/view/grey-mould-sem;  

https://it.wikipedia.org/wiki/Botrytis_cinerea)  

 

 

1.3.2 Aspergillus section Nigri 

Black aspergilli (Aspergillus section Nigri) include 28 accepted species, 

among them, Aspergillus niger, A. tubingensis, A. heteromorphus, A. 

ellipticus, A. carbonarius, A. brasiliensis, A. japonicus and A. 

aculeatus. Aspergillus species are mostly found as opportunistic storage 

molds, although they are not considered primary causes of plant 

diseases. Several agricultural products, including grape-derived 

products, coffee, and cocoa (Varga et al., 2007), are defiled by 

mycotoxins from their presence, the most important of which are 

https://www.microbiologiaitalia.it/micologia/botrytis-cinerea-la-muffa-nobile-e-i-vini-botritizzati/
https://www.microbiologiaitalia.it/micologia/botrytis-cinerea-la-muffa-nobile-e-i-vini-botritizzati/
https://www.sciencephoto.com/media/14714/view/grey-mould-sem
https://it.wikipedia.org/wiki/Botrytis_cinerea
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ochratoxin A and aflatoxins (Perrone and Gallo, 2017). Different 

species are frequent in vineyards and are often associated with bunch 

rot. For example, A. niger is the main cause of Aspergillus rot in grapes 

before harvest and also A. brasiliensis had been isolated from grapes. 

The ochratoxin A producted by A.  carbonarius and A.  niger has been 

detected in grapes and grape products causing substantial economic loss 

(Leong et al., 2004) and having a negative impact on human health. 

Some Aspergillus species, mainly A. flavus, A. brasiliensis and A. niger, 

have long been noted as important pathogens in ocular infections, 

especially keratitis (Makijandan et al., 2010) and A. niger and A. 

brasiliensis were considered the main Aspergillus  species  that causes 

otomycosis (Sarvestani et al., 2022). For these reasons, it is 

indispensable to find a strategy to successfully combat Black Aspergilli 

infections. 

 

1.3.3 Antifungal compounds loaded in NPs to be used against 

pathogenic fungi 

1.3.3.1 Fluopyram and pterostilbene 

In 2010, Bayer Crop Science introduced Fluopyram, a new 

pyridinylethylbenzamide fungicide. Fluopyram is highly efficacious in 

controlling a wide variety of pathogens (B. cinerea, Sclerotinia spp, 

Monilia spp) for more than 70 crops, including vines and table grapes, 

https://www.sciencedirect.com/topics/medicine-and-dentistry/aspergillus-niger
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vegetables and field crops, pome, and stone fruits (Zhang et al., 2014). 

Fluopyram has been registered in many countries including China, 

USA, and Canada, and it is widely used due to its high successful. This 

fungicide has broad-spectrum activity because it inhibits the ubiquitous 

enzyme succinate dehydrogenase (SDH), which is a key element of 

mitochondrial electron transport in fungal pathogens' tricarboxylic acid 

cycle (Avenot et al., 2014). Globally, over-application of fungicides 

causes food safety concerns and ecological risks despite offsetting yield 

loss (Wei et al., 2016). The LD50 value of fluopyram for mammals 

ranked it as a low toxic compound, but it is also highly endocrine 

disrupting (EDC) causing side effects on human and wildlife endocrine 

systems at trace levels (Skolness et al., 2011). Recent research has also 

found that this fungicide alters soil microbial diversity, resulting in poor 

soil health (Zhang et al., 2014). Due to the imbalance of the associated 

agricultural ecosystem, excessive and constant application of 

fluopyram may pose a threat to human health (Wei et al., 2016). An 

innovative solution to reduce the risks caused by excessive application 

of fluopyram in agriculture could be the delivery of this pesticide 

through nanoformulates. In vitro fungal tests revealed that fluopyram-

loaded nanofibers inhibited fungal growth of Alternaria lineariae 

(Pirzada et al., 2020). However, to date, few studies on the 

administration of this pesticide in nanoformulation are available.  

Currently, numerous studies are directed in the search for natural 

bioactive compounds that counteract the spread of fungal plant 
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pathogens with reduced harm to humans and the environment, these 

include pterostilbene. Plant extracts have traditionally been used for the 

treatment of several diseases due to their various medicinal activities, 

such as anti-proliferative, antifungal, antimicrobial, anti-inflammatory, 

anti-androgenic, antioxidant, and others (Simonetti et al., 2018). 

Roots, leaves, stems, flowers, and fruits of medicinal plants are used in 

Ayurvedic medicine as well as European, Asiatic and Russian, and folk 

medicine to treat different infections caused by fungi, bacteria, virus, 

parasite, as well as metabolic disorders (Chuang et al., 2007). Plant 

extracts contain a multitude of biologically active molecules of 

pharmaceutical interest, but only a small percentage of plants have been 

explored for their antifungal activity. Pterostilbene (PTE; trans-3,5-

dimethoxy-4′-hydroxystilbene), a trans-stilbene compound, is a 

methylated derivative of resveratrol which has a higher, more stable 

bioavailability than resveratrol (Zhao et al., 2021). PTE has a number 

of biological activities, such as antioxidation, lowering blood lipids and 

blood glucose, fungi inhibition and anti-tumorigenesis (Tsai et al., 

2017). In addition, it has a variety of preventive and therapeutic effects 

on cardiovascular diseases, neurological diseases, metabolic diseases 

and blood diseases (Liu et al., 2019). Li et al., (2014) reported that PTB 

has a strong in vitro and in vivo activity against C. albicans biofilm. 

They also demonstrated the antifungal activity of PTB against plant 

fungal pathogens, such as Phomopsis viticola, P. obscurans, and B. 

cinerea. Simonetti et al., (2019) demonstrated that Anti-Candida 
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biofilm activity of PTB loaded PLGA NPs was higher than free 

formulations. Other information about the effect of PTB in plants can 

be found in chapters 4 and 5. PTB showed high bioavailability and no 

toxicity and for these reasons it is a promising compound for use in 

agriculture against pathogenic fungi. Nanotechnology combined with 

synthetic or natural compounds (e.g., fluopyram or pterostilbene, 

respectively) could offer an intelligent solution for crop disease control. 

It has been shown that compared with free oils, chitosan nanoparticles 

loaded with clove oil exhibited improved performance against A. niger 

isolated from spoiled pomegranates (Hasheminejad et al., 2019). 

Compared to pure fungicide, chitosan-pectin nanoparticles containing 

carbendazim were more effective against Fusarium oxysporum and 

Aspergillus parasiticus (Kumar et al., 2017); Polyethylene glycol 

(PEG) nanoparticles encapsulated with azomethine enhanced in vitro 

inhibitory activities against Sclerotium rolfsii, Rhizoctonia bataticola, 

and Rhizoctonia solani. (Mondal et al. 2017). Nanotechnology could 

increase agrochemical efficiency and reduce the indiscriminate use of 

conventional pesticides through their controlled delivery, protecting the 

encapsulated active ingredients from premature degradation or 

increasing their efficacy for a longer period. 
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Chapter 2: Project aims 

In this PhD project, PLGA NPs were used for a dual purpose. The first 

one was to clarify the mechanisms of internalization of PLGA NPs, 

sorting and targeting into plants and fungi according to morphology and 

physico-chemical properties of NPs. The second one was to use NPs as 

vectors for the delivery of antifungals directed against plant pathogenic 

fungi that cause immeasurable economic damage to agriculture every 

year.  

The main objectives of this research are summarized as follows: 

1) to study the mechanism of endocytosis of PLGA nanoparticles 

(PLGA NPs) in plants, A. thaliana cultured cells and seedlings have 

been used as model systems. In plant cells the major route for the 

internalization of PLGA NPs seems to be clathrin-mediated 

endocytosis, which starts with the formation of clathrin-coated 

membrane invaginations, also termed clathrin-coated pit. An essential 

protein for vesicle detachment is dynamin, a GTPase protein. However, 

in addition to clathrin-dependent endocytosis pathway, emerging 

researches have revealed several clathrin-independent pathways in 

plant cells, not all dependent on dynamin. To investigate the uptake of 

NPs, a fluorescent molecule, coumarin-6, was selected to be loaded into 

the NPs and followed in the pathway by microscopy. Briefly, 30 nm 

NPs were synthesized by the microfluidic method, loaded with the 

coumarin-6 fluorescent probe (Cu6-PLGA NPs), administered to plant 
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cultured cells and seedlings, and observed by confocal microscopy at 

different times after administration. In addition, to investigate the 

mechanism/s of PLGA NPs uptake, the dynamine inhibitor Dynasore 

was tested on Arabidopsis cultured cells and seedling roots before the 

administration of NPs (manuscript in preparation). 

 

2) The second objective is the study PLGA NPs uptake in B. cinerea 

and Aspergillus section Nigri and the use of natural or synthetic 

compounds antifungal activity entrapped in PLGA NPs against B. 

cinerea conidia and mycelium and A. brasiliensis biofilm. 

In order to examine the nanoparticle uptake, B. cinerea conidia and 

mycelium and A. brasiliensis conidia mycelium and biofilm were 

treated with PLGA NPs uploaded with high fluorescent probe 

coumarin-6 (Cu6-PLGA NPs) and microscopically analyzed using the 

ApoTome fluorescence microscope. In order to examine whether 

PLGA NPs could be used as an attractive strategy for integrating plant 

disease management, pterostilbene and fluopyram were encapsulated in 

PLGA NPs and administered at different stages of the development of 

B. cinerea to investigate their antimicrobial activity. In addition, 

pterostilbene encapsulated in PLGA NPs was tested for antifungal 

ability against A. brasiliensis biofilm. The results of this research led to 

the publication of two papers (chapters 4 and 5). 
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Chapter 3:  

Biopolymeric PLGA nanoparticles uptake in Arabidopsis 

cultured cells and plantlets 

 

De Angelis Giulia, Badiali Camilla, Possenti Marco, Chronopoulou 

Laura, Palocci Cleofe, D’Angeli Simone, Brasili Elisa*, Pasqua 

Gabriella. 

 

Introduction 

Biopolymeric nanoparticles for the delivery of bioactive substances are 

an increasingly promising strategy in the agronomic field (Fortunati et 

al., 2019). The use of biodegradable Poly lactic-co-glycolic acid-

Nanoparticles (PLGA NPs) has shown great potential as drug delivery 

carrier due to their proven biocompatibility and biodegradability 

(Makadia and Siegel, 2011). Nevertheless, few information is available 

on the absorption, uptake, moving and interaction processes of 

nanoparticles in plant systems (Pérez-de-Luque, 2017). In addition, 

tracking of these systems inside plants requires complex probe tagging 

strategies (Proença et al., 2022). Most of the studies on PLGA NPs have 

been carried out on mammalian and human systems and few 

information is available about the PLGA NPs uptake plant cells 

(Valletta et al., 2014; Palocci et al., 2017; Chronopoulou et al., 2019). 

Transmission Electron Microscopy (TEM) analyses carried out on 



45 
 

grapevine cells suggest that PLGA NPs are internalized by endocytic 

vesicles (Valletta et al. 2014). 

The most investigated and validated mechanism for the cargo molecules 

internalization in cells seemed to be clathrin-mediated endocytosis 

(CME), however the endocytic pathway in plants is poorly 

characterized and its hypothesized mechanism is largely inferred from 

studies in mammalian and yeast systems, where CME components are 

highly conserved (Narasimhan et al., 2020). The process of CME begins 

with the formation of clathrin-coated membrane invaginations, also 

known as clathrin-coated pits. An essential protein for vesicle 

detachment is dynamin, a GTPase protein (Fan et al., 2015). 

Nonetheless, in addition to the clathrin-dependent endocytosis 

pathway, different researches have revealed several clathrin-

independent pathways in plant cells, not all dependent on dynamin 

(Mayor and Pagano 2007). Clathrin-independent pathways have been 

implicated in studies of tobacco (Nicotiana tabacum) cells grown in 

suspension cultures (Onelli et al., 2008) and in epidermal cells of 

Arabidopsis root (Li et al., 2012), but neither of these pathways has 

been well characterized with respect to the identity of cargo handled or 

the endocytic mechanisms below the epidermis. Through fluorescence 

microscopy, it has been established that PLGA NPs can enter grapevine 

leaf tissues through stomata openings and that they can be absorbed by 

the roots and transported to the shoot through vascular tissues. In 

addition, in grapevine, cells PLGA NP-containing vesicles were 
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observed exclusively in the cytoplasm, the absence of PLGA NPs in the 

vacuoles suggested that the mechanism clathrin-independent 

endocytosis might have been the main internalization pathway (Valletta 

et al., 2014).  The results obtained by administering PLGA NPs to 

grapevine cells, after treatment with clathrin-dependent endocytosis 

inhibitors ikarugamycin and wortmannin, led to the hypothesis that 

PLGA NPs uptake largely follows the clathrin-independent endocytic 

route (Palocci et al., 2017). But the question remained open, because 

these inhibitors are not chemical modulators of protein trafficking 

components involved in early steps of CME (Mishev et al., 2013). 

