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Extended abstract 

Encapsulation into biopolymer microparticles ensures the protection and targeted delivery of 

active agents, it offers controlled release with higher efficiency and environmental safety for 

ecological and sustainable plant production. This work includes the preparation and application 

of microparticles loaded with chemical (Cu2+, Ca2+, Mg2+) and biological (Trichoderma viride 

spores) agents. Desirable microparticles in terms of physicochemical characteristics, cost-

efficiency, and sustainability, were further applied in the production of the vine (Vitis vinifera 

L.) and lettuce (Lactuca sativa L.). The application of microparticles presents an innovative 

way to stimulate plant metabolites synthesis. This would enhance plants' defense against pests 

and pathogens and would result in the production of higher quality food. Results reveal complex 

intermolecular interactions between used components for encapsulation. T. viride germination 

inside the matrix and germ tubes penetration out of the microspheres revealed an environment 

supportive of T. viride growth. Kinetics and mechanisms of agents released from uncoated and 

chitosan-coated alginate microparticles were investigated. Increased cation concentration 

promoted, but the presence of the chitosan layer reduced the rate of active agents release. The 

release mechanism was Fickian diffusion or a combination of diffusion and erosion 

mechanisms. T. viride spores release mechanism from Ca-alginate microspheres was detected 

as anomalous transport kinetics whereas from Ca-alginate microcapsules is controlled by Type 

II transport. Microparticles were tailored to supply plants (vine and lettuce) throughout the 

growth period. Treatments of the vine resulted in a significant increase in almost all measured 

parameters (total polyphenols, antioxidant capacity, total carotenoids, and total chlorophylls) 

of vine leaves compared to the control. The treatments enhanced vine leaves in terms of 

bioactive potential and can be further used as a functional food or serve as a source of functional 

compounds. All treatments with microparticles had a positive effect on the enhancement of 

plant metabolites content in lettuce. The highest increase of chlorophylls, antioxidant activity, 

and total polyphenolic compounds was obtained with calcium-based microparticles treatments 

in both, conventionally and hydroponically grown lettuces. Non-encapsulated fungus T. viride 

enhanced the synthesis of plant secondary metabolites only in hydroponics cultivation 

signifying the importance of its encapsulation. Bioencapsulation was revealed to be a promising 

method for the efficient delivery of active agents for plant nutrition/protection and the 

production of functional foods. 

Keywords: ionic gelation, sodium alginate, chitosan, plant secondary metabolites, functional 

foods, sustainability 



Prošireni sažetak 

Inkapsulacija u biopolimerne mikročestice osigurava zaštitu i ciljanu isporuku aktivnih agensa, 

nudi kontrolirano otpuštanje uz veću učinkovitost i sigurnost okoliša za ekološku i održivu 

proizvodnju bilja. Ovaj rad uključuje pripremu i primjenu mikročestica ispunjenih kemijskim 

(Cu2+, Ca2+, Mg2+) i biološkim (spore Trichoderma viride) agensima. Poželjne mikročestice u 

pogledu fizikalno-kemijskih karakteristika, ekonomičnosti i održivosti, primijenjene su u 

uzgoju vinove loze (Vitis vinifera L.) i zelene salate (Lactuca sativa L.). Primjena mikročestica 

predstavlja inovativan način za poticanje sinteze biljnih metabolita. Takav pristup može 

pojačati obranu biljaka od štetočina i patogena te rezultirati proizvodnjom hrane bolje kvalitete. 

Rezultati otkrivaju složene intermolekularne interakcije između korištenih komponenti za 

inkapsulaciju. Klijanje spora T. viride unutar čestica i prodiranje hifa iz mikročestica otkrilo je 

okruženje povoljno za rast T. viride. Ispitani su kinetika i mehanizmi otpuštanja aktivnih agensa 

iz mikrosfera i mikročestica. Povećanje koncentracije kationa promovira, dok prisutnost 

kitozanskog sloja smanjuje brzinu otpuštanja aktivnih tvari. Određeni mehanizam otpuštanja je 

Fickova difuzija ili kombinacija difuzijskih i erozijskih mehanizama. Mehanizam oslobađanja 

spora T. viride iz mikrosfera Ca-alginata je anomalijski transport dok je iz Ca-alginat 

mikrokapsula kontrolirani transport tipa II. Mikročestice su pripremljene za opskrbu biljaka 

(vinova loza i zelena salata) tijekom perioda rasta i razvoja. Tretmani vinove loze rezultirali su 

značajnim povećanjem u gotovo svih izmjerenih parametara (ukupnih polifenola, 

antioksidacijskog kapaciteta, ukupnih karotenoida i ukupnih klorofila) kod lišća vinove loze, 

usporedno s kontrolom. Tretmani su rezultirali povećanjem kvalitete lišća vinove loze u smislu 

bioaktivnog potencijala, te se dalje mogu koristiti kao funkcionalna hrana ili poslužiti kao izvor 

funkcionalnih sastojaka. Svi tretmani mikročesticama imali su pozitivan učinak na povećanje 

sadržaja biljnih metabolita u salati. Najveće povećanje ukupnih klorofila, antioksidacijskog 

kapaciteta i ukupnih polifenola kod salate dobiveno je tretmanima mikročestica na bazi Ca-

alginata u konvencionalnom i hidroponskom načinu uzgoja. Neinkapsulirana T. viride 

stimulirala je sintezu biljnih metabolita samo u hidroponskom načinu uzgoja što ukazuje na 

važnost njene inkapsulacije. Bioinkapsulacija se pokazala kao obećavajuća metoda za 

učinkovitu isporuku aktivnih agensa u zaštiti/ishranu bilja i proizvodnju funkcionalne hrane. 

 

Ključne riječi: ionsko geliranje, natrijev alginat, kitozan, sekundarni biljni metaboliti, 

funkcionalna hrana, održivost 
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One of the major problems in food production is the overuse of toxic agrochemicals. 

The overuse of agrochemicals during the production of plants has a serious negative impact on 

the environment, food safety, and consequently, on human health, most of all because some of 

the agrochemicals are organic pollutants. Researchers are increasingly turning to natural ways 

of treating plants, to abandon or at least limit the use of the aforementioned agrochemicals. One 

of the ways to reduce their overuse is through controlled and targeted delivery of biological (i.e. 

microorganisms) and chemical agents. Conveniently, controlled and targeted delivery can be 

achieved via the encapsulation method, and this has proven to be a suitable way of delivering 

nutrients for organic and sustainable crop production (Vinceković et al., 2016). Encapsulation 

into microparticles is an advanced, promising, and fast-developing technology that has 

significant advantages over other agro-formulations in terms of protection of the living 

organisms from external conditions and the possibility of a higher survival rate. The main 

benefits of biological and chemical agents' encapsulation include sustained and controlled 

release, greater efficiency, and relatively beneficial impact on the environment (John et al. 

2011). 

As a result of consumer needs and wishes, the production of quality, safe, and functional food 

is becoming increasingly popular. The concept of functional foods refers to the foods with a 

relatively higher content of biologically active compounds, which are thought to have a 

beneficial effect on human health, reduce the risk of some diseases, and they can even stimulate 

faster healing of tissues. Although functional foods are not fully defined, the scientific literature 

considers that these products provide additional benefits beyond the general benefits of 

nutritional intake and the pure need to satisfy hunger (Bigliardi and Galati, 2013; Lenssena et 

al., 2018). 

Plant secondary metabolites (PSM) are biologically active compounds often used in healthy 

nutrition, traditional medicine, and in a wide array of industrial applications (Tiwari and Rana, 

2015; Guerriero et al., 2018). Plant secondary metabolites such as polyphenols are composed 

of several groups of structurally distinct natural compounds biogenetically obtained by 

shikimate-phenylpropanoid-flavonoid biochemical pathways. Plants require these metabolites 

for pigmentation, growth, reproduction, resistance to pathogens, and many other biochemical 

processes and functions while these metabolites represent adaptive characteristics that 

underwent natural selection during evolution. Besides, the effective defense mechanism of 

plants can be attributed to the wide range of PSM they synthesize (Lattanzio et al., 2006). With 

a wide range of different PSM, plants can respond to different stressors. Given that the 
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production of specific plant protection features can be extremely costly, new ways of enhancing 

defense need to be investigated and exploited. Methods involving increased expression of 

endogenous compounds (i.e. PSM) can significantly affect plant characteristics for resistance 

to invaders (Lattanzio et al., 2006). A high proportion of PSM can also have an important 

impact on human nutrition and health, by increasing the intake of antioxidants and nutrients 

(Mampholo et al., 2013; 2016). Therefore, not only would the increase of biologically active 

compounds during plant cultivation have benefits for human consumption, but their primary 

role would be to increase the plant's defense mechanisms against pests and pathogens. 

Furthermore, with significant interest in the increased production of PSM, obtaining high yields 

can be ideal for commercial exploitation (e.g. functional ingredients). Various strategies, such 

as screening and selecting high-performance cell lines, cell cultures from different parts of 

plants, metabolic engineering, media optimization, plant growth regulators, and others, have 

been used so far to increase PSM production in plant cells (Anand, 2010), but most of these 

strategies are very expensive and inefficient. 

Living microorganisms (e.g. nematodes, bacteria, and fungi) can be applied to the seed, surface 

of the plant or soil to colonize the rhizosphere and the interior of the plant to stimulate its growth 

and production of PSM by increasing the supply and availability of nutrients (Banerjee et al., 

2006). Specifically, some studies show that mycorrhizal inoculation can increase PSM content 

such as polyphenols and increase the antioxidant activity in plants (Avioa et al., 2017), but 

effective formulations require a carrier material that must retain mycorrhizal functional 

properties after the administration. One way to protect and achieve targeted delivery of 

microorganisms to a plant is via encapsulation method. Microorganisms such as the fungus of 

the genus Trichoderma participate in the degradation of plant residues in the soil and act as 

biocontrol agents against plant pathogens. Trichoderma species synthesize specific compounds 

and metabolites such as hydrolytic enzymes, plant growth promoters, antibiotics, siderophores, 

carbon, and nitrogen permeases. Trichoderma spp., among other things, stimulates plant growth 

by dissolving otherwise insoluble mineral nutrients, such as calcium, iron, or aluminum 

phosphates (Altomare et al., 1999). Strong aggressiveness against plant pathogens and high 

efficacy in promoting plant growth and defense mechanism have made Trichoderma species an 

important biocontrol agent (Harman, 2006). However, biological agents are significantly 

influenced by the detrimental external factors such as pH, humidity, ultraviolet radiation which 

all impair its action. With encapsulation, a protective barrier around the biological control 

organism is provided, preserving its activity (Paulo and Santos, 2017; Locatelli et al., 2018). 
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Compatibility of Trichoderma viride spores with divalent ions, like Cu2+, Ca2+, Mg2+ makes it 

pragmatic for simultaneous encapsulation into microparticles, that is, simultaneous delivery of 

chemical and biological agents to a plant. Calcium ions are essential macronutrients and they 

have an important function in cell membrane structure and permeability, plant cell division and 

elongation, carbohydrate translocation, and nitrogen metabolism (White, 2000; El-Beltagi and 

Mohamed, 2013). Ca2+ plays a regulatory role in signal transduction and absorption of nutrients 

through the cell membrane (Talukdar, 2012; El-Beltagi and Mohamed, 2013; Ahmad et al., 

2016). Ca2+ also signals the regulation of genes responsible for polyphenol biosynthesis (Xu et 

al., 2014) and binds to the phospholipid membrane, stabilizing the lipid bilayer and maintaining 

the structure (Hirschi, 2004). Furthermore, it was found that in Ca2+-treated plants, 

malondialdehyde content decreases (Siddique et al., 2012; Talukdar, 2012; Li et al., 2016). 

Although the soil is known to be rich in calcium, plants often lack calcium due to their form 

and relative insolubility (e.g. CaCO3). In addition to Ca2+, copper ions (Cu2+), as well as 

magnesium ions (Mg2+), also show a stimulating effect on PSM synthesis. They can stimulate 

PSM synthesis with a positive effect on alkaloid production, shikonin synthesis (Fujita et al., 

1981), digitalin production (Ohlsson and Berglund, 1989), and betaine (Trejo-Tapia et al., 

2001). Mg2+ primary role in plants is connected with photosynthesis. Mg2+ is an integral part of 

chlorophyll, it activates some enzymatic processes required for plant growth (Mullins et al., 

1992), it participates in the synthesis of DNA and RNA molecules (Salisbury and Ross 1992), 

and is utilized in the plant's cellular energy source, ATP (Mullins et al., 1992). Cu2+ plays key 

roles in photosynthetic and respiratory electron transport chains, on ethylene sensing, cell wall 

metabolism, oxidative stress protection, and biogenesis of the molybdenum cofactor (Yruela, 

2009). Although Cu2+ is an integral part of growth media and is known to be essential for several 

biochemical and physiological pathways (Murashige and Skoog, 1962), it becomes relatively 

toxic at high concentrations (Narula et al., 2005). Therefore, it is important to control the dose 

through plant growth and development to minimize excess release into the environment. 

Successful delivery of the precisely controlled active substances to the right place and at the 

right time is a desirable characteristic of all active agent delivery systems which may aid in 

precision agriculture (Bongiovanni and Lowenberg-Deboer, 2004). To obtain suitable 

microparticles (delivery system), effective for simultaneous encapsulation of multiple active 

agents with appropriate controlled release, it is important to optimize the parameters during 

their preparation. Suitable selection of formulation variables assists in the design of 

microparticles with the desired release of biological and chemical for plant nutrition/protection. 
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This research involves the preparation and application of microparticles for the strategic 

delivery of biological and chemical agents, to make it available to the plant throughout its 

growth period. Not only to increase the proportion of PSM to protect the plant from predators 

and pathogens but also, consequently, to obtain higher quality food with added value, i.e. 

functional food or a source of functional compounds. Also, the consumption of foods with an 

increased proportion of these compounds can have a beneficial effect on human health. 

This dissertation in form of published papers and a final comprehensive review aims to point 

in the guidelines for the development of biodegradable microparticles simultaneously loaded 

with a biological agent, a plant growth promoter, Trichoderma viride, and chemical agents 

(Cu2+, Ca2+, Mg2+). The development, characterization, and optimization of the preparation 

process are necessary for the production of this biotechnological product (microparticles) to be 

used for plant nutrition/protection in conventional/hydroponic cultivation. Finally, guidelines 

and tips on the application of biopolymer-based microparticles are highlighted. 