Ikarugamycin is an antibiotic with antiprotozoal activity that exhibited 

strong cytotoxicity (Minamidate et al., 2021). Ikarugamycin caused 

redistribution of the clathrin heavy chain and the adaptor protein 2 

(Elkin et al., 2016), however, its precise mechanism of action remains 

unclear. Wortmannin is an inhibitor of phosphatidylinositol-3 kinase a 

component essential for the formation of internal vesicles (Robinson 

et al., 2008). Treatment with wortmannin, leads to a perturbation of 

receptor recycling in yeasts and mammals (Arighi et al., 2004). Further 

studies about endocytic mechanisms in plant cells and tissues are 

indispensable to shed light on the uptake of molecules in plants. 

It's important to highlight that not all the clathrin-independent pathways 

require dynamin activity. Differently, the clathrin-dependent pathway 

is closely linked to the activity of dynamin (Fan et al., 2015). In 2006, 

Macia et al., screened about 16,000 small molecules identifying 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/antiprotozoal-activity
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/clathrin
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Dynasore, that interferes in vitro with the GTPase activity of dynamin1, 

dynamin2, and Drp1, the mitochondrial dynamin, but not of other small 

GTPases. Dynasore acts as a potent inhibitor of endocytic pathways 

known to depend on dynamin by blocking the GTPase activity of 

dynamin by preventing vesicles from detaching from the membrane and 

rapidly blocking coated vesicle formation in HeLa cells transferrin 

uptake (Macia et al., 2006).  

In the present study PLGA NPs uptake has been carried out in A. 

thaliana cultured cells and in 10-day-old plantlets. PLGA NPs were 

loaded with the fluorescent probe coumarin6 (Cu6-PLGA NPs) and 

administered in aqueous suspension to cells and to A. thaliana seedling 

roots. To clarify whether Cu6-PLGA NPs penetrated plant cells through 

the dynamin-like-dependent or dynamin-like-independent endocytic 

pathway, the inhibitor Dynasore was used both in experiments in 

cultured cells and in plant roots. In addition, we investigated the 

possible mechanisms of PLGA NPs translocation at a distance. 

 

Materials and methods 

 

PLGA NPs preparation  

As reported previously (Chronopoulou et al., 2014), microfluidic 

preparation of PLGA NPs with a diameter of 30 nm, empty or 

entrapping coumarin 6 was performed. At a flow rate of 50 μL min−1, 
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PLGA (2 mg mL−1) was dissolved in acetone and injected into the 

middle channel of a microfluidic reactor. For the preparation of 

fluorescent NPs, Coumarin 6 was added in a ratio of 1:50 with respect 

to PLGA. Water was injected in the two side channels of the reactor at 

a flow rate of 2000 µL min−1. The dispersed and continuous phase meet 

in a cross junction and nanoprecipitation occurs in the successive outlet 

mixing channel, at whose end PLGA-based NPs can be recovered. 

Under reduced pressure, organic phase was eliminated, and PLGA-

based NPs were stored at 4 °C until used.  

 

 

Plant growth conditions 

Arabidopsis thaliana (L.) Heynh var. Columbia (Col-0) seeds were 

used the experiments. Plantlets were vertically grown in petri dishes 

and in aseptic conditions for 10 days on solid Murashige and Skoog 

medium in a controlled environment chamber under a photoperiod of 

16/8 h (light/dark) and at 26 ± 1 °C (photon flux density, 70 µmol m−2 

s−1).  

 

Cell suspension cultures 

According to May et al., 1993, callus formation was induced by placing 

stem explants on agarised medium (Gamborg B5, Glc 2% [w/v], agar 

0.8% [w/v], Mes 0.5 g/L, 2,4-D 0.5 mg/L, kinetin 0.05 mg/L), 

maintained in a growth chamber at 26 ± 1 °C under continuous darkness 
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and subcultured every 25 days. Suspension cultures were obtained by 

inoculation of 300 mg of rapidly dividing, friable, white callus into 50 

mL of Murashige and Skoog medium containing 0.5 mg/L 

naphthaleneacetic acid, 0.05 mg/L kinetin, 3% (w/v) sucrose, and 

incubated on a rotary shaker at 100 rpm (May et al., 1993). Cell 

suspensions were subcultured every 25 days for 3 months by decanting 

60% of the medium and replacing it with fresh medium. The pH of all 

media was adjusted to 5.6 by adding 1N NaOH before autoclaving at a 

temperature of 121 °C and 1 atm for 20 min.  

 

Uptake experiments in cultured cells and plantlet roots  

PLGA NPs in aqueous suspension were sonicated for 30 minutes before 

adding them to the A. thaliana Col-0 cell suspensions and plantlets. 

For the culture cell experiments, Cu6-PLGA NPs were added to the 

liquid culture media at a final concentration of 15 mg L-1 (at day 10 of 

subculture) incubating them under continuous darkness on a rotary 

shaker at 100 rpm.  The observations were carried out at different times 

after Cu6-PLGA NPs supplementation: 0 min, 10 min, 30min, 1h, 2h, 

24h.  

Dynasore (purchased from Sigma-Aldrich, Milan, Italy) was added to 

cultured cells to a final concentration of 80 or 160 µM to investigate 

whether the Cu6-PLGA NPs endocytic process is prevented from this 

inhibitor. Cells were incubated with Dynasore for 10 or 30 min and then 

Cu6-PLGA NPs were added to cell suspensions (15 mg L-1 final 
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concentration) and cells were observed at confocal microscope 10 

minutes later.   

For the root uptake experiments, A. thaliana plantlets were transferred 

from agarized medium to multiwell plate (6 plates) filled with 5 ml of 

liquid culture media, being careful not to damage the roots, and Cu6-

PLGA NPs were added to the medium at a final concentration of 15 mg 

L-1 under continuous darkness on a rotary shaker at 100 rpm.  To 

evaluate Cu6-PLGA NPs absorption, confocal microscopy 

observations were carried out at 0 min, 10 min, 30 min, 80 min, 5 h. To 

investigate the root endocytic uptake of NPs, Dynasore was added to 

plantlets to a final concentration of 80, 160 or 320 µM. Specifically, 

plantlets were incubated with Dynasore for 30 min, 60 min and 120 min 

and then the roots were treated with 15 mg L-1 of NPs and were 

observed at confocal microscope 10 minutes later.   

 

Cytotoxicity test 

Propidium iodide water solution (12,5 g/ml) was used. Plantlet roots 

treated with different Dynasore concentration and timing, were 

mounted on microscope slides and root cells viability was assessed by 

confocal microscopy. Cells were considered nonviable if propidium 

iodide filled the cytoplasm; cells were considered viable if propidium 

iodide was excluded. The excitation wavelength of the reader was 530 

nm with an emission filter of 620 nm.  
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NPs translocation analysis  

To investigate the translocation of PLGA NPs within the plantlets, 13 

days old plantlets showing 1.5/2 cm root length, were transferred from 

the petri dish into eppendorf. The roots were placed in contact with 

liquid HF medium. Following one hour of treatment with Cu6-PLGA 

NPs in liquid culture media (15 mg L-1), the aerial part of the plantlets 

was excised, placed on a microscope slide, and observed with 

ApoTome fluorescence microscopy.  

 

Confocal microscopy  

In order to investigate the uptake of Cu6-PLGA NPs by cells, 

differential interference contrast (DIC) and confocal microscopy were 

used.  The analyses were performed on an inverted Z.1 microscope 

(Zeiss, Germany) equipped with a Zeiss LSM 700 spectral confocal 

laser scanning unit (Zeiss, Germany). For 6 coumarin detection, a 488 

nm, 10 mW solid laser with an emission wavelength of 520 nm was 

employed, while for propidium iodide detection, a 555 nm, 10 mW 

solid laser with an emission split at 550 nm/LP 640 was employed. 

 

ApoTome fluorescence microscopy 

Image analysis was conducted with an Axio Imager M2 fluorescence 

microscope equipped with an Apotome 2 module (Zeiss, Germany), a 

fringe projection module, motorized on the 3 axes, using a FITC filter 
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(λ excitation BP 455-495 nm; λ emission BP 505-555 nm) for Cu6-

PLGA NPs treated cell and roots 

 

Results and Discussion 

 

PLGA NPs uptake in cells and roots 

Cu6-PLGA NPs (30 nm) at a concentration of 15 mg L-1, were able to 

be rapidly internalized by A. thaliana cultured cells (Fig. 1), as revealed 

by the small highly fluorescent round bodies (endosomes) and a low 

diffuse background observed after 10 min by confocal microscopy. At 

increasing of observation times (30 min), these bodies were coalescing 

by appearing to be less numerous and greatest.  NPs were accumulated 

in the cytoplasm and seemed to be stable over time: at 24 h from Cu6-

PLGA NPs treatment, the fluorescence distribution pattern was similar 

to the one observed at 60 min. In some cells, at different times, cells 

with larger spherical bodies were observed as shown in Fig. 1g. The 

treatment with Dynasore, at 80 µM (Macia et al., 2006) or 160 µM for 

10 minutes before the addition of 15 mg L-1 NPs did not prevent the 

NPs uptake, as revealed by fluorescence visible in the cytoplasm and in 

spherical vesicles (Fig. 1h and i).  
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Fig 1. Cell suspension cultures of A. thaliana treated with 30 nm NPs 

and observed at confocal microscope at different times (a: 0 min; b: 10 

min; c: 30 min; d: 1 hour; e: 2 hours; f: 24 hours). Fluorescence is 

localized within spherical bodies. g: arrows indicate big spherical 

bodies observed in some cells at different times. h; i: A. thaliana 

suspended cells observed by confocal microscopy after treatment with 

Dynasore at 80 µM (h) or 160 µM (i) for 10 minutes before the addition 

of 15 mg L-1 NPs. Fluorescence in the cytoplasm and vesicles are still 

visible. Merge (brieght field / fluorescence) images. The scale bar 

represents 10 µm. 

 



54 
 

The confocal microscopy analysis of in vitro A. thaliana plantlet roots, 

showed that 15 mg L-1 Cu6-PLGA NPs penetrated in the roots in a few 

minutes after the treatment (Fig. 2). In particular, Cu6-PLGA NPs 

penetrated through the root hairs already 10 min after treatment (Fig. 

2a), and at longer times (30 and 80 min), fluorescence was visible not 

only in the root hairs but in almost all cells of the epidermis (Fig. 2b, 

2c and 2d). Cu6-PLGA NPs remained at the level of the epidermis also 

after 5 hours (Fig. 2e). The treatment with Dynasore at 80 or 160 µM 

for 30 and 60 minutes before the addition of 15 mg L-1 Cu6-PLGA NPs 

for 10 minutes did not prevent the uptake of NPs observed in the 

epidermis (Fig 3a, b, c, d).  Even treating the roots with a higher 

concentration of Dynasore (320 µM) for 30 and 60 minutes before Cu6-

PLGA NPs treatment, intense fluorescence continued to be visible in 

the root epidermis (Fig. 4a, b). Differently, the treatment with 320 µM 

of Dynasore for a longer time (120 minutes) before the addition of NPs, 

caused the absence of the fluorescent signal in the root cells (Fig. 5a). 