Recommendations aim to help scientists and the agri-food sector in the development of 

procedures and application of microparticles for various purposes. Furthermore, the direction 

of future research is highlighted. The general discussion of this dissertation gives valuable 

information on the whole process, from the compatibility of a chemical and biological agent, 

through the microparticles development and characterization, ending with the application of 

microparticles and chemical analysis of treated plants. 
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Theoretical background 

1. Biopolymeric microparticles – carrier system composed of alginate and chitosan  

2. A cost-efficient method for the production of microparticles – ionic gelation 

3. Conventional formulations vs. advanced formulations – a necessity for advanced 

carrier systems 

4. Significance of chemical and biological agents encapsulation in sustainable      

agriculture 

5. Importance of plant secondary metabolites (biologically active compounds) in 

functional food production 

6. Hypothesis, research objectives , and expected scientific contributions 
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1. Biopolymeric microparticles – carrier system composed of alginate and chitosan 

Nowadays, research is more focused on the development of natural products like, for 

example, natural carriers for different active agents. Biodegradable polymers are used in the 

preparation of microparticles and are of main interest because they are safe for the environment 

and are generally non-toxic (Kumari et al., 2010). Encapsulation in biopolymeric material offers 

stability to the encapsulated material and can offer a controlled and targeted release of the latter. 

In the literature, encapsulated material is often labeled as filler, fill, core material, or internal 

phase, while the material used for encapsulation is called matrix, coating, shell, or external 

phase. Biopolymeric microparticles are usually spherical but may have some deviations. 

Respectively, the appearance of microparticles differs in size, shape, and composition mainly 

because of the influence of core material, biopolymer, and method used for its preparation 

(Sinha et al., 2017). In literature, the different classification of microparticles can be found 

(Singh et al., 2010; Vemmer and Patel, 2013; Haffner et al., 2016; Vinceković et al., 2017a; 

Lengyel et al., 2019; Fathi et al., 2019), while here in Fig 1. a representation of microparticles 

relevant to this dissertation is presented. 

 

Figure 1. Representation of microparticles relevant to this dissertation, a matrix microsphere, 

and a coated shell-matrix microcapsule (Adapted from Haffner et al., 2016) 

 

Biopolymeric microparticles offer many advantages like, for example, controlled and targeted 

release of the encapsulated agents. It has to be noted that some disadvantages exist, like (i) 

particle-particle aggregation, (ii) limitation of the storage stability, (iii) difficulty to encapsulate 

molecules with different degrees of hydrophilicity at the same time, (iv) challenging precise 

Matrix microsphere Shell-matrix microcapsule 
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control of the polydispersity of the particles. All of the mentioned disadvantages hamper the 

efficiency of active agent delivery (Lai and Rogach, 2017). On the other side, biopolymers are 

convenient materials to use in the production of microparticles because they are relatively 

abundant and economically affordable, are stable, and durable throughout the procedures of 

encapsulation. Biopolymers can be easily extracted from natural sources or may be prepared 

with the use of microorganisms. Furthermore, biopolymers can be prepared synthetically with 

precision and predetermined properties as specific molecular weight, solubility, and 

permeability (Chakravarthi and Robinson, 2008). Biopolymers may vary in composition and 

physicochemical properties, and because of that, their utilization is often dependent exclusively 

on them. To achieve successful encapsulation it is necessary to understand the structure of used 

biopolymers. 

The most commonly used biodegradable polymers in the process of the production of 

microparticles are sodium alginate and chitosan. Sodium alginate is negatively charged due to 

the presence of carboxyl groups from the uronic acid residues (Sundar et al., 2010). It is 

composed of two repeating carboxylated monosaccharide units (mannuronic and guluronic 

acids) and the ratio between them influences the properties of the biopolymer. Chitosan is a 

partially deacetylated polymer of N-acetylglucosamine obtained after alkaline deacetylation of 

chitin. The N-deacetylation is seldom complete, and the fraction of N-acetylglucosamine 

determines the degree of acetylation, which serves as a base to classify the biopolymer either 

as chitin or chitosan. When the degree of N-acetylation (defined as the average number of N-

acetylglucosamine units per 100 monomers expressed as a percentage) is below 50%, chitin 

becomes soluble in aqueous acidic solutions (pH < 6.0) and is called chitosan (Motwani et al., 

2008). The electrostatic attraction between the cationic amino groups of chitosan and the 

carboxylic groups of the alginate leads to the formation of the polyelectrolyte complexes of 

various structures. The structure and physicochemical properties of these complexes may be 

tailored by controlling the degree of association among the functional groups (Lawrie et al., 

2007). Immobilization and the controlled release of various chemical or biological agents are 

achievable with the application of chitosan and alginate complexes in the micro- and 

nanocapsule form (Sundar et al., 2010; Vinceković et al., 2016; Mrkonjić Fuka et al., 2020).  
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2. A cost-efficient method for the production of microparticles – ionic gelation 

Plenty of different techniques may be used for encapsulation in biopolymeric matrices. 

Hudson and Margaritis (2014) comprehensively reviewed biopolymeric particles production, 

and divided the methods as: (i) ionotropic gelation or external gelation, (ii) emulsification and 

internal gelation, (iii) the reverse microemulsion technique, (iv) emulsion cross-linking method, 

(v) emulsion-solvent extraction, (vi) the emulsification solvent diffusion method, (vii) 

emulsion-droplet coalescence method, (viii) complex coacervation, (ix) reverse micellar 

method, (x) self-assembly methods, (xi) water-in-oil emulsification, (xii) desolvation process, 

(xiii) pH coacervation method, (xiv) emulsification, (xv) nanoparticle albumin-bound (nab) 

technology, (xvi) self-assembly, (xvii) desolvation method, (xviii) methods involving 

hydrophobized pullulan derivatives, (xix) reverse micelle synthesis method, and (xx) 

emulsification-diafiltration. Each of the mentioned methods has its advantages and 

disadvantages, depending on the targeted application, but one of the most popular and widely 

used encapsulation methods is ionic gelation. 

The ionic gelation method is often utilized in the production of biopolymeric microparticles 

mainly because it uses mild conditions throughout the encapsulation process and economical 

production costs (Belščak-Cvitanović et al., 2016; Vinceković et al., 2017b). Sodium alginate 

is a common biopolymer used in the preparation of biodegradable microparticles and the 

encapsulation procedure and developed carrier mainly depend on its properties. Alginate-based 

microparticles are obtained by the dropwise addition of alginate in the bath containing divalent 

cations. The affinity of sodium alginate for divalent cations mainly depends on its composition. 

Guluronic acid-based alginate will be more prone to ion binding compared to the mannuronic 

acid-based alginate. The affinity for the alkaline earth metals follows order: Mg2+ ≪ Mn2+ < 

Ca2+ < Sr2+ < Ba2+ < Cu2+ <  Pb2+ (Smidsrød, 1970; 1974; Haug and Smidsrød, 1970). Divalent 

cations diffuse in alginate solution and the cation-binding cross-links the alginate in a highly 

cooperative manner, forming a gel matrix. Respectively, crosslinking density is based on the 

concentration of the cation solution (Montanucci et al., 2015). Binding of the cations is not 

simply related to nonspecific electrostatic interactions but is related to the precise chelation 

process, depending on the distribution of guluronic acid blocks. This has been previously 

explained with the so-called „egg-box“ model, which is based on the steric configuration of the 

guluronic acid blocks residues (Grant et al., 1973; Sikorski et al., 2007). This model describes 

the gel formation via Na+ swap with Ca2+ from two adjacent guluronic acid blocks and the 
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formation of a single ion bridge between the chains. Ca2+ ions hold the alginate chains together 

and with more bonds, the nature of biopolymer binds more Ca2+ in a stable form. Guluronic 

groups of alginate correctly distance coordination of Ca2+ between carboxyl and hydroxyl 

groups. This behavior is ascribed to the self-cooperative process between neighboring elements 

(Ising model) and is based on a physical bond with unfavorable entropy for the first divalent 

ion. The bond is favored for all ions to form a one-dimensional „egg-box“ (a zipping 

mechanism) (Montanucci et al., 2015). Kinetics of gelling kinetics are fast and adaptable but 

also depend on polymer and cation type and their respective concentrations. With the use of a 

microdroplet generator (Fig 2.) dripping in cation solution, microparticles can be easily 

prepared. Conveniently, Ca2+ has been widely used as a gelling cation since it is chemical 

versatile and safe (de Vos et al., 2012; Montanucci et al., 2015). 

 

Figure 2. An example of a microdroplet generator used in the preparation of microparticles, 

Encapsulator Büchi-B390, BÜCHI Labortechnik AG, Switzerland (Authors photograph). 

 

Generally, sodium alginate produces rigid hydrogels (Eiselt et al., 2000), but exhibits porous 

structure and weak physical and mechanical properties which are important in the delivery of 
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active agents (Belščak-Cvitanović et al., 2016). Chitosan utilization is limited due to its limited 

chain flexibility and poor mechanical strength, but its application has high prospects when 

coupled with other biopolymers (Qu and Luo, 2020). Properties of these biopolymers 

(polyelectrolytes) may be amended by combining them thus improving their chemical stability 

and achieving microparticles with improved controlled release of encapsulated material 

(Belščak-Cvitanović et al., 2015). The coating of alginate microspheres can be achieved with 

chitosan via polyelectrolyte complexation. The polyelectrolyte complex is dependent on the 

electrostatic interactions between the two oppositely charged biopolymers.  

Research on biopolymeric microparticles production is always improving and is directed in the 

improvement of physicochemical, functional, and release properties of used matrices keeping 

in mind cost-effectiveness and use of environmentally friendly or „green“ material (Lozano-

Vazquez et al., 2015).  
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3. Conventional formulations vs. advanced formulations – a necessity for advanced carrier 

systems 

Conventional biofertilizers are used in plant applications as powder, liquid, or in 

granulated forms (John et al., 2011). Inoculants are generally commercialized in solid and liquid 

forms, while liquid forms are applied to the seeds, granular inoculants are applied to the soil 

(Ben Rebah et al., 2007). There are limitations in the use of conventionally immobilized 

biological agents for agricultural purposes. Unfortunately, conventional formulations encounter 

several problems like the low viability of microorganisms during storage and field applications 

mainly due to the temperature changes and negative impact of other environmental factors 

(Bashan et al., 2014). For example, live Trichoderma spores must be kept under refrigeration 

and at the temperatures below 28°C. The field applications must be performed under specific 

conditions as high relative humidity and one of the biggest problems is ultraviolet light, which 

is harmful to the species (Paula et al., 2011; Vemmer and Patel, 2013).  

In the past, seed coated peat-based inoculants were the most popular commercially available 

inoculants on the market because of the positive effect of peat on the storage and application. 

A significant problem of peat-based products is their negative environmental impact. Even 

though peat is a good carrier for microorganisms, interests in the development of new 

formulations are of main interest (Hynes et al., 1995). Liquid inoculants are more approachable 

due to the simpler production process, with relatively easy application. Again, there are also 

problems with liquid inoculants because microorganisms' survival is inferior due to the lack of 

carrier protection  (Albareda et al., 2008).  

Alternative formulations are always developing, mainly to achieve the advantage of long shelf 

life and easy transportation while reducing the overall cost of preparation. Encapsulation of 

microorganisms into biopolymer-based particles tries to enhance efficiency, achieve effective 

storage and transportation. Encapsulated microorganisms have enhanced survival and 

controlled release with prolonged effect and higher performance during storage and 

applications (John et al., 2011). Increasing the bioavailability of biological control agents in the 

field is also possible with the use of encapsulation into biopolymeric microparticles. Especially, 

since biopolymeric microparticles are high in water content, instantly resolving the problem 

with the necessity of high relative humidity.  

Bipolymeric microparticles have great characteristics as the capability to engulf a considerable 

number of microorganisms and protect them with its predefined and fixed microenvironment 
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for the cells' survival. This allows the cell metabolic activity to be maintained over an extended 

period. Except for serving as an energy source for the microorganisms, due to its deterioration, 

biopolymeric microcapsules allow the controlled release of microorganisms (Bashan et al. 

2014; Vejan et al., 2019a). It has to be noted that when choosing a relevant biopolymer, its 

characteristics need to be considered to achieve successful biological control. Important 

physicochemical parameters to consider when using a biopolymer are molecular weight and 

distribution, degree of substitution, opposite ions, gelation mechanism, pH, viscoelasticity, 

primary, secondary and tertiary structures. Of course, economic factors as cost should always 

be taken into account. Safety, quality, and source of biopolymers are also important factors to 

be considered, as well as degradability and approval from relevant agencies (European Union 

Commission Regulation, Food and Drug Administration, etc.) (Vemmer and Patel, 2013). 

What modern encapsulation science makes advanced is that it takes into account materials that 

can add function to the particles while being more than just a carrier, respectively to their 

characteristics. Encapsulation science has reached highly sophisticated systems, and still, the 

gold standard in biological agents encapsulation remains the calcium alginate particles. The 

next step is the formulation of several active ingredients in one formulation such as a biological 

agent and a chemical agent enhancing the efficiency of encapsulated material and having a 

synergistic effect on the plant (Vemmer and Patel, 2013). According to John et al. (2011), it is 

expected that microencapsulated formulations will dominate marked for ecological and 

efficient agricultural production, providing the all necessary protection of encapsulated agents, 

while reducing the negative effect of non-degradable conventional chemical pollutants on the 

environment. 
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4. Plant metabolites (biologically active compounds) and their importance in functional 

food production 

Plants produce a large number of metabolites of diversified structures and abundance 

which play crucial roles in plant growth, development, and response to environments. These 

metabolites are also valuable nutrition and energy sources for human beings and live stocks 

(Hall et al., 2008; Hong et al., 2016). Plant metabolites are generally classified into primary and 

secondary. Plant primary metabolites are indispensable for plant growth and development. But, 

plant secondary metabolites are crucial for plant survival under various environmental 

conditions. They are responsible for maintaining a delicate balance with the environment so 

plants can survive under stressful conditions (Scossa et al., 2016). Plant secondary metabolites 

also possess biocidal properties making them crucial in the control of various pests and 

pathogens (Ntalli et al., 2019).  

Polyphenolic compounds are plant secondary metabolites that have a photoprotective function, 

structural support, and protection against pathogens infections, and other significant roles 

crucial to the plant's metabolism and survival (Veiga et al., 2020). Polyphenolic compounds are 

also responsible for the pigmentation and some of the organoleptic characteristics showcased 

by plants, such as flavor and color (Djeridane et al., 2006; Balasundram et al., 2006). Numerous 

studies confirm benefits for human health via the ingestion of polyphenolic compounds 

(Abuajah et al., 2015; Dissanayake et al., 2018). Antioxidant activity is one of the most 

important properties of these compounds since they are efficient proton donors. By accepting 

electrons, polyphenolic groups form stable radicals (Ntalli et al., 2019).  