The cytotoxicity test with propidium iodide showed that the root cells 

were not viable after 120-minute treatment with Dynasore at the highest 

concentration (320 µM) (Fig. 5b). Consequently, the absence of 

fluorescence in the epidermis root cells was not caused by inhibition of 

Cu6-PLGA NPs uptake but was due to the inability of Cu6-PLGA NPs 

to enter into the cells since they were dead. It is known that propidium 

iodide is a membrane-impermeable dye that is generally excluded from 

viable cells and, conversely, fills the cytoplasm of non-viable cells 
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(Jones and Senft, 1985). Cytotoxicity test on roots treated with 

Dynasore at 80 µM for 120 minutes showed that the roots were viable 

and, after Cu6-PLGA NPs treatment fluorescence was clearly visible in 

the epidermis (Fig. 6a and b). These results showed that Dynasore did 

not inhibit the uptake of PLGA NPs 30 nm loaded with 6-coumarin 

suggesting that the internalization of NPs follows the dynamin-

independent pathway since the GTPase activity of dynamin, which 

causes the detachment of the neo-formed endocytic vesicle, was not 

required. 
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Fig. 2 A. thaliana plantlet roots treated with 30 nm NPs (15 mg L-1) and 

observed by confocal microscopy at different time of Cu6-PLGA NPs 

supplementation (10, 30, 80 minutes and 5 hours). Bright Field, Merge 

(bright field / fluorescence) and fluorescence images.  a) A. thaliana 

roots treated for 10 minutes with Cu6-PLGA NPs. Cu6-PLGA NPs 

penetrated through the root hairs; b) A. thaliana roots treated for 30 

minutes with Cu6-PLGA NPs; c and d) Two A. thaliana roots treated 

for 80 minutes with Cu6-PLGA NPs and observed at different focal 

planes. Cu6-PLGA NPs were not only visible in root hairs but in almost 

all cells of the epidermis. e) A. thaliana roots treated for 5 hours with 

Cu6-PLGA NPs. Cu6-PLGA NPs penetrated the root epidermis 

through the root hairs and remained at the level of the epidermis. The 

scale bar represents 20 µm.  
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Fig. 3 A. thaliana seedling roots treated with Dynasore at 80 or 160 µM 

for 30 and 60 minutes before the addition of 15 mg L-1 Cu6-PLGA NPs 

for 10 minutes. Bright Field, Merge (bright field / fluorescence) images. 

a) Treatment with Dynasore at 80 µM for 30 minutes before the Cu6-

PLGA NPs supplementation; b) treatment with Dynasore at 80 µM for 

60 minutes before the Cu6-PLGA NPs supplementation; c) treatment 

with Dynasore at 160 µM for 30 minutes before the Cu6-PLGA NPs 

supplementation; d) treatment with Dynasore at 160 µM for 60 minutes 

before the Cu6-PLGA NPs supplementation. Cu6-PLGA NPs 

penetrated the root epidermis through the root hairs and remained at the 

level of the epidermis. The scale bar represents 20 µm.  
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Fig. 4 A. thaliana plantlet roots treated with Dynasore at 320 µM for 30 

and 60 minutes before the addition of 15 mg L-1 Cu6-PLGA NPs for 10 

minutes. Bright Field, Merge (bright field / fluorescence) and 

fluorescence images. a) Two A. thaliana plantlet roots treated with 

Dynasore at 320 µM for 30 minutes before the Cu6-PLGA NPs 

treatment; b) A. thaliana plantlet roots treated with Dynasore at 320 µM 

for 60 minutes before the Cu6-PLGA NPs treatment. Cu6-PLGA NPs 

penetrated the root epidermis through the root hairs and remained at the 

level of the epidermis. The scale bar represents 20 µm.  
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Fig. 5 A. thaliana seedling roots treated with Dynasore at 320 µM for 

120 minutes before the addition of 15 mg L-1 Cu6-PLGA NPs for 10 

minutes or before propidium iodide treatment for cytotoxicity test. a) A. 

thaliana different roots treated with Dynasore at 320 µM for 120 

minutes before the Cu6-PLGA NPs supplementation. Absence of 

fluorescence in the roots. Merge (bright field / fluorescence) and 

fluorescence images; b) A. thaliana roots treated with Dynasore at 320 

µM for 120 minutes before the propidium treatment. In red are the 

nonviable cells, almost all cells are found to be nonviable. Bright Field, 

Merge (bright field / fluorescence) and fluorescence images. The scale 

bar represents 20 µm.  
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Fig. 6 A. thaliana seedling roots treated with Dynasore at 80 µM for 

120 minutes before the addition of 15 mg L-1 Cu6-PLGA NPs for 10 

minutes (a) or before supplementation of propidium iodide for 

cytotoxicity test (b). a) Intense fluorescence in the cells of the root 

epidermis is recognizable. Merge (bright field / fluorescence) and 

fluorescence images; b) in red are the nonviable cells, almost all cells 

are found to be viable. The scale bar represents 20 µm.  
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Unfortunately, limited information about PLGA NPs internalization 

mechanisms in plant cells are reported in the literature. Previous studies 

highlighted that PLGA NPs enter in V. vinifera suspended cells as well 

as in leaf tissues through stomata openings, and also absorbed by the 

roots (Valletta et al., 2014). Palocci et al., (2017) suggested a role of 

cell wall in the size selection of PLGA NPs showing that PLGA NPs 

with a diameter over 50 nm were able to penetrate in Vitis vinifera cells. 

In the Arabidopsis cells, PLGA NPs of 30 nm can enter the cells. In 

suspension cultures of Chenopodium album L., Dioscorea deltoidea 

Wall. and Medicago sativa L., the mean size limit was found to vary 

between 2.4 and 3.8 nm (Woehlecke et al., 1997). Bandmann and 

Homann (2012) proved that the cell wall blocks the uptake of 

nanobeads larger than 100 nm in BY-2 tobacco cells. The reason for the 

difference from species to species could depend on the structure, 

organization and interactions of cellulose, hemicelluloses, pectins, 

structural proteins and lignin (Carpita et al., 1979). Particularly, in the 

primary wall, pectins are known to regulate porosity through galactan 

and arabinan side chains of rhamnogalacturonan (Rondeau-Mouro et 

al., 2008). TEM analyses conducted on Medicago sativa suspension 

cultures showed that PLGA NPs passed through the cell wall and were 

accumulated into the cytoplasm and nucleus (Ulusoy et al., 2020).  

Passed through the cell wall, NPs cross the membrane by endocytosis 

(Wang et al., 2021), a process involving the internalization of 

extracellular materials or plasma membrane proteins into the cell 



63 
 

through a series of vesicular compartments (Murphy et al., 2005). 

Similar to animal cells, the major route in plants is clathrin-mediated 

endocytosis (CME) and starts with the invagination of clathrin-coated 

membrane (Chen et al., 2011). Subsequently, dynamin assembles as a 

collar on the neck of a budding pit, and the conformational change 

accompanying GTP hydrolysis causes a constriction and scission of the 

neck (Danino et al., 2004). However, several researches have revealed 

some clathrin-independent pathways, including membrane 

microdomain-associated endocytosis, fluid-phase endocytosis, and 

phagocytosis-like uptake of rhizobia in plants (Malinsky et al., 2013; 

Fan et al., 2015). For example, in Arabidopsis the membrane 

microdomain-associated flotillin1 (Flot1) is involved in clathrin-

independent endocytosis, as demonstrated through transgenic green 

fluorescent protein–flotillin1 A. thaliana plants in combination with 

confocal microscopy analysis and transmission electron microscopy 

immunogold labeling (Li et al., 2012).  According to our results, it was 

discovered that some clathrin-independent endocytosis pathways are 

dynamin-independent (Guha et al., 2003) and that some members of the 

ADP-ribosylation factor (Arf) and Rho subfamilies of small GTPases 

have key roles in regulating different pathways of clathrin-independent 

endocytosis (Ridley, 2006). 

Macia et al. (2006) showed that Dynasore acted as a potent inhibitor of 

dynamin-related endocytic pathways in animal cells. The 

supplementation of 80 µM of Dynasore inhibited the uptake of 
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transferrin within 1–2 min of treatment in HeLa and astrocytes cells, 

and they were presumably limited by diffusion of the molecule to the 

coated pits on which it acted. In fact, electron micrograph images 

obtained from cells treated for 10 minutes with 80 µM of Dynasore 

showed a large number of coated pits at partial stages of late assembly 

that remained linked to the plasma membrane by either narrow or wide 

necks. They also demonstrated that extended incubation of cells with 

80 µM for two days of Dynasore was not toxic and reversible. Up to 

now, there are no studies demonstrating the effect of Dynasore as an 

inhibitor of NPs endocytosis in plants.  

For the first time in this study, the treatment of A. thaliana cell 

suspension cultures with Dynasore at 80 µM and 160 µM for 10 minutes 

did not prevent the uptake of Cu6-PLGA NPs. The treatment of A. 

thaliana roots with Dynasore at 80 µM or 160 µM for 30, 60 and 120 

minutes or with Dynasore at 320 µM for 30 and 60 minutes did not 

prevent the uptake of Cu6-PLGA NPs and the root cells were found to 

be viable. Differently, the treated with Dynasore at 320 µM for 120 

minutes were not viable. 

The results of this study suggest that Cu6-PLGA NPs are uptaken in A. 

thaliana cell suspension cultures and roots of plantlets through a 

dynamine-independent pathway. 
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PLGA NPs traslocation in the hypocotyl 

Apotome fluorescence microscopy images showed the presence of 

Cu6-PLGA NPs in the hypocotyl of A. thaliana after treatment of 

plantlet roots with Cu6-PLGA NPs at 15 mg L-1 for 1 hour (Fig. 7). NPs 

fluorescence was visible in cells of the epidermis and cortical 

parenchyma. Hypocotyl of untreated plants showed no 

autofluorescence (data not shown). Therefore, the Cu6-PLGA NPs 

were translocated from the root to the hypocotyl to the A. thaliana 

plantlets. This result is in agreement with other studies showing that 

NPs are able to take up by the root, to reach the vascular cylinder 

through a radial path, and then be transported to the shoot. The same 

results have been demonstrated in Vitis vinifera plant roots treated with 

Cu6-PLGA NPs. After 48 h of treatment the NPs were accumulated in 

the shoot tissues (Valletta et al., 2014). Confocal microscopy images of 

the sugarcane roots showed fluorescent signals of zein nanoparticles 

along the epidermal layer and their translocation to the cortex, to the 

endodermis and then to the leaves (Prasad et al., 2017).  
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Fig. 7 Hypocotyl of A. thaliana after one hour with Cu6-PLGA NPs 

treatment of plantlet roots at the concentration of 15 mg L-1. Merge 

(bright field / fluorescence) images obtained by ApoTome fluorescence 

microscope show the Cu6-PLGA NPs translocation from the root to the 

hypocotyl in the A. thaliana plantlets. The scale bar represents 50 µm.  
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Conclusions 

In the present study, Cu6-PLGA NPs rapidly penetrated cultured cells 

and plantlet roots of A. thaliana. It has been observed that Dynasore did 

not inhibit the uptake of Cu6-PLGA NPs into cells and roots suggesting 

that the internalization of NPs could occur by a dynamin-independent 

pathway and, consequently, by a clathrin-independent pathway, in 

agreement with previous works (Valletta et al., 2014; Palocci et al., 

2017). In addition, it has been observed that, in the A. thaliana plantlets, 

Cu6-PLGA NPs, translocated from the root to the hypocotyl. Further 

studies are essential to understand the migration of PLGA NPs through 

A. thaliana plant tissue and determine accumulation sites, especially 

with the prospect of using PLGA NPs as carriers of bioactive molecules 

in the agronomic field. In fact, PLGA-NPs could have numerous 

applications. Chronopoulou et al., (2019) obtained PLGA NPs loaded 

with MeJA, an endogenous plant defense elicitor, and demonstrated that 

encapsulating MeJA in PLGA NPs significantly enhanced MeJA cell 

uptake and MeJA-induced responses in V. vinifera cell cultures. De 

Angelis et al., (2022) demonstrated that PLGA NPs loaded with 

pterostilbene inhibited the growth of Botrytis cinerea, and thus could 

be used in the control of this pathogen. In conclusion, the obtained 

results add new information to be considered for the use of PLGA NPs 

in agriculture.  
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Abstract  

Botrytis cinerea, responsible for grey mold diseases, is a pathogen with 

a broad host range, affecting many important agricultural crops, in pre 

and post harvesting of fruits and vegetables. Commercial fungicides 

used to control this pathogen are often subjected to photolysis, 

volatilization, degradation, leaching, and runoff during application. In 

this context, the use of a delivery system, based on poly (lactic-co-

glycolic acid) nanoparticles (PLGA NPs) represents an innovative 

approach to develop new pesticide formulations to successfully fight B. 

cinerea infections. In order to study NPs uptake, B. cinerea conidia and 

mycelium were treated with PLGA NPs loaded with the high 

fluorescent probe coumarin-6 (Cu6-PLGA NPs) and analyzed under 

ApoTome fluorescence microscopy. The observations revealed that 50 

nm Cu6-PLGA NPs penetrated into B. cinerea conidia and hyphae, as 

early as 10 minutes after administration. Pterostilbene, a natural 

compound, and fluopyram, a synthetic antifungal, were entrapped in 

PLGA NPs, added to B. cinerea conidia and mycelium, and their 

antifungal activity was tested. The results revealed that the compounds 

loaded in NPs exhibited a higher activity against B. cinerea. These 

results lay the foundations for the use of PLGA NPs as a new strategy 

in plant pest management. 
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Introduction  

Fungal plant pathogens are the main cause of considerable economic 

losses of crop plants1. Ascomycete Botrytis cinerea, responsible for 

grey mold diseases, is a highly successful pathogen due to its flexible 

infection modes, high reproductive output, wide host range, and ability 

to survive for extended periods as conidia and/or small hardened 

mycelia masses called sclerotia2. It is a pathogen with a broad host 

range, affecting many important agricultural crops, mainly in pre and 

post harvesting of fruit or vegetables. It is estimated that B. cinerea 

causes a $10 to 100 billion of production loss annually worldwide3. Due 

to the highly destructive nature of B. cinerea, it was ranked second on 

a list of fungal pathogens of scientific and economic importance4. 

Approximately 8% of the global fungicide market is used to control this 

pathogen. It is important to highlight that less than 0.1% of fungicides 

reach their biological targets as 90% of them are lost through 

photolysis, volatilization, degradation, leaching, and runoff during 

application5. In addition, fungicide usage is harmful to both the 

environment and human health, and B. cinerea has developed resistance 

to many conventional fungicides such as dicarboximides and 

benzimidazoles6.  

To overcome the fungal multi-resistance to existent drugs, it is 

important to explore novel antifungal agents, which may replace current 

control strategies. Some authors reported the activity of plant extracts 

or natural compounds against B. cinerea7. In this context, the generation 



78 
 

of drug delivery systems based on nanomaterials represents a potential 

alternative to develop novel formulations to successfully combat fungal 

infections and overcome the fungal multi-resistance to existent drugs8.  

Different studies have determined that NPs present fewer side effects 

and greater specificity to the infection site9,10.  Special attention has 

been given to biopolymeric nanoparticles (NPs) as non-toxic and eco-

friendly nanocarriers that can be successfully used for the controlled 

release of bioactive compounds11. In recent years, a variety of natural 

and synthetic polymers have been explored for nanoformulations. 

Among them, polylactic acid (PLA), polyglycolic acid (PGA), and their 

copolymer (PLGA) have been extensively investigated due to their 

biocompatibility, high solubility, stability, and effectiveness12,13,14,15.  

It has been shown that PLGA NPs have the ability to penetrate Vitis 

vinifera cell suspensions without harmful effects on cellular vitality16,17. 

As largely investigated by the authors in V. vinifera cell cultures, methyl 

jasmonate (MeJA) encapsulation in PLGA NPs significantly promoted 

MeJA cell uptake and the activation of MeJA-induced responses13. 

Simonetti et al.15 have demonstrated the anti-Candida biofilm activity 

of PLGA NPs loaded with non-fermented grape pomace.  

Up to now, there is relatively little and limited evidence about PLGA 

NPs uptake by pathogenic fungal cells18,19, and further studies are 

needed in order to improve the knowledge on the effectiveness of 

PLGA NPs to deliver natural or conventional antifungals to microbial 

cells.    
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The present research aimed to study PLGA NPs uptake in B. cinerea 

and investigate the antifungal activity of natural and synthetic 

compounds entrapped in PLGA NPs against B. cinerea conidia and 

mycelium.   

In order to examine NPs uptake, B. cinerea conidia and mycelium were 

treated with PLGA NPs loaded with the high fluorescent probe 

coumarin-6 (Cu6-PLGA NPs) and analyzed under ApoTome 

fluorescence microscopy. Moreover, in an effort to investigate the 

antimicrobial activity of antifungals delivered by NPs, pterostilbene 

and fluopyram were encapsulated in PLGA NPs and administered at 

different stages of B. cinerea development.  

Pterostilbene is a natural antimicrobial phenolic compound derived 

from resveratrol, mostly contained in V. vinifera leaves and grape 

berries.  It has been demonstrated that pterostilbene has no harmful 

effects on plant metabolism or crop yield, and it is able to inhibit the 

growth of several phytopathogenic fungi, such as Leptosphaeria 

maculans, Peronophythora litchii, Botrytis cinerea and others20,21. 

Schmidlin et al.22 showed that pterostilbene was 5 to 10 times more 

effective than resveratrol in inhibiting the germination of conidia of B. 

cinerea and sporangia of P. viticola. On the other hand, fluopyram is a 

synthetic fungicide and nematicide compound commonly used in 

agriculture against B. cinerea.  

This study provides new evidence of the use of PLGA NPs as an 

interesting strategy in integrated plant disease management, with the 
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aim to increase the potency and efficiency of natural and conventional 

antifungals through a controlled and targeted drug release while 

decreasing environmental toxicity and agricultural costs.  

Materials and methods 

Chemicals and Materials 

Pterostilbene was purchased from Chemodex (St. Gallen, Switzerland). 

Poly(D,L)-lactic-co-glycolic acid (PLGA, lactide: glycolide 50:50, 

MW 50 kDa), Coumarin 6 (Cu6) (98%), Potato dextrose agar (PDA), 

Fluopyram, RPMI medium (RPMI 1640 with L-glutamine, without 

bicarbonate), MOPS acid, XTT [2,3-bis- (2-methoxy-4-nitro-5-

sulfophenyl) -5- (carbonyl (phenylamino)]-2H-tetrazolium hydroxide] 

and Menadione (MEN) were purchased from Sigma-Aldrich (Milan, 

Italy).  

Potato dextrose broth (PDB) was purchased from Formedium LTD 

(Hunstanton, Norfolk, England). 

The microfluidic flow focusing reactor was assembled by the research 

group involved in the study as reported previously by Bramosanti et 

al.23. 

Synthesis of PLGA NPs  

PLGA NPs loaded with fluopyram, pterostilbene or coumarin 6 were 

prepared by using an innovative microfluidic reactor with a flow-

focusing configuration described previously24. The reactor consists of 
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three inlets and one main mixing outlet channel. An organic phase 

containing the polymer is injected into      the middle channel and water 

is injected into      the two side inlets. NPs formation occurs through a 

nanoprecipitation mechanism in the mixing channel and NPs can be 

recovered at its end. PLGA (2 mg mL-1) and the selected payload were 

dissolved in an organic phase. Acetone was used to dissolve 

pterostilbene (1 mg mL-1) and coumarin 6 (40 μg mL-1), while 

fluopyram (0.2 mg mL-1) was dissolved in DMSO. To optimize the 

amount of encapsulated fluopyram and pterostilbene, PLGA NPs were 

prepared with different polymer/drug ratios, respectively from 2.5:1 to 

20:1 and from 2:1 to 4:1, keeping PLGA concentration constant. A 

PLGA/coumarin 6 ratio of 50:1 was chosen on the basis of previous 

works24. The aqueous flow rate was 2000 µL min-1 while the organic 

phase flow rate was 100 μL min-1 when using acetone and 400 µL min-

1 when using DMSO. The formed PLGA-based NPs were recovered and 

the organic phase was eliminated under reduced pressure. The NPs 

aqueous suspensions were stored at 4°C until use.   

PLGA NPs characterization 

Dynamic light scattering (DLS) measurements were carried out using a 

NanoZetasizer (Malvern Instruments, Malvern, UK) to measure the 

mean hydrodynamic diameter of PLGA NPs and their polydispersity 

index. The experimental conditions used are the following: a helium 

neon laser operating at 633 nm, a fixed scattering angle of 173° and 
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constant temperature (25°C). The measured autocorrelation functions 

of the scattered light intensity were analyzed using the CONTIN 

algorithm in order to obtain the decay time distributions25. Decay times 

were used to determine the distributions of the diffusion coefficients of 

the particles (D), converted in turn in the distributions of the apparent 

hydrodynamic radii, RH, using the Stokes-Einstein relationship: RH = 

kBT/6πηD (kBT = thermal energy; η = solvent viscosity).  

Particle morphology was observed by scanning electron microscopy 

(SEM) in both the secondary and the backscattered electron modes with 

an electron acceleration voltage of 20 keV, using a LEO 1450VP SEM 

microscope (ZEISS, Oberkochen, Germany).  

The quantitative analysis of fluopyram and pterostilbene loaded in 

PLGA NPs was carried out by spectroscopic measurements. NPs 

aqueous suspensions were ultra-centrifuged at low temperature (4°C) 

to recover NPs. The supernatant was discarded and the pellet was 

dissolved in DMSO and analyzed by measuring the UV absorbance at 

270 nm (for fluopyram) or at 313 nm (for pterostilbene), comparing the 

results with the corresponding calibration curve. The method used for 

fluopyram was linear within the concentration range between 0.2 and 

0.8 mg mL-1 with R2=0.997. The method used for pterostilbene was 

linear within the concentration range between 0.002 and 0.01 mg mL-1 

with R2=0.9822. 

The encapsulation efficiency and loading capacity were calculated by 

using the following equations:  
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(𝐸𝐸 %) =  
(𝑇𝑜𝑡𝑎𝑙 𝑑𝑟𝑢𝑔 𝑎𝑑𝑑𝑒𝑑 − 𝑓𝑟𝑒𝑒 𝑛𝑜𝑛 − 𝑒𝑛𝑡𝑟𝑎𝑝𝑝𝑒𝑑 𝑑𝑟𝑢𝑔)

(𝑇𝑜𝑡𝑎𝑙 𝑑𝑟𝑢𝑔 𝑎𝑑𝑑𝑒𝑑)
× 100       

(𝐿𝐶 %) =  
(𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑡𝑜𝑡𝑎𝑙 𝑒𝑛𝑡𝑟𝑎𝑝𝑝𝑒𝑑 𝑑𝑟𝑢𝑔)

(𝑇𝑜𝑡𝑎𝑙 𝑛𝑎𝑛𝑜𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 𝑤𝑒𝑖𝑔ℎ𝑡)
 × 100 

 

In vitro release studies of fluopyram and pterostilbene from PLGA 

NPs 

A fixed amount (2 mg) of fluopyram or pterostilbene-loaded PLGA 

NPs was suspended in 2 mL of acetate buffer at pH=4 or in 2 ml of PBS 

solution at pH=7.4 in a centrifuge tube. The suspensions were incubated 

at 25°C and maintained under magnetic stirring at 300 rpm. At fixed 

time intervals, 500 µL of the supernatant was collected and replaced 

with an equal volume of buffer in order to keep the reaction volume 

constant. The concentration of fluopyram or pterostilbene in the 

collected supernatant was spectrophotometrically determined as 

reported above. At each time point, the amount of released drug was 

calculated by normalizing the data with the total amount of drug inside 

the particles.  

Fungal strain and culture condition 

Botrytis cinerea DSM 877, obtained from the German Collection of 

Microorganisms (DSMZ, Braunschweig, Germany), was used in this 

study. This strain has been reported to show an intermediate 

pathogenicity26 and it was used for the evaluation of antifungal 
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compounds27. The strain was cultured on potato dextrose agar (PDA) at 

24°C. Conidia were collected from 10-day-old and the concentration 

was determined using a Thoma counting chamber.  RPMI medium 

(RPMI 1640 with L-glutamine, without bicarbonate) buffered to pH 7.0 

with 0.165 M MOPS was used for antifungal tests. XTT [2,3-bis- (2-

methoxy-4-nitro-5-sulfophenyl) -5- (carbonyl (phenylamino)]-2H-

tetrazolium hydroxide] and Menadione (MEN) were used to test the 

metabolic activities of B. cinerea cells. 

 

Fungal uptake of Cu6-PLGA NPs  

The aqueous suspension of Cu6-PLGA NPs was added to B. cinerea 

conidia and mycelium. In particular, B. cinerea conidia (1 × 105 conidia 

mL-1) were inoculated into potato dextrose broth (PDB) and incubated 

at 24°C. After 12 h Cu6-PLGA NPs, at a final concentration of 0.1 mg 

mL-1, were added. After 0, 10, and 60 min, the fungal suspension was 

placed on a microscope slide, and observed under ApoTome 

fluorescence microscope. For Cu6-PLGA NPs uptake in B. cinerea 

mycelium, B. cinerea (1 × 105conidia mL-1) was cultured on glass 

microscope slides placed into Petri dishes containing PDB. After 24h 

of incubation the medium was removed and the Cu6-PLGA NPs, at a 

final concentration of 0.1 mg mL-1, were added. After 0, 10, and 60 min, 

each glass microscope slide was removed from the Petri dish and 

observed under ApoTome fluorescence microscope. A control of 
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untreated conidia and mycelium was observed to reveal any auto-

fluorescence. 

 

Fluorescent analysis 

Cu6-PLGA NPs treated conidia and mycelium were observed and 

images were acquired using an Axio Imager M2 fluorescence 

microscope (Zeiss, Germany), motorized on the 3 axes, using a FITC 

filter (λ excitation BP 455-495 nm; λ emission BP 05-555 nm). The 

high thickness of the sample required a Z-stack image scanning 

performed with an Axiocam 512 (Zeiss) monochromatic camera and 

ApoTome 2 (Zeiss) as fringe projection module used to remove the out 

of focus signal. Single plane images were obtained as Z-stack maximum 

projection using Zen 2.5 (Zeiss) image analysis software. 