When discussing the content of pigments in plants such as carotenoids and chlorophylls, their 

concentration gives us valuable information on the level of the stress a plant is experiencing as 

well as the extension of stress endurance (Strzalka et al., 2003). Health-beneficial properties of 

carotenoids are well known, and they are claimed to prevent human diseases like cancer (Kun 

et al., 2006; Kong et al., 2010; Jurić et al., 2019), osteoporosis, neurodegenerative disorders 

(Viuda-Martos et al., 2014), lung diseases (Schunemann, 2002), cardiovascular diseases and 

age-related disorders (Rao and Rao, 2007). Some of the carotenoids are a dietary source of 

vitamin A which is involved in the regulation of hormone synthesis, immune system as well as 

growth and differentiation of skin cells (Álvarez et al., 2015; Kim and Park, 2016). More details 

on the health benefits of different carotenoids can be found in a review paper of Jurić et al. 

(2020). Chlorophyll has a similar structure to the hemoglobin and may regenerate or act as a 
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substitution for hemoglobin in hemoglobin deficiency conditions. It is important to mention 

some of the known health benefits of higher chlorophyll intake. Chlorophylls are important for 

many biological functions, both in plants and animals. They have a significant influence on 

human health because they are involved in maintaining healthy gut microbiota (Queiroz Zepka 

et al., 2019) and they exhibit antioxidant and antimicrobial properties (Perez-Galvez et al., 

2018). Some studies revealed that chlorophylls act antimutagenic (Ferruzzi et al., 2002) and 

antigenotoxic (Jonker et al., 2002), while some studies reveal in vivo (de Vogel et al., 2005) 

and in vitro (Ferruzzi and Blakeslee, 2007) chemo-preventive effects in humans (Egner et al., 

2001). The use of chlorophyll-rich juices is recommended for the treatment of thalassemia and 

hemolytic anemia (Marwaha et al., 2004) and has important anticancer functions (Fahey et al., 

2005; Wangcharoen and Phimphilai, 2016). The use of natural pigments like carotenoids and 

chlorophylls in food production is becoming increasingly popular. Primarily, due to the 

consumer's concerns about the health safety of synthetic food colors. The utilization of natural 

pigments in foods is gathering more attention from the food industry and part of that is because 

they present significant health benefits (Konczak and Zhang, 2004; Pangestuti and Kim, 2011).  

Plant metabolites are often utilized to increase the functionality of foods (Silva et al., 2017; Yan 

et al., 2018). The term functional foods refer to the foods with a relatively higher content of 

biologically active compounds, for which are thought to exert some benefit upon health. Even 

though the term for functional foods is not defined, scientists still consider that products with a 

relatively higher content of bioactive compounds do provide additional benefits to human 

health (Bigliardi and Galati, 2013; Lenssena et al., 2018). Also, some plant metabolites are 

utilized as colorings in foods. European Union approves carotenoids as food colors with E-

numbers E160 and E161 (European Union regulation (EC) No. 1333/2008 and its amendments, 

European Regulation 1169/2011) (Bogacz-Radomska et al., 2020). European legislation also 

permits the use of chlorophyll derivatives in foods, which are labeled E140 and E141 (Viera et 

al., 2019).  

In the future, plant metabolites will have even greater value, mainly because they can help in 

the prevention of some chronic diseases and because the general population is starting to grow 

a health consciousness. 
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5. Significance of chemical and biological agents encapsulation in sustainable agriculture 

When aiming to achieve a high-quality crop, balanced nutrition, and fertilization are 

essential. Chemical agents (i.e. Ca2+, Cu2+, Mg2+) are plant essential nutrients and play 

important roles in many biochemical pathways. They are essential in the structure and 

permeability of cell membranes, plant cell division, and elongation. They act as signaling ions 

in the regulation of biochemical cascades (El-Beltagi and Mohamed, 2013). For example, Ca2+ 

has a signaling role in the upregulation of genes responsible for the synthesis of polyphenolic 

compounds (Xu et al., 2014). On the other hand, Ca2+ is often found in soil, but the biggest 

problem is, its prevalent form is relatively insoluble, like CaCO3. Cu2+ also show a stimulating 

effect on the production of plant secondary metabolites and is essential for some biochemical 

and physiological pathways, but the problem is that at higher concentration becomes toxic 

(Narula et al., 2005). Mg2+ is tightly connected to the photosynthesis process as it is the central 

atom of the chlorophyll molecule. Mg2+ becomes extremely phytotoxic when concentrations of 

Ca2+ in plants are low (Lechowski and Bialczyk, 1993; Wallace et al., 2008) because Ca2+ ions 

control and modify the uptake of available Mg2+ (Pal and Laloraya, 1972). It is important to 

develop products that will have nutrients in bioavailable form. Furthermore, exact 

concentrations for relatively toxic agents should be regulated more carefully. Thus, control of 

the dosage to minimize its release into the environment is crucial. Encapsulation into 

biopolymeric microparticles is one of the ways which can mend these problems.  

Trichoderma viride (Fig. 3) is a biological control agent used in agriculture as biostimulants 

and against phytopathogens. Generally, Trichoderma spp. are used in agriculture because of 

their ability to produce a relatively high quantity of specific enzymes (Elad, 2000) and 

secondary metabolites for the control of phytopathogens (Maruyama et al., 2020). 

Mycoparasitic Trichoderma spp. produce antimicrobial compounds (Howell, 2003), has 

antibiosis activity, and induces resistance of the host plant (Howell, 2003; Keswani et al., 2014). 

As mentioned above, Trichoderma spp. produces hydrolytic enzyme complex which is made 

of chitinases, β-glucanases, cellulases, and proteases. These enzymes, especially chitinases 

which are the most effective, help in the decomposition of the cell walls of phytopathogens, 

allowing Trichoderma spp. hyphae penetration, colonization, and mycoparasitic activity to 

occur (Ihrmark et al., 2010; Hermosa et al., 2012; Maruyama et al., 2020). Trichoderma species 

are also known to acidify their surrounding environment via the secretion of organic acids and 

can solubilize some chemical agents (Grondona et al., 1997) 
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Figure 3. Macro photograph of Trichoderma viride in a standard Pietri dish and 

microphotograph (optical/fluorescence microscope) of Trichoderma viride stained with 

Rhodamine 123 mitochondria-specific fluorescent dye (Authors photographs) 

 

Recently authors (Maruyama et al., 2020) reported the protection of encapsulated fungus 

Trichoderma harzianum against ultraviolet radiation. Furthermore, encapsulation improved 

chitinolytic and cellulosic activity of the fungus and greater control of Sclerotinia sclerotiorum 

(white mold), a well-known phytopathogen. Vejan et al. (2019a) report a simple and innovative 

way to encapsulate Bacillus salmalaya, a plant growth-promoting rhizobacteria. Successful 

protection of bacteria was achieved with encapsulation in degradable chitosan/alginate 

microparticles. The bioactivity of bacteria was maintained in samples that were encapsulated. 

The application of alginate/chitosan-based particles in agriculture is becoming more popular 

because of its abundance, relatively low price, and because they are rich in amino and hydroxyl 

groups. For example, chitosan has been successfully utilized for the delivery of fertilizers, 

pesticides, and nutrients and it found its application as an adsorbent in wastewater treatment 

(Kashyap et al., 2015; Wang and Zhuang, 2017; Qu and Luo, 2020). Alginate-based 

microparticles are becoming increasingly popular, and in Table 1 most recent examples of 

fungal biocontrol agents encapsulation are presented.  

It is important to mention that the synergistic action of chemical and biological (biocontrol) 

agents may improve its activity and investigation of their relationship is of crucial importance 

for the development of efficient products (El-Mougy et al., 2012). 
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Table 1. Most recent (2017-2020) examples of biocontrol fungal agent encapsulation in biopolymer-based particles and its important outcomes 

Biological 

agent 
Particle type 

Encapsulation 

method/material 
Storage Results Application/Purpose Literature 

Trichoderma 

asperellum  

BRM-29104 

conidia and 

microsclerotia 

▪ calcium-alginate 

beads 

▪ size after freeze-

drying was 2.5±0.2 

mm 

▪ ionic gelation 

▪ 2% sodium alginate 

▪ 0.2 mol dm-3 CaCl2 

▪ fresh beads and 

freeze-dried beads at 

8°C and in an oven at 

25 and 35°C for 120 

days 

▪ freeze-drying and cold 

storage maintains the 

viability of biocontrol agent 

▪ improving the shelf life 

of biocontrol agent 

▪ to fight plant diseases 

and promote plant 

growth 

De Oliveira 

Lopes et al., 

2020 

Metarhizium 

brunneum Ca8II, 

Cb15III, Cb16III 

and Cb16IV 

blastospores and 

Metarhizium 

pemphigi X1c 
blastospores 

▪ calcium 

alginate/starch beads 

▪ supplemented with 

yeast 

▪ bead size unknown 

(syringe diameter 

2.1x0.8 mm) 

▪ ionic gelation 

▪ 2% sodium alginate, 

10% native granular 

corn starch, 1% 

inactivated and 

ground yeast 

▪ 2.0% CaCl2 

▪ drying and storage 

stability still needs to 

be 

determined 

▪ calcium-alginate beads 

function as microfermenter 

for Metarhizium spp. 

blastospores 

▪ encapsulated blastospores 

maintained virulence against 

tick (Ixodes ricinus nymphs) 

▪ entomopathogenic 

fungi in attract-and-kill 

formulation strategies as 

an option 

for arthropod pest 

control 

Lorenz et al., 

2020 

Aspergillus 

flavus H4-5 

spores 

▪ calcium 

alginate/starch/poly(N-

isopropylacrylamide) 

hydrogel beads 

▪ supplemented with 

kaolin 

▪ dry bead diameter 

1.93±0.08 to 

2.63±0.12 mm 

▪ ionic gelation 

▪ 2-4% sodium 

alginate, 10% starch, 

1% poly(N-

isopropylacrylamide), 

1-3% kaolin 

▪ 2% CaCl2 

▪ no shelf-life was 

investigated 

▪ porous honeycomb 

structure on the surface of 

the beads 

▪ sustainable and controllable 

release with good 

thermosensitivity of beads 

▪ kaolin supplementation 

results in a slow-release 

before peanut flowering and 

rapid release of biocontrol 

agents after flowering begins 

▪ the beads based on the 

semi-interpenetrating 

network hydrogel with 

kaolin could serve as 

carriers of biocontrol 

agents in the early 

flowering stage of the 

peanut 

 

Feng et al., 

2020 

Trichoderma 

harzianum 

CDBB-H1-125 

conidia 

▪ calcium-alginate 

beads 

▪ 1.5±0.3 mm and 

2.7±0.3 mm (dripping 

method) 

▪ dripping method and 

emulsion internal 

gelation 

▪ 2% sodium alginate  

▪ dried at 40°C and 

stored at room 

temperature for two 

years 

▪ improved the resistance of 

the encapsulated fungi to the 

UV irradiation 

▪ preserved viability above 

70% for 2 years 

▪ a reliable formulation 

for field applications 

intended to biologically 

control plant pathogens 

Mancera-

López et al., 

2019 
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▪ 8.6±3 μm (emulsion 

internal gelation) 

▪ 0.05 mol dm-3, 0.1 

mol dm-3 or 0.15 mol 

dm-3 CaCl2 

▪ the favored size was found 

to be 1.5±0.3 mm 

Aspergillus 

flavus H4-5 

spores 

▪ calcium-

alginate/starch beads 

▪ supplemented with 

kaolin or rice husk 

powder  

▪ co-encapsulation 

with metalaxyl 

▪ dry bead diameter 

1.95±0.10 to 

2.37±0.09 mm 

▪ ionic gelation 

▪ 1.5% sodium 

alginate, 10% maize 

starch, kaolin 1-4%, 

and rice husk powder 

1-4% 

▪ 0.1 mol dm-3 CaCl2 

▪ no shelf-life was 

investigated 

▪ controllable and sustainable 

release of spores and 

metalaxyl 

▪ increase of kaolin and rice 

husk powder share in 

calcium-alginate/starch 

beads made the release 

rate slower 

▪ biocontrol of aflatoxin 

and management of to 

the environment and 

ecosystem harmful 

pesticides 

Feng et al., 

2019 

Saccharomyces 

cerevisiae Meyen 

ex E.C. Hansen 

▪ calcium-

alginate/starch beads 

 

▪ supplemented with 

neem powder extract 

 

▪ fresh beads size was 

3.5±0.2 mm 

 

▪ ionic gelation 

▪ 2% sodium alginate 

and 20% native corn 

starch, and 1, 5, or 

10% neem powder 

extract (NeemAzal® 

technical) and 0.1 

amyloglucosidase/g 

matrix solution 

▪ 180 mmol dm-3 

CaCl2 

▪ no shelf-life was 

investigated 

▪increase in drying survival 

with neem powder extract 

supplementation of co-

encapsulated S. cerevisiae 

▪ slowed the relative release 

of azadirachtin (secondary 

metabolite present in neem 

seeds) 

▪ starch acts as a filler 

and carbon source while 

neem powder extract 

functions as an 

insecticide and filler  

▪ exploitable in 

integrated pest 

management approaches 

Humbert et 

al., 2018 

Metarhizium 

brunneum strain 

BIPESCO5 

mycelium 

▪ calcium-

alginate/starch beads 

▪ dry bead size ~2.5 

mm 

▪ ionic gelation 

▪ 2.0% sodium 

alginate and 20% 

sterile native corn 

starch 

▪ drying at 30°C for 3 

days over silica gel 

(aW≤0.2) 

▪ Encapsulation of mycelium 

enhanced drying survival by 

31.5%. 

▪ encapsulation significantly 

increased endophytism 3.8-

7.0-fold compared to plants 

treated with non-formulated 

fungal biomass 

▪ protect the fungus 

during drying, enable 

growth on different soils 

and promote 

endophytism in tomato 

plants 

Krell et al., 

2018a 
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Metarhizium 

brunneum CB15 

mycelium 

▪ amidated 

pectin/starch  

▪ supplemented with 

cellulose, baker’s 

yeast, and cellulase 

▪ bead size unknown 

(syringe diameter 

2.1x0.8 mm) 

▪ dripping method 

▪ 2% amidated 

pectin/20% sterile 

native corn starch  

▪ 2% cold CaCl2 

solution 

▪ incubation of beads 

for 28 days 

▪increased mycelial growth 

by supplementation of 

cellulose and inactivated 

baker’s yeast 

▪ improved endophytism in 

potato plants by 61.2% with 

co-encapsulated cellulase 

▪ enhance endophytism 

of an endophytic 

entomopathogenic 

fungus by enzymatic 

actions of co-

encapsulated cellulase 

▪ plant protection 

strategies against 

herbivorous pests 

Krell et al., 

2018b 

Metarhizium 

brunneum 

BIPESCO5 

mycelium 

▪ calcium-

alginate/starch beads 

▪ supplemented with 

polyols 

▪ bead size unknown 

▪ ionic gelation 

▪ 2% sodium 

alginate and 20% 

native corn starch  

▪ 2% CaCl2 solution 

▪ drying at 30°C for 3 

days over silica gel (aW 

≤ 0.2) 