 

In vitro antifungal activity of pterostilbene and fluopyram    

In vitro antifungal activity was carried out as previously described by 

Meletiadis et al28. B. cinerea conidia were grown in 96-well plates with 

fluopyram or pterostilbene, free or entrapped in PLGA NPs. After 0, 1, 

5, 24, 48, and 72 h of incubation at 24°C, XTT-menadione were added 

to each well to obtain final concentrations of 200 μg mL-1 for XTT and 

25 μM for menadione. The microtitration plates were incubated for a 

further 2 h at 24°C and the optical density at 450 nm (OD450) was 

measured. A minimum of four replicates was performed. The 
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percentage of MA inhibition (100%−%MA) was compared with the 

drug-free control. 

 

Statistical analysis 

The data were expressed as mean ± SD, and P <0.05 was considered 

statistically significant.  

Statistical criteria, p, and other parameters are shown for each 

experiment. The statistical data analysis was performed using the 

GraphPad Prism 8 software (GraphPad Software Inc., USA). 

 

Results and discussion 

NPs characterization 

PLGA NPs dimensions, characterized by DLS measurements, are 

reported in Table 1. According to the used experimental conditions, 

PLGA NPs entrapping fluopyram, pterostilbene, or 6-coumarin, 

presented an average size of 50 nm, with polydispersity indexes below 

0.2. Investigations by scanning electron microscopy (SEM) showed that 

drug-loaded PLGA NPs had a spherical morphology (Fig. 1).  Drug 

loading efficiencies and loading capacities for fluopyram-PLGA NPs 

or pterostilbene-PLGA NPs prepared with different polymer/drug ratios 

are reported in Tables 2 and 3 respectively. 

The PLGA/fluopyram and PLGA/pterostilbene weight ratios that 

showed the best encapsulation efficiency and loading capacity were 
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respectively 10:1 and 2:1. These conditions were selected for all 

successive observations. 

 

 

Figure 1. SEM micrograph of PLGA based NPs, dimension bar 200 nm 

(100 nm in the enlarged image). 

 

 

Table 1. Dimensions and Polydispersity Indexes (PdI) of PLGA-based 

NPs, measured by DLS. Values are referred to as mean ± standard 

deviation. 

NPs Dimensions (nm) PdI 

Fluopyram-PLGA 47.95 ± 5.33 0.187 ± 0.06 

Pterostilbene-PLGA 54.06 ± 7.64 0.119 ± 0.03 

6-coumarin PLGA 48.48 ± 3.62 0.155 ± 0.02 
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Table 2. Drug loading efficiencies and loading capacities for 

fluopyram-PLGA NPs prepared with different polymer/drug ratios. 

PLGA/fluopyram ratio 

(w/w) 

Encapsulation 

Efficiency (%) 

Loading Capacity 

(%) 

20:1 64 ± 1 3.2 ± 0.05 

15:1 83 ± 3 5.5 ± 0.03 

10:1 89 ± 1 8.9 ± 0.01 

8:1 78 ± 2 9.8 ±0.05 

5:1 56.3 ± 1 11.3 ± 0.1 

2.5:1 37.5 ± 2 15.0 ± 0.6 

 

 

Table 3. Drug loading efficiencies and loading capacities for PTB-

PLGA NPs prepared with different polymer/drug ratios. 

PLGA/pterostilbene 

ratio (w/w) 

 Encapsulation 

Efficiency (%) 

Loading 

Capacity (%) 

4:1 37 ± 2 9.2 ± 0.5 

2:1 75 ± 3 37.5 ± 1.5 
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In vitro release kinetics of fluopyram and pterostilbene from PLGA 

NPs   

The in vitro release of fluopyram occurs slowly reaching a plateau after 

120 h as a function of medium pH (Fig. 2a). In both experimental 

conditions at pH 4 and 7.4, the quantity of released fluopyram results 

to be compatible with the in vitro inhibition protocols of B. cinerea 

(1.25-0.07 μg ml-1). Nevertheless, the release of the drug appears to be 

positively influenced by lower pH; in these experimental conditions,      

acid hydrolysis of the polymeric backbone could be favored, which 

would influence the release of the drug by erosion. The amount of 

pterostilbene released within the time interval examined was low, 

probably due to the poor solubility of pterostilbene in water (0.011 g 

L1) and the hydrophobic interactions that stabilize the PLGA-

pterostilbene complex. No significant change in the amount of released 

pterostilbene as a function of pH was observed (Fig. 2b). The % of 

pterostilbene released at pH 4, at the plateau conditions, was equal to 

16 % and corresponded to 30 μg mL-1, an amount compatible with the 

in vitro inhibition protocols of B. cinerea, in which pterostilbene was 

used at different concentrations between 20 and 1.25 μg mL-1.   

However, such results could be useful to compare in vitro and in vivo 

performances since in in vivo experiments other mechanisms that favor 

NPs erosion phenomena may occur.  
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Figure 2.  In vitro release kinetics of fluopyram (a) and pterostilbene 

(b) from PLGA NPs at 25 °C and different pH values. 

 

Microscopic observations of NPs uptake in B. cinerea conidia and 

mycelium 

According to the microscopic analyses, Cu6-PLGA NPs administered 

to B. cinerea enter conidia and hyphae after 10 min. It was found that 

NPs interacted with the conidia wall from the first stages of germination 

before the formation of the septum (Fig. 3a-b). The conidia of Botrytis 

cinerea have relatively thick cell walls (0.5 μm) consisting of two 

layers, a thin, dark, rough outer layer that is electron-dense under the 

microscope, and a thicker inner one that is transparent under electron 

microscopy29. Based on fluorescence results, optical sections and the 

3D reconstruction of the ApoTome Microscope, it has been possible to 

observe that the fluorescent signal was present both along the conidia 

wall and inside conidia, throughout      the whole thickness of the spore 

(Fig. 3c). The NPs fluorescent signal was well visible also in the 
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expanding germ tube (Fig. 3d-e). As the tube elongates, a large void 

forms in the center of the original spore.  

The 50 nm Cu6-PLGA NPs were also administered to B. cinerea 

mycelium. 1 h      after NPs administration, an intense signal appeared 

in the fungal hyphae (Fig. 3f-h). Fluorescence was visible in the 

mycelium after washing with sterile saltwater, showing that NPs 

penetrated or remained adhered to the hyphae.  No autofluorescence 

was detected from the conidia and mycelium alone (data not shown). In 

a previous work, we demonstrated that PLGA NPs were able to 

penetrate the mycelium of some plant pathogenic fungi such as A. 

carbonarius, A. niger and B. cinerea16. During B. cinerea conidia 

germination, the outer spore wall breaks, and the emergent germ tube 

appears surrounded by the elastic inner one and by a mucilage sheath. 

At a very early stage, a transverse wall with a central pore is laid at the 

base of the germ tube29. Similarly, the uptake of Cu6-PLGA NPs has 

been previously demonstrated in fungal cells of Aspergillus flavus. In 

particular, Patel et al.12 showed that the uptake of Cu6-PLGA NPs in A. 

flavus spores and mycelium was closely related to NPs size. In such 

work, NPs of 203 nm interacted with fungal cell surfaces and were 

efficiently internalized after 1 hour of incubation. Muse et al.30 observed 

that covalently tagged poly(lactic-co-glycolic) acid nanoparticles 

(PLGA-tetramethylrhodamine [PLGA-TRITC]), entrapping coumarin-

6 (double-tagged) with a diameter of 85–150 nm released coumarin-6 

in A. flavus spores and hyphae while the majority of the particles 
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themselves did not seem to be trafficked into the interior of the cells. 

Nonetheless, some red fluorescence (PLGA-TRITC) was still observed 

within the interior of the cell, indicating that the smaller nanoparticles 

(30–50 nm) may have been directly endocytosed or diffused through 

the hyphae cell wall30. Other studies were carried out to test 

biopolymeric drug delivery systems against B. cinerea. In a recent 

work, Raj and collaborators31 showed that chitosan-arabic gum-coated 

liposome 5I-1H-indole nanoparticles were potent inhibitors against B. 

cinerea growth. Up to now, despite B. cinerea causing significant 

damage to agriculture every year, few data are available on its uptake 

of PLGA NPs. The inhibition of spore germination should be 

considered effective for controlling plant disease. In this work, we 

showed that PLGA NPs interacted and penetrated also in the conidia of 

B. cinerea, promoting the uptake of the encapsulated compound into 

fungal cells, with the aim to prevent spore germination and thus fungal 

infection. 
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Figure 3a-h.  (a) Bright field and (b) fluorescence image of B. cinerea 

conidia treated for 10 min with Cu6-PLGA NPs. NPs fluorescence 

signal was evident in germinated B. cinerea conidia (white square) and 

non-germinated ones. (c) 3D reconstruction of B. cinerea conidia 

treated with NPs for 10 min. The fluorescence signal was detected 

inside conidia, along the whole thickness of the spore. (d) Bright field 

and (e) fluorescence image of B. cinerea germ tube. The NPs 

fluorescence signal was well visible in the expanding germ tube after 

10 min of administration. (f) Bright field and (g) fluorescence image of 

B. cinerea conidium and hypha. The fluorescence signal was well 

visible both in the conidium and the hypha after 1 h of administration. 

(h) Overlap of the bright field image and the fluorescence image which 

shows the localization of Cu6-PLGA NPs inside the fungal conidium 

and hypha.  

 

Antifungal activity of pterostilbene or fluopyram PLGA NPs 

In vitro antifungal activity of pterostilbene or fluopyram, free or loaded 

into PLGA NPs, against germinated and non-germinated conidia has 

been determined by evaluating the metabolic activity of fungal cells 

after 1, 5, 24, 48 and 72 hours of incubation.  No statistically significant 

differences were observed after 1 and 5 hours of incubation between 

NPs loaded with pterostilbene or fluopyram and the free compounds 

(data not shown). Conversely, after 24 and 48 h of incubation with NPs 

loaded with pterostilbene or fluopyram, the metabolic activity of the 

conidia was lower compared to when these compounds were 

administered in their free form, as shown in Fig. 4. These data 
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demonstrated that after 24 and 48 h of incubation both fluopyram or 

pterostilbene loaded into NPs showed better antifungal activity than the 

free compounds (Fig. 4). In both experiments, empty NPs did not show 

antifungal activity. NPs loaded with pterostilbene, added to germinated 

conidia, showed      significant inhibition of B. cinerea growth after 24 

h of incubation. NPs loaded with fluopyram significantly inhibited B. 

cinerea growth, compared to free fluopyram, after 72 h of incubation, 

in all tested concentrations (Fig. 5). The antifungal activity of 

pterostilbene, a well-known plant phytoalexin, on B. cinerea has 

already been demonstrated by Pezet and Pont since 199032. More 

recently, Xu and collaborators21 reported 45% of mycelial growth 

reduction after treatment of B. cinerea with 200 µg mL-1 of 

pterostilbene. Moreover, Xu and collaborators33 in a subsequent study 

showed multiple action mechanisms of pterostilbene against B. cinerea. 

After treatment with pterostilbene, B. cinerea changed the morphology 

of the hyphae and conidiophores, lost plasma membrane integrity, 

modulated gene expression, and increased laccase production. Some 

researchers reported that B. cinerea, through laccase secretion, can 

degrade and neutralize the toxicity of pterostilbene34.  Our results show 

a significant and long lasting increase in activity, even at low 

concentrations. The significant increase in activity of pterostilbene 

delivered by PLGA NPs could be due to the protection of pterostilbene 

from fungal laccase. Moreover, the higher hydrophobicity of 

pterostilbene delivered by PLGA NPs could increase diffusion through 
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fungal membranes. On the other hand, pterostilbene with multiple 

mechanisms of action carries a low risk of developing resistance and its 

low toxicity makes pterostilbene a winning compound to fight B. 

cinerea. Synthetic fungicides are currently widely used in agriculture to 

fight B. cinerea infections. In this context, fluopyram, a synthetic 

pyridinyl ethylbenzaimide fungicide that inhibits succinate 

dehydrogenase (SDH), is commonly used to safeguard crops. Some 

studies reported high risks of B. cinerea resistance development to 

fluopyram and other succinate dehydrogenase inhibitors35. However, 

Dong and Hu36 have shown that the transformation products were more 

toxic than fluopyram. Moreover, fluopyram shows high residue in 

surface soil which affects subsequent crops37.  In this study, NPs loaded 

with fluopyram significantly inhibited B. cinerea growth, compared to 

free fluopyram.  