▪ storage in oxygen and 

moisture impermeable 

aluminum/polyethylene 

bags at 5°C, 18°C and 

25°C for 12 months 

▪ a significant influence on 

endogenous arabitol and 

mannitol contents in the 

mycelium 

▪ high fungal virulence 

against Tenebrio molitor L. 

larvae for 12 months 

▪ improving the shelf life 

of encapsulated 

mycelium and 

application as 

encapsulated microbial 

biocontrol agents 

Krell et al., 

2018c 

Metarhizium 

brunneum 

ART2825 aero 

conidia and 

Saccharomyces 

cerevisiae H205 

▪ calcium-alginate 

beads (Ca2+ from 

calcium gluconate) 

▪ supplemented with 

starch 

▪ moist bead diameter 

3.6±0.1 mm 

▪ ionic gelation 

▪ 2% sodium alginate  

▪ 180 mmol dm-3 

CaCl2, 180 mmol dm-3 

or 112.5 mmol dm-3 

calcium gluconate 

▪ stored in nonoxygen 

and -moisture 

permeable 

aluminum/polyethylene 

bags at 35°C for 12 

weeks 

▪ increased mycelium growth 

of Metarhizium brunneum  

▪ enhanced CO2 release from 

beads containing 

Saccharomyces cerevisiae 

▪ gluconate has a nutritive 

effect on encapsulated fungi 

▪ increase survival and 

shelf life of drying-

sensitive microbes 

Humbert et 

al., 2017 
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6. Hypothesis, research objectives, and expected scientific contributions 

The research hypothesizes that the use of microparticles will enable efficient 

nutrition/protection of plants and result in the production of foods with a higher content of plant 

biologically active compounds. 

The general objective of this dissertation was to develop microparticles loaded with chemical 

and/or biological agents which will provide controlled and targeted delivery during the growth 

period of treated plants. Specifically, this dissertation aims to develop technology and method 

for the preparation of biodegradable microparticles simultaneously loaded with a chemical 

agent (Cu2+, Ca2+, Mg2+) and biological agent (Trichoderma viride, a plant growth promoter). 

The development and optimization of the preparation process are necessary for the production 

of this biotechnological product (microparticles) to be used for plant nutrition/protection in 

conventional/hydroponic cultivation.  

The research plan was divided into two parts: 

The first part included the microparticles development method, physicochemical 

characterization of microparticles, and optimization for the preparation of microparticles 

(Publication No. 1, Publication No. 2, Publication No. 3). 

The second part deals with the application of developed microparticles to the plants, 

physicochemical analysis of the plants (fruits/leaves), and statistical analysis (Publication No. 

4, Publication No. 5). 
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Throughout this dissertation the following questions were examined: 

1) How does the concentration of copper ions and the presence of chitosan coating 

influence the properties of cooper alginate microparticles? Which mechanisms are 

responsible for chemical and biological agents' release? (Publication No. 1) 

2) What are the responsible chemical interactions influencing the mechanisms of chemical 

and biological agents released from calcium alginate microspheres? (Publication No. 2) 

3) How does surface morphology and structure of calcium alginate 

microspheres/microcapsules determine the release of chemical and biological agents? 

(Publication No. 3) 

4) Can microspheres loaded with chemical and biological agents influence the synthesis 

of biologically active compounds in Vitis vinifera L. grapes or leaves? (Publication No. 

4) 

5) Can microspheres/microcapsules loaded with chemical and biological agents increase 

the synthesis of plant metabolites in Lactuca sativa L.? Do non-encapsulated biological 

agents influence the synthesis of plant metabolites? (Publication No. 5) 

 

Throughout this dissertation next was achieved:  

(i) a better understanding of the molecular structure/reactivity relationships between 

complex biopolymer systems and encapsulated agent,  

(ii) development of chitosan/alginate microparticles with simultaneously encapsulated 

biological and chemical agents,  

(iii) ecological and economic benefits (reduced amount of active agent, minimal 

applications during the growing season, preparation of functional foods, etc.), 

(iv) guidelines for the development and application of microparticles have been 

prepared. 
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Kinetics and Mechanisms of Chemical and Biological Agents Release
from Biopolymeric Microcapsules
Marko Vincekovic,́*,† Slaven Juric,́† Edyta Đermic,́‡ and Snjezǎna Topolovec-Pintaric ́‡

†Department of Chemistry, University of Zagreb Faculty of Agriculture, 10000 Zagreb, Croatia
‡Department of Plant Pathology, University of Zagreb Faculty of Agriculture, 10000 Zagreb, Croatia
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ABSTRACT: Kinetics and mechanisms of copper cations and Trichoderma viride spores release from uncoated and chitosan
coated alginate microcapsules were investigated. The gelation of a fixed amount of sodium alginate at different concentrations of
copper ion solutions resulted in distinct kinetics and release mechanisms. The increase in copper cation concentration promoted,
but the presence of the chitosan layer on the microcapsule surface and the increase in microcapsule size reduced the rate of active
agent release. Fitting to simple Korsmeyer−Peppas empirical model revealed that the underlying release mechanism (Fickian
diffusion or a combination of the diffusion and erosion mechanisms) depends on the copper cation concentration and presence
of T. viride spores. The investigation pointed out that the proper selection of formulation variables helps in designing
microcapsules with the desirable release of copper ions and T. viride for plant protection and nutrition.

KEYWORDS: agrochemicals, microcapsules, copper, Trichoderma, sustainability

1. INTRODUCTION

The encapsulation of agrochemicals has been developed as a
tool for ecological and sustainable plant production. The
benefits conferred by encapsulation include a slow release of a
bioactive ingredient, more efficient exploitation of the
chemicals used, greater safety for the user, and better protection
of the environment.1,2 Biopolymer-based capsules with a single
active agent have extensive applications in agriculture and
become one of standard formulation techniques. One of the
most common materials used for the encapsulation are
biopolymers such as alginate microcapsules coated with a
layer of chitosan.
Plants need food for their growth and development which

are supplied from the atmosphere and soil water as well as soil
minerals and soil organic matter. Nutrients behave differently in
the soil and undergo complex changes greatly influenced by the
soil pH and microflora and that ultimately affects their
accessibility to plant roots for absorption. Thus, microbial
interactions with plant roots are known to profoundly affect
plant nutrient status and to affect plant resistance to pathogens.
Numerous microorganisms, especially those associated with
roots, have the ability to increase plant growth and productivity.
Trichoderma species are among the almost prevalent culturable
fungi in soils, based upon the frequency of isolation on suitable
media. The dual roles of antagonistic activity against plant
pathogens and promotion of soil fertility make Trichoderma
species a promising alternative to standard plant protection and
nutrition technologies.3

Copper cation is an essential micronutrient for plants and it
is used for the management of a wide range of fungal and
bacterial diseases in various crops. It plays key roles in
photosynthetic and respiratory electron transport chains, in
ethylene sensing, cell wall metabolism, oxidative stress
protection and biogenesis of molybdenum cofactor. Thus, a
deficiency in the copper supply can alter essential functions in

plant metabolism. Copper has traditionally been used in
agriculture as an antifungal agent, and it is also extensively
released into the environment by human activities that often
cause environmental pollution. However, excess copper may be
potentially toxic to plants, causing phytotoxicity by the
formation of reactive oxygen radicals that damage cells, or by
the interaction with proteins impairing key cellular processes,
inactivating enzymes and disturbing protein structure. It is
worth noting that controlled copper release achieved by
encapsulation in biopolymer matrices may be a better
alternative to traditional application of copper formulation for
plant protection.4

In the previous study, we have demonstrated the possibility
of simultaneous encapsulation of chemical and biological agents
in chitosan/alginate microcapsules.5,6 Due to benefits for crop
protection and nutrition as well as high compatibility, T. viride
spores and copper ions were taken as a suitable combination of
chemical and biological agents. Experiments performed on T.
viride spore survival revealed that during storage at room
temperature the encapsulation of T. viride spores in the same
compartment as the copper cation does not inhibit their
activity.5 Characterization of prepared microcapsules showed
high copper cation encapsulation efficiency and loading
capacity as well as good release behavior from microcapsules.
Controlled release, which is a successful delivery of active

agents at the right place and the right time, is an attainable and
desirable characteristic for all bioactive agent delivery systems.
To obtain the well-designed microcapsules efficient for
simultaneous encapsulation and controlled release, it is
important to optimize parameters during microcapsule
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preparation. The aim of the present work was to investigate the
effect of copper cation concentration, microcapsule size, and
presence of chitosan layer on the release of both copper cation
and T. viride spores from alginate microcapsules with the
intention of delivering active agents to plants at the rate that
closely approximates plant demands over an extended period.