Agriculture is the backbone of the economy of most countries and it 

was the key development in the rise of human civilization. B. cinerea is 

a well-known fungus with a wide host range that causes heavy losses in      

crop yields every year. The generation of drug delivery systems based 

on nanomaterials represents a potential alternative to developing newer 

formulations to successfully control fungal infections and overcome the 

fungal multi-resistance to existent drugs. In fact, the encapsulation 

protects the antifungal compound from damage such as photolysis or 

degradation, allowing the drug to reach the target site more efficiently 

with a consequent reduction in the number of applications38,39. In this 
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context, the delivery of antifungal compounds encapsulated in PLGA 

NPs could be considered an excellent strategy to safeguard crops 

against B. cinerea. The fluorescence microscopy observations revealed 

that 50 nm Cu6-PLGA NPs penetrated B. cinerea conidia and hyphae 

as early as 10 minutes after administration. Moreover, the antifungals 

pterostilbene and fluopyram delivered by NPs exhibited higher 

antifungal activity against B. cinerea than the corresponding antifungal 

compounds administered in free form. These results lay the foundation 

for the use of PLGA NPs in agriculture as a new strategy in plant pest 

management with the goal of enhancing the effectiveness of natural and 

synthetic antifungals through controlled and targeted drug delivery in 

the agronomic field. 
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Figure 4. Activity of pterostilbene and fluopyram, free or loaded in 

PLGA NPs, against non-germinated conidia of Botrytis cinerea DSM 

877 after 24, 48, and 72 h of incubation. *P ˂ 0.05, **P ˂ 0.01, ***P ˂ 

0.001. 
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Figure 5.  Activity of pterostilbene and fluopyram, free or loaded in 

PLGA NPs, against 12 h -germinated conidia of Botrytis cinerea DSM 

877 after 24, 48, and 72 h of incubation. *P ˂ 0.05, **P ˂ 0.01, ***P ˂ 

0.001. 
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Chapter 5 

Aspergillus section Nigri infections could be successfully treated with 

antifungal formulations applicated in nanomaterials or nanoparticles 

(NPs), in order to overcome the multi-resistance of fungi to existing 

drugs. Aspergillus section Nigri can be found in a wide variety of 

environments, including the hospital environment, and humans can 

contract invasive aspergillosis and otomycosis from these fungi (Li et 

al., 2015). Aspergillus section Nigri consists of several species 

including A. niger, A. melleus, A. sulphureus, A. brasilensis, A. 

ostianus, A. petrakii, A. scletotium, A. carbonarius, A. aculeatus, A. 

japonicus, A. tubingensis. In agriculture, the majority of the black 

Aspergillus species are associated with grapes, maize, onions, and 

peanuts, where they are cited as pathogens causing such diseases as 

peanut and maize seedling blight, and maize kernel rot (Palencia et al., 

2010). They cause innumerable damages not only for their ability to 

destroy several agronomically important food crops, but also due to 

their capacity to produce several mycotoxins and to causing pulmonary 

aspergillosis, otomycosis and eye infections in humans (Sarvestani et 

al., 2022). In this work, the uptake of PLGA-NPs loaded with the 

fluorescent probe Coumarin 6 was studied in A. brasiliensis conidia, 

mycelium and biofilm by confocal microscope. In addition, it has been 

demonstrated that the pterostilbene, a trans-stilbene compound 

methylated derivative of resveratrol, can be addressed by nanoparticles 

to reduce the infections caused by A. brasiliensis, section Nigri, biofilm.  
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Abstract 

Poly-(lactic-co-glycolic) acid (PLGA) is a biodegradable, biosafe, and 

biocompatible copolymer. The Aspergillus section Nigri causes 

otomycosis localized in the external auditory canal. In this research, 

Aspergillus brasiliensis, a species belonging to the Nigri section, was 

tested. Coumarin 6 and pterostilbene loaded in poly-(lactic-co-glycolic) 

acid nanoparticles (PLGA-coumarin6-NPs and PLGA-PTB-NPs) were 

tested for fungal cell uptake and antifungal ability against A. 

brasiliensis biofilm, respectively. Moreover, the activity of PLGA-

PTB-NPs in inhibiting the A. brasiliensis infection was tested using 

Galleria mellonella larvae. The results showed a fluorescence signal, 

after 50 nm PLGA-coumarin6-NPs treatment, inside A. brasiliensis 

hyphae and along the entire thickness of the biofilm matrix, which was 

indicative of an efficient NP uptake. Regarding antifungal activity, a 

reduction in A. brasiliensis biofilm formation and mature biofilm with 

PLGA-PTB-NPs has been demonstrated. Moreover, in vivo 

experiments showed a significant reduction in mortality of infected 

larvae after injection of PLGA-PTB-NPs compared to free PTB at the 

same concentration. In conclusion, the PLGA-NPs system can increase 

the bioavailability of PTB in Aspergillus section Nigri biofilm by 

overcoming the biofilm matrix barrier and delivering PTB to fungal 

cells. 
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Introduction 

It is well known that despite the availability of several effective agents 

in the antifungal drug arena, their therapeutic outcome is less than 

optimal due to limitations related to drug physicochemical properties 

and toxicity. For instance, poor aqueous solubility and toxicity limit the 

formulation options and efficacy of several antifungal drugs [1]. On this 

basis, researchers have started exploring new opportunities for 

antifungal treatment, including novel antifungals and alternative 

approaches to treating fungal affections; for example, the use of nano 

vectors [2]. Moreover, recently, the development of nanotechnology 

and its applications in medical and health sciences has increased 

dramatically, allowing access to different kinds of nanoparticles (NPs), 

with well-defined active moieties to target human cells. A broad 

spectrum of drugs, such as small hydrophobic and hydrophilic drugs, as 

well as biological molecules, can be delivered in a controlled manner 

with NPs. NPs, ranging from 1 to 100 nm, can be easily employed as 

antifungal drug delivery vehicles. NPs have the possibility to enable 

closer contact with fungal cell membranes, thus facilitating their 

cellular uptake and controlled release of the drug within the cell 

environment [3–5]. Poly-(lactic-co-glycolic) acid (PLGA) is one of the 
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most widely used and promising biopolymers for the development of 

drug delivery systems [6]. It is biodegradable and its degradation 

products, lactic acid and glycolic acid, are metabolized in the body via 

the Krebs cycle [7]. Therefore, PLGA systemic toxicity is negligible, 

and its use has been approved by the FDA and other regulating 

agencies. PLGA-based NPs and microparticles are currently being 

studied for the development of new drug-delivery systems for various 

drugs (i.e., chemotherapies, antiseptics, antioxidants), and some of 

them have already been approved by the FDA or are in clinical phase 

trials [6,8]. We previously reported the activity of PLGA-NPs in 

entrapping pterostilbene on Candida albicans and Botrytis cinerea 

[9,10]. To date, there are no publications on the activity of PLGA-NPs 

against Aspergillus biofilm. Aspergillus is a broad fungal genus 

comprising more than 300 different species, distributed ubiquitously 

worldwide. Aspergillus is a genus of filamentous fungi found in many 

habitats such as soil, air, water, and decaying plant material, and it can 

develop under a wide range of environmental conditions [11]. Species 

belonging to Aspergillus section Nigri have been difficult to classify 

due to their phenotypic similarities [12]. Aspergillus section Nigri 

includes species causing pulmonary aspergillosis and otomycosis in 

humans, as well as localized and disseminated diseases in domestic and 

wild animals. Otomycosis, the fungal infection caused by Aspergillus 

section Nigri, is localized in the external auditory canal, and less 

commonly in the middle ear [13,14]. Currently, the treatment options 
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for otomycosis are still limited. The disease is hard to eradicate, and 

recurrence rates as high as 15% can be seen [15].  

Aspergillus section Nigri is rarely differentiated at the species level 

when originating from human specimens. Some members of 

Aspergillus section Nigri (‘black aspergilli’) are Aspergillus niger, 

Aspergillus welwitschiae, A. tubingensis, and A. brasiliensis. 

Aspergillus welwitschiae is often collected from the external ear canal, 

whereas A. tubingensis and A. niger are predominant in respiratory 

samples [16]. A. brasiliensis is a species closely related to Aspergillus 

niger [17]. Moreover, A. brasiliensis (DSM 1988) is a reference 

microorganism, used to study the fungicidal effect of disinfectants and 

antiseptics (UNE EN 2019) [18].  

Otomycosis is a biofilm-related infection. Resistance to antifungal 

treatments is also mediated by the development of Aspergillus biofilm, 

which provides temporary antifungal drug resistance and protects the 

pathogen in a hostile environment. The biofilm matrix reduces the entry 

and the diffusion of antifungal agents. New strategies against biofilms 

are needed. Pterostilbene (PTB) is a 3,5-dimethylated derivative of 

resveratrol that originates from several natural plant sources and that 

has shown strong activity against some fungal pathogens [9,19]. Recent 

literature studies have reported that PTB inhibits C. albicans biofilm 

[9,20]. The effect of PTB on fungal cells was related to the 

downregulation of the Ras/cAMP pathway and the ergosterol 

biosynthesis, which both contribute to the antibiofilm effect of PTB 
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[21]. In the present study, the use of PTB loaded into NPs was evaluated 

with the aim of significantly improving drug performance [2]. In 

particular, PLGA-NPs entrapping PTB were employed to target A. 

brasiliensis section Nigri and its biofilm. 

 

Results 

NPs Preparation and Characterization 

PLGA-NPs with different payloads were characterized by DLS, ζ-

potential, and SEM measurements. Hydrodynamic diameter, PDI, ζ-

potential, and morphology were not significantly affected by the 

entrapment of 6-coumarin or PTB inside PLGA-NPs. Typical samples 

presented an average diameter of 50 nm, with a PDI below 0.2 (Figure 

1A), and had a ζ-potential of ~ −25 mV. SEM analysis revealed 

spherical morphology for all preparations (Figure 1B).  
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Figure 1. Size distribution by intensity and PDI of PLGA-PTB-NPs, as 

measured by DLS (A). SEM micrographs of PLGA-PTB-NPs (Scale 

bar: 100 nm) (B). 

 

PLGA-PTB-NPs had drug content of 0.375 mg of PTB/mg of PLGA, 

corresponding to an encapsulation efficiency of 75%. As previously 

reported [10] by the authors, the amount of PTB released in buffer 



115 
 

solutions at different pH was low due to the poor water solubility of the 

drug, reaching the final value of 30 μg/mL within 5 days in plateau 

conditions.  

Microscopic Observations of NP Uptake in Aspergillus Conidia, 

Mycelium, and Biofilm 

In order to verify PLGA-NP uptake into A. brasiliensis conidia, 

mycelium, and biofilm, PLGA-NPs were loaded with the highly 

fluorescent probe coumarin 6, allowing them to be visualized under 

fluorescence microscopy. Results obtained with microscopic 

observations showed that 50 nm PLGA-coumarin6-NPs have the ability 

to penetrate conidia depending on their morphology. The conidia do not 

allow the internalization of NPs (Figure 2A, indicated by the yellow 

arrow). Only when the envelope breaks are NPs able to interact with the 

conidia capsule (Figure 2A, B red arrow). In the germ tube and hyphae, 

the fluorescence images report that 50 nm NPs were clearly visible up 

to 1 μm below the fungal wall (Figure 2C). The uptake of PLGA-

coumarin6-NPs on biofilm was evident 60 min after administration 

(Figure 3A, B), the image showed that the 50 nm PLGA-NPs diffuse 

through the polysaccharide-derived extracellular matrix. No 

autofluorescence was detected from the conidia, mycelium, and biofilm 

alone (data not shown). 
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Figure 2. Overlap of the bright field image and the fluorescence image, 

which shows A. brasiliensis conidia treated for 10 min with 50 nm 

PLGA-coumarin6-NPs. In the first stage of conidia development 

(yellow square) the protective envelope did not allow interaction with 

NPs. In a later stage of conidia development (red square), when the 

envelope broke, fluorescence along the conidia capsule was observed 

(A). A 3D reconstruction of A. brasiliensis conidia treated with NPs for 

10 min. The fluorescence signal was detected along the wall of the 

conidia (B). Fluorescence image of the hyphae of the newly germinated 

A. brasiliensis conidium treated with 50 nm PLGA-coumarin6 -NPs. 

The fluorescence signal inside A. brasiliensis hyphae is visible after 1 

h of NPs administration (C). 
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Figure 3. Observation of A. brasiliensis mycelium and biofilm treated 

with 50 nm PLGA-coumarin6-NPs. Overlap of the bright field image 

and the fluorescence image, which shows the localization of PLGA-

coumarin6-NPs inside the fungal hypha (A). Presence of NPs within the 

biofilm (B). A 3D reconstruction of biofilm treated with NPs for 60 

min. The fluorescence signal was detected along the entire thickness of 

the biofilm matrix (C). 
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Antifungal Activity of PLGA-PTB-NPs 

In vitro antifungal activity of free PTB and PLGA-PTB-NPs against 

biofilm in formation and preformed biofilm at different stages of 

formation (24 h and 28 h) has been determined by evaluating the in vitro 

metabolic activity of fungal cells. The results showed that after 24 h of 

incubation with PLGA-PTB-NPs, the PTB loaded into PLGA-NPs 

showed a significantly better activity compared to free PTB in all the 

experiments at a concentration of 20 µg/mL (Figure 4). Empty NPs did 

not show antifungal activity. 
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Figure 4. Activity of free PTB and PLGA-PTB-NPs against A. 

brasiliensis (DSM 1988). Activity of free PTB and PLGA-PTB-NPs 

against A. brasiliensis biofilm in formation, after 24 h of incubation (A). 

Activity of free PTB and PLGA-PTB-NPs against A. brasiliensis 24 h 

biofilm, after 24 h of incubation (B). Activity of free PTB and PLGA-

PTB-NPs against 48 h biofilm, after 24 h of incubation (C). * p < 0.05 

compared to the control; ** p < 0.01 compared to the control *** p < 

0.001 compared to the control. 

Activity of PLGA-PTB-NPs on a Model of Aspergillosis in G. 

mellonella 

As previously reported, G. mellonella is a suitable model for testing the 

efficacy of antifungal agents against aspergillosis [22]. G. mellonella 

larvae were infected with conidial suspensions of A. brasiliensis. 

Mortality curves were used to calculate the lethal dose (data not shown). 

Assessment of the efficacy of PTB or PLGA-PTB-NP treatment was 

based on mortality in the lethal model. A dose-dependent reduction in 

mortality was observed after antifungal treatment with PTB and PLGA-

PTB-NPs. PLGA-PTB-NPs were more effective than free PTB. The 

activity of PLGA-PTB-NPs was maximal at the highest concentration 

(Figure 5).  
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Figure 5. PLGA-PTB-NPs reduces A. brasiliensis virulence in G. 

mellonella model. Survival curves of G. mellonella larvae 

(n = 10/strain) infected via injection with 2 × 104 conidia from A. 

brasiliensis with free PTB. Larvae were monitored for 5 days post-

infection. Statistical significance relative to control was judged by the 

Kaplan–Meier followed by Mantel–Cox log-rank tests. At least three 

independent biological replicates were carried out for each experiment. 

* p < 0.05 compared to the free PTB and PLGA-PTB-NPs; ** p < 0.01 

compared to the free PTB and PLGA-PTB-NPs. 
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Toxicity on Galleria mellonella Larvae Model 

PLGA-PTB-NPs were tested in an in vivo model by selecting the larvae 

of Galleria mellonella as a fungal in vivo model. G. mellonella was 

infected with A. brasiliensis (DSM 1988) conidia and treated with 

PLGA-PTB-NPs, PTB, and PLGA-NPs. To calculate the lethal dose, 

mortality curves were previously determined (data not shown). After 

inoculation with 4 × 104 to 5 × 104 conidia/larvae of A. brasiliensis, 

death was reported daily for 5 days. In the groups of untouched larvae 

and larvae inoculated with PBS, mortality was equal to 0%. Conversely, 

in the group of larvae infected with A. brasiliensis, the mortality rate 

was 45% at day 5 post-infection. Subsequently, using the same 

inoculum concentration, the larvae were inoculated with PLGA-PTB-

NPs and PTB in a concentration range from 2.85 mg/kg to 0.089 mg/kg 

and from 1.35 mg/kg to 0.042 mg/kg, respectively. These results 

indicated a clear relationship between the concentrations of PLGA-

PTB-NPs or free PTB and the mortality rate (Figure 5). The LD50 

detected dose was more than 1.35 mg/kg for PTB and 2.855 mg/ kg for 

PLGA, alone and in combination (Table 1).  
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Table 1. Survival of G. mellonella larvae following administration of 

PLGA-NPs, PTB, and PLGA-PTB-NPs by intra-hemocoel injection. 

Every experiment was conducted with 10 larvae for each group in 

triplicate. All values are the mean of three independent experiments. 

 

Chemical LD50 (mg/kg) Solvent 

PLGA-NPs > 2.85 H2O 

PTB 

PLGA-PTB-NPs 

> 1.35 

> 2.85–1.35 

100 H2O: 1 DMSO 

100 H2O: 1 DMSO 

 

Discussion 

Aspergillus section Nigri, which include 26 species of black 

Aspergillus, are ubiquitous in the environment and in the hospital 

indoor environment. Clinically important species of Aspergillus section 

Nigri, such as A. niger and A. tubingensis, are the second most frequent 

agents that cause invasive aspergillosis and are the cause of otomycosis 

[23]. Among Aspergillus section Nigri, A. brasiliensis (DSM1988) has 

a conidial size of 3.5–4.5 μm, and growth and sporulation at 37 °C. 

Moreover, the growth on Czapek yeast autolysate agar with 5 % NaCl 

is indicative of a close relationship with A. niger [17]. A. brasiliensis is 

used as a reference fungal species for the evaluation of the efficacy of 

compounds with antiseptic activity [18]. In this study, the well-



124 
 

characterized strain, Aspergillus brasiliensis (DSM1988) 

(ATCC16404), was chosen for use. 

Aspergillus spp. are recognized as the fungi that form biofilms [24]. The 

negative consequences of biofilms are widely reported [14]. Aspergillus 

diseases are often associated with biofilm formation that increases host 

inflammation, rapid disease progression, and mortality. Biofilm is a 

microbial adaptation to the environment, resulting in antimicrobial 

resistance. Some Aspergillus species are resistant to antifungal 

treatment. The extracellular matrix, a defining feature of biofilm, is a 

complex mixture of biomacromolecules which contributes to reduced 

antimicrobial susceptibility.  

The goal of this study was to investigate the antifungal activity of 

pterostilbene entrapped in poly(lactic-co-glycolic) acid nanoparticles 

(PLGA-NPs) on A. brasiliensis conidia, hyphae, and biofilm. Most 

studies have reported the antibiofilm effect of pure natural compounds 

included in nanosystems against Candida spp. biofilms, but only a few 

papers have reported the activity against Aspergillus spp. To eradicate 

biofilms, it is essential that NPs penetrate the matrix because it offers 

protection to pathogens, reducing cells’ susceptibility to antimicrobials 

[25]. However, knowledge of NPs–biofilm interactions is still limited. 

As previously reported, PLGA-NPs can penetrate fungal conidia and 

hyphae of species belonging to the Aspergillus genus. Patel and 

colleagues tested PLGA-NPs, loaded with coumarin 6, at 203 nm and 

1206 nm and demonstrated that the uptake in A. flavus spores and 
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mycelium depends on NP size. The smaller NPs tested (203 nm) were 

internalized more efficiently after 1 h of incubation than the bigger ones 

[26]. Muse and colleagues studied the uptake of PLGA-NPs covalently 

tagged with tetramethyl rhodamine isothiocyanate (TRITC), a red 

fluorescent compound (PLGA-TRITC), and PLGA-TRITC loaded with 

coumarin (double tagged), showing a clear surface association between 

NPs and A. flavus cells, while smaller NPs (30–50 nm) were 

internalized, allowing us to observe a red fluorescence inside the cells 

[27]. In general, for all cell types and organisms, the results suggest that 

smaller NPs are internalized more effectively by cells [28]. Moreover, 

PLGA-based NPs have been approved for many biomedical 

applications, such as delivery devices, and are considered safe for in 

vivo testing and applications. PLGA is a well-known random 

copolymer with physical and mechanical properties that can be easily 

tuned by altering the lactide to glycolate ratio, and by using 

nanoprecipitation techniques, it is possible to produce biodegradable 

nanoparticles with a controlled size and narrow size distribution [29]. 

In this study, we have shown that 50 nm PLGA-coumarin6-NPs can 

penetrate conidia only at a later germination stage; when the envelope 

breaks, conidia lose the pili layer and NPs can interact with the conidia 

capsule. Fang et al. have described conidia structure in detail. The 

authors reported that the surface roughness of conidia was 

approximately 33 nm [30]. Moreover, 50 nm NPs have been detected 

within the hyphae of the newly germinated conidia, at a distance of 1 
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μm below the fungal wall. PLGA-coumarin6-NP uptake by fungal 

biofilm was largely demonstrated and 50 nm PLGA-NPs diffused 

through the polysaccharide-derived extracellular matrix without any 

difficulty and remained entrapped even after rinsing with water. 

Regarding the antifungal activity, the anti-Candida activity of NPs -

PTB- PLGA against Candida albicans biofilm was previously reported 

[9]. The increase in the activity of pterostilbene during the biofilm 

formation and after 24 h growth confirms our results, which were 

obtained by means of microscopy images. Moreover, recent studies 

have demonstrated that fungal virulence factors have similar and 

overlapping roles in mammalian and G. mellonella hosts, implying that 

G. mellonella studies can be transferred to mammals. G. mellonella are 

beneficial organisms for elucidating virulence factors, fungal signal or 

regulatory pathways, and the examination of antifungal 

pharmaceuticals [22,31]. In this study, PLGA-PTB-NPs proved to be 

more effective than free PTB in reducing, in a dose-dependent manner, 

the mortality of G. mellonella. Furthermore, the concentrations used in 

the in vivo tests were not toxic, as demonstrated in the evaluation of 

toxicity on G. mellonella larvae (LD50 more than 1.35 mg/kg for PTB 

and 2.855 mg/kg for PLGA alone and in combination). In conclusion, 

the in vitro and in vivo results have demonstrated that the antifungal 

compounds can be addressed by nanoparticles to reduce the infections 

caused by A. brasiliensis, section Nigri, biofilm. 
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Materials and Methods 

Materials 

Pterostilbene (PTB) was purchased from Chemodex (St. Gallen, 

Switzerland). Poly(D, L)-lactic-co-glycolic acid (PLGA, lactide: 

glycolide 50:50, MW 50 kDa), Coumarin 6 (98%), and all other 

chemicals and reagent-grade solvents were purchased from Sigma-

Aldrich (St. Louis, MO, USA) and used as received. 

Preparation and Characterization of PLGA-PTB-NPs and PLGA-

coumarin6-NPs 

PLGA-NPs loaded with either PTB (PLGA-PTB-NPs) or the 

fluorescent probe coumarin 6 (PLGA-coumarin6-NPs) were prepared 

based on our previous works, using a microfluidic reactor with a flow-

focusing configuration through a nanoprecipitation mechanism 

[9,10,32]. Dynamic light scattering (DLS) and ζ-potential 

measurements were carried out using a NanoZetasizer (Malvern 

Instruments, Malvern, UK) to measure the mean hydrodynamic 

diameter of PLGA-NPs and their polydispersity index (PDI). The 

experimental conditions used are the following: a helium–neon laser 

operating at 633 nm, a fixed scattering angle of 173°, and a constant 

temperature (25.0 ± 0.1 °C). The measured autocorrelation functions of 

the scattered light intensity were analyzed using the CONTIN algorithm 

in order to obtain the decay time distributions, used to determine the 

distributions of the diffusion coefficients of the particles (D), converted 
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into the distributions of the apparent hydrodynamic radii, RH, using the 

Stokes–Einstein relationship: RH = kBT/6πηD (kBT = thermal energy; η 

= solvent viscosity). The electrophoretic mobility μ of particles, 

measured by combined laser Doppler velocimetry (LDV) and phase 

analysis light scattering (PALS), was converted into their ζ-potential 

using the Smoluchowski relation ζ = μ η/ε (ε=solvent permittivity). 

Particle morphology was investigated by means of scanning electron 

microscopy (SEM) in both the secondary and the backscattered electron 

modes with an electron acceleration voltage of 20 keV, using an LEO 

1450VP SEM microscope (ZEISS, Oberkochen, Germany). The 

quantitative analysis of PTB entrapped within PLGA-NPs was carried 

out using spectroscopic measurements. NP aqueous suspensions were 

ultra-centrifuged at a low temperature (14.000 rpm, 15 min, 4 °C) to 

recover NPs. The supernatant was discarded, the pellet was dissolved 

in acetone and analyzed by measuring the UV PTB absorbance at 313 

nm, and the results were compared with a calibration curve within the 

concentration range between 0.002 and 0.01 mg/mL (R2 = 0.9822). 