2. MATERIALS AND METHODS
2.1. Materials. Low viscosity sodium alginate (ALG) (CAS

Number: 9005-38-3; Brookfield viscosity 4−12 cps (1% in H2O at
25 °C)) was purchased from Sigma-Aldrich (U.S.A.). Low molecular
weight chitosan (CS) (CAS RN: 9012-76-4, molecular weight:
100 000−300 000) was obtained from Acros Organic (U.S.A.). A
commercially available product copper sulfate pentahydrate, CuSO4·
5H2O was used as a copper cation donating substance (Kemika,
Croatia). All other chemicals were of analytical grade and used as-
received without further purification.
An indigenous isolate of T. viride originated from parasitized

sclerotia of Sclerotinia sclerotiorum was used in all experiments.3 To
obtain spore suspensions, the T. viride was grown in Erlenmeyer flasks
containing potato dextrose broth.5

2.2. Microcapsule Preparation. Microcapsules without chitosan
layer (uncoated microcapsules) were prepared by ionic gelation while
those with the chitosan layer (coated microcapsules) were prepared in
two stages (ionic gelation followed by polyelectrolyte complexation) as
was previously described.5 Ionic gelation involves the preparation of
alginate core microcapsules loaded with copper cations (sodium
alginate solution dropped into copper cations solution) or with copper
and T. viride spores (a mixture of sodium alginate and T. viride spores
dropped into copper cations solution), and polyelectrolyte complex-
ation includes a coating of alginate core microcapsules by chitosan.
The concentration of sodium alginate (1.5%) and chitosan (0.5% CS
in 1.0% CH3COOH), as well as the size of microcapsule, were kept
constant, while the initial copper cation concentrations were 5, 10, and
15 mmol dm−3. The microcapsule diameter was determined by using
nozzle size of 0.45 or 2 mm, respectively (Encapsulator Büchi-B390,
BÜCHI Labortechnik AG, Switzerland). It must be mentioned that
uncoated alginate microcapsules represent a monolithic system
(bioactive agents are more or less homogeneously distributed through
matrix), while coated microcapsules represent core−shell micro-
capsules (bioactive agents are located in the alginate core).
2.3. Determination Electrostatic Charge and Zeta Potential

of T. viride Spores. The electrostatic charge and zeta potential (ζ/
mV) of T. viride spores suspension was measured by Zetasizer Nano
ZS (Malvern, U.K.) which measures electrophoretic mobility based on
laser Doppler particle electrophoresis. The zeta potential was
estimated from electrophoretic measurements using Henry equation:

εζ η= κU f2 ( /3 )e a (1)

where ζ is the zeta potential, ε is the dielectric constant, Ue is the
electrophoretic mobility, and η is the viscosity. fκa is in this case 1.5 and
is referred to as the Smoluchowski approximation.7 Deviations ranged
within ±1 mV. All measurements were made at room temperature and
in triplicate.
2.4. Encapsulation Efficiency, Loading Capacity, and

Swelling Degree. Detailed procedures for encapsulation efficiency
(EE), bioactive agent loading capacity (LC), and swelling degree (Sw)
determination are presented in the Supporting Information (SI, from
S2.4.1. to S2.4.3). The concentration of copper cations was
determined at λ = 795 nm and concentration of T. viride (expressed
as the number of spores (NS) per 1 g of dry microcapsule) at 550 nm
by a spectrophotometer (Shimadzu, UV-1700).
2.5. In Vitro Copper and T. viride Releasing from Micro-

capsules. The release studies of copper ions and T. viride spores from
microcapsules were carried out at room temperature. Detailed
procedures of sample preparation for measurements are presented in
the SI (S2.5.). Results of release experiments are presented as the
fraction of released active agent (Cu2+ or T. viride spores (Tv)) using
eq 2:

=f
R

R
t

tot (2)

where f represents the fraction of Cu2+ or Tv released, Rt is the amount
of Cu2+ or Tv released at time t, and Rtot is the total amount of Cu

2+ or
Tv loaded in microcapsules.

2.6. Statistical Analyses. The results were statistically analyzed
with Microsoft Excel 2016 and XLSTAT statistical software add-in.
The data are shown as mean values ± standard deviation. Details are
presented in the SI (S2.6.).

3. RESULTS AND DISCUSSION
3.1. Effect of Copper Cation Concentration on T. viride

Spores. T. viride belongs to a group of organisms that can
survive in high concentrations of different metals and have the
potential to bind them.8 We have shown in the previous paper
that the presence of copper cations did not inhibit the growth
of encapsulated T. viride.5 None of the applied concentrations
caused inhibition of mycelial growth. On the contrary, the
presence of higher copper cations concentration promotes
growth.
Singh et al.9 found an inverse relationship between cell

surface electrostatic charge (zeta potential ranged from −11 to
42 mV) and cell surface hydrophobicity (ranged from 12 to
52%), i.e., less hydrophobic cell surfaces were more negatively
charged. T. viride spores dispersed in water (Figure 1a) had

negative charge (average zeta potential −35.1 mV) indicating
prevailing spore surface hydrophilicity. The negative charge on
the cell surface arises from various functional groups such as
carboxyl, hydroxyl, amine, and phosphate.10,11 The increase of
copper cations concentration from 0.005 to 2 mol dm−3

resulted in less negatively charged spore surface (Figure 2),
and consequently aggregation (Figure 1b) indicating electro-
static interactions.
Observations from electron microscopy and cell fractionation

studies revealed copper ions location on the cell wall of T.
viride12 pointing this is the place where the interaction between
T. viride and copper ions occurred. Chemical analyses of the
fungal cell walls revealed a very complex chemical composition
that may be different in several taxonomic groups.11 Cell walls
are composed of polysaccharides (mainly glucan and chitin, up
to 90%) and glycoproteins, as well as of lipids and other minor
components (pigments and inorganic salts). Melanin, which in
other fungi is associated with chitin, was shown to replace this
polymer in the spore wall of Trichoderma species. The
functional groups detected in the FTIR spectrum5 relate well

Figure 1. Confocal laser scanning microscopy images of T. viride
spores dispersed in water (fluorescence mode, stained with Eosine) (a)
and aggregated (b) in copper cation solution (ci = 2 mol dm−3)
(transmitted light).
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with the chemical structure of the cell wall. FTIR spectrum of
T. viride spores and copper cations mixture have suggested that
at least amine, hydroxyl, carbonyl, and amide bonds are the
major sites for binding of copper cations. It can be assumed that
the copper cation binding to T. viride is beside electrostatic
interactions associated