The encapsulation efficiency (EE) and loading capacity (LC) were 

calculated using the following equations: 

EE % = (total drug added-free non entrapped drug)/(total drug added) × 100 (1) 

LC % = (Amount of entrapped drug)/(total nanoparticle weight) × 100 (2) 
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For studying the in vitro PTB release from PLGA-PTB-NPs, a fixed 

number of NPs were suspended in an acetate buffer at pH = 4.0 or in a 

PBS solution at pH = 7.4 and then incubated at 25 °C under magnetic 

stirring. At selected time intervals, fixed amounts of supernatant were 

collected and their PTB content was determined using the 

spectrophotometric method described above. 

Fungal Strain and Culture Condition 

A. brasiliensis (DSM 1988), formerly A. niger (DSM 1988), species 

Aspergillus section Nigri from the German Collection of 

Microorganisms (DSMZ, Braunschweig, Germany) was used as a 

reference strain in this study. A. brasiliensis (DSM 1988), the quality 

control strain, is used in preservative testing of pharmaceuticals, and in 

sterility testing. The strain was grown for five days on potato dextrose 

agar (Sigma Aldrich, St. Louis, MI, USA). The conidia were collected 

with phosphate-buffered saline and the concentration was determined 

with a Thoma counting chamber. RPMI medium (RPMI 1640 with L-

glutamine, without bicarbonate) buffered to pH 7.0 with 0.165 M 

MOPS was used for antifungal tests.  

Fungal Uptake of PLGA-coumarin6-NPs 

The suspension of PLGA-coumarin6-NPs was added to A. brasiliensis 

(DSM 1988). A. brasiliensis conidia (1 × 105 conidia/mL) were 

inoculated into 24 g/L of potato dextrose broth (PDB) and after 12 h 

and 24 h PLGA-coumarin6-NPs, at a final concentration of 0.1 mg/mL, 
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were added. Fungal suspensions were placed on a microscope slide after 

10 and 60 min. Mycelium, germ tube, and conidia were observed using 

an ApoTome fluorescence microscope. For PLGA-coumarin6-NPs 

uptake in Aspergillus biofilm, 1 × 105 conidia/mL were cultured on 

glass microscope slides placed into Petri dishes containing PDB and 

incubated for 48 h. PLGA-coumarin6-NPs at a final concentration of 

0.1 mg/mL were added to the biofilm. The biofilm was rinsed with 

sterile water and observed under an ApoTome fluorescence microscope 

after 60 min. The control of untreated conidia, mycelium and biofilm 

was observed to reveal any auto-fluorescence. 

Microscopic Analysis 

Conidia, mycelium, and biofilm treated with PLGA-coumarin6-NPs 

were observed, and images were acquired using an Axio Imager M2 

fluorescence microscope (Zeiss, Wetzlar, Germany) motorized on the 3 

axes by using a FITC filter (λ excitation BP 455-495 nm; λ emission 

BP 05-555 nm). The thickness of the sample provided a Z-stack image 

scan performed with an Axiocam 512 (Zeiss) monochromatic camera 

and ApoTome 2 (Zeiss) as a fringe projection module to eliminate the 

out-of-focus signal. Zen 2.5 (Zeiss) image analysis software was used 

to obtain single-plane images as Z-stack maximum projection. 
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In Vitro Antifungal Activity of PLGA-PTB-NPs against Biofilm 

Formation and Preformed Biofilm  

In vitro antifungal activity against in formation and preformed biofilm 

was carried out as previously described [33]. A. brasiliensis conidia 

were inoculated with PLGA-PTB-NPs or free PTB and incubated in 

RPMI for 24 h and 48 h. Biofilm grown in 96 flat-well plates was 

inoculated with PLGA-PTB-NPs or free PTB.  

After incubation for 24 h, the cells were washed and the metabolic 

activity, with 2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-

tetrazolium-5-carboxamide (XTT) reduction assay, was evaluated. 

XTT-menadione was added, and after incubation, the optical density at 

450 nm was measured. Each experiment was performed at least three 

times, in triplicate, on separate dates [33]. 

Toxicity of PLGA-PTB-NPs, Free PTB, and PLGA-NPs on 

Galleria mellonella Larvae Model 

In vivo toxicity studies using the G. mellonella larvae were carried out 

as previously reported [34]. 

Larvae, of the sixth developmental stage of G. mellonella (Lepidoptera: 

Pyralidae, the Greater Wax Moth), (obtained from Blu Fish Rome) were 

stored in wood shavings in the dark at 18 °C before use. Larvae with 

color alterations (i.e., dark spots or apparent melanization) were 

excluded and those weighing 0.3–0.4 g were selected for experimental 

use. Larvae were injected with different PTB concentrations, free or 
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entrapped within PLGA-NPs, or with empty PLGA-NPs. Controls 

included larvae injected with or without a sterile physiological saline 

solution. Survival was monitored over 120 h. Larvae death was 

monitored by visual inspection of the color (brown–dark brown) and 

lack of movement after touching them with forceps. Each experiment 

was performed in triplicate. 

In Vivo Activity of PLGA-PTB-NPs 

G. mellonella larvae were infected with A. brasiliensis (4 × 104 to 5 × 

104 conidia/larvae), with or without different concentrations of PLGA-

PTB-NPs or PTB. Survival was monitored over 120 h. Larvae death 

was monitored by visual inspection of the color (brown–dark brown) 

and lack of movement after touching them with forceps. Each 

experiment was performed in triplicate.  

 Statistical Analysis 

The data were expressed as mean ± s.e.m. p <0.05 was considered 

statistically significant. Statistical criteria, p, and other parameters are 

shown for each experiment. G. mellonella survival was displayed via 

Kaplan–Meier curves. The statistical data analysis was performed using 

the GraphPad Prism 8 software (GraphPad Software Inc., La Jolla, CA, 

USA).  
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Chapter 6: Final conclusions  

 

Application of the biodegradable poly lactic-co-glycolic acid 

nanoparticles (PLGA NPs) for developing controlled release systems of 

encapsulated bioactive molecules has shown immense potential in 

agricolture (Tong et al., 2017; Athanassiou et al., 2018). PLGA is a 

harmless biocompatible polymer that totally degrades into nontoxic 

byproducts. In fact, when hydrolysis takes place, the lactide and 

glycolide monomers are transformed into lactic and glycolic acids, 

respectively, which are metabolized by the Krebs cycle producing 

carbon dioxide and water. Therefore, PLGA is not toxic to humans, 

plants or animals (Schnoor et al., 2018). In agriculture, the main 

advantage of these nanoformulations is the cargo protection from 

volatilization, infiltration, outflow, leaching and photo-, chemio- or bio-

degradation (Pandita et al., 2015). As a result, plants and soils should 

incorporate fewer active chemicals, reducing the environment's 

negative impact (Perez, 2017). For their use in the plants it is important 

to understand the mechanisms of the uptake, translocation, and 

accumulation including their potential adverse effects on plant growth 

and development, as well as their preventive accurate evaluation of 

nanoparticle-plant interactions (Sanzari et al., 2019).  

The PhD project went precisely in this direction. The study has been 

conducted on A. thaliana cultured cells and plantlet roots treated with 
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PLGA NPs loaded with the fluorescent probe coumarin6 (chapter 3). 

PLGA NPs Confocal and fluorescence microscopy results 

demonstrated that penetrated the suspended cells and tissues of roots of 

A. thaliana rapidly, as early as 10 minutes after administration. 

Moreover, A. thaliana cells were able to internalize PLGA NPs with a 

maximum size of 30 nm in diameter. This represents an important 

information for the future applications of PLGA NPs in this species. 

Moreover, we observed that the inhibitor Dynasore did not inhibit the 

uptake of PLGA NPs into A. thaliana cells and seedling roots. It is 

known that Dynasore acts as a potent inhibitor of endocytic pathways 

and depend on dynamin by blocking the GTPase activity of dynamin 

(Macia et al., 2006). Our results suggested that the internalization of 

NPs could occur by Dynamin-independent pathway and consequently, 

mainly involve the pathway of clathrin-independent endocytosis. This 

result is in line with previous studies, which showed clathrin-

independent endocytosis was the primary internalization pathway in 

grapevine cell internalization (Palocci et al., 2017).  A molecular 

approach would be of assistance in confirming this hypothesis.  

In addition, the PLGA NPs were able to be translocated from the root 

to the hypocotyl in the A. thaliana seedling. These data, as well as being 

useful for understanding the mechanism of PLGA NPs internalization 

in Arabidopsis, are promising for future PLGA NPs applications in the 

field.  



143 
 

As widely documented, every year pathogenic fungi cause a great deal 

of economic damage in agriculture by attacking plants and crops (Peng 

et al., 2021) and producing mycotoxins that are proven harmful to 

human health (Reddy et al., 2010). This problem leads to widespread 

use of highly effective pesticides, however, every agrochemical has 

some potential issues including contamination of water or residues on 

food products that threat the human being and environmental health 

(Prasad et al., 2017). For this reason, it would be desirable the 

development of alternative systems for the administration of bioactive 

compounds to plant and fungi, in order to reduce the quantity and 

frequency of the treatments. It has been demonstrated, for example, by 

Chronopoulou et al. (2019) that MeJA encapsulation in NPs increases 

MeJA cell uptake and activates MeJA-induced responses in V. vinifera. 

It has also been shown that by encapsulating volatile compounds their 

long-term efficacy is ensured by controlled release and easy handling, 

with positive effects on their antifungal activity on A. niger (Janatova 

et al., 2015). In this context, analyses were carried out to evaluate the 

effectiveness of a nanotechnological system based on biopolimeric 

nanoparticles (PLGA NPs). In chapter 4, the effectiveness of the 

nanotechnological system was evaluated by encapsulating the 

fluorescent probe coumarin6, the naturally-derived stilbenoid 

pterostilbens, or the synthetic antifungal Fluopyram. Observations with 

fluorescence microscopy revealed that 50 nm Cu6-PLGA NPs 

penetrated B. cinerea conidia and hyphae within 10 minutes of 
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administration. Moreover, pterostilbene and fluopyram delivered by 

NPs were more active against B. cinerea than the corresponding free-

form antifungals. This represents an important information in order to 

achieving higher efficacy and reduced environmental toxicity of natural 

and conventional antifungals through targeted and controlled drug 

delivery. The study of size thresholds for NPs uptake in plants and fungi 

could be useful in making more specific the effect of pesticides directed 

exclusively to fungi. In the present studies has been also demonstrated 

that PLGA NPs no bigger than 30 nm entered in A. thaliana cultured 

cells. Differently, Palocci and collaborators showed that in V. vinifera 

cultured cells PLGA NPs of 50 nm entered, while the bigger ones 

remained attached to the cell wall (Palocci et al., 2017). In Aspergillus 

flavus hyphae, 203 nm PLGA NPs were efficiently internalized, 

whereas 1206 nm remained associated with cell surface (Patel et al., 

2011). NPs smaller than the size exclusion limit from the cell wall and 

from the plasma membrane would be suitable for delivery of molecules, 

such as resistance inducers, targeted to plant cells. In contrast, NPs with 

sizes above the size exclusion limit would be preferable for substances, 

such as antifungals, that should be released beyond plant cells. 

In chapter 5, the observations of microscopy on Aspergillus section 

Nigri showed an efficient 50 nm PLGA-coumarin6-NPs uptake with the 

fluorescence signal visible inside A. brasiliensis hyphae and along the 

entire thickness of the biofilm matrix after treatment. The PLGA-PTB-

NPs have reduced A. brasililiensis biofilm formation and mature 
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biofilm demonstrating that the PLGA NP system can enhance the 

bioavailability of natural compounds in A. brasiliensis biofilm by 

passing the biofilm matrix barrier and delivering the molecule into 

fungal cells. In the same publication, in vivo experiments showed major 

reduction in mortality of infected with A. brasiliensis (DSM 1988) 

conidia Galleria mellonella larvae, after injection of PLGA-PTB-NPs 

compared to those treated with PTB administered in free form at the 

same concentration. Fungal biofilm infections are particularly serious 

because biofilm cells are relatively resistant to many common 

antifungal agents (Blankenship and Mitchell, 2006). Simonetti et al., 

(2019) observed that PLGA-PTB-NPs inhibited C. albicans biofilm 

formation and reduced C. albicans mature biofilm. 

In conclusion, 30 nm PLGA NPs were rapidly internalized by A. 

thaliana cells and plants. The PLGA NPs were not immediately 

degraded and were able to be translocated from the root to the hypocotyl 

in A. thaliana seedling.  In addition, 50 nm PLGA NPs were efficiently 

absorbed by B. cinerea and A. brasiliensis and antifungals carried by 

NPs were more active, against the fungi under study, than the equivalent 

free-form antifungals. In view of these results, by targeting and 

controlling drug delivery, PLGA nanoparticles may be a promising 

treatment to deliver resistance inducers into the plant or for enhancing 

the effectiveness of natural antifungals and synthetic antifungals in 

agriculture. 
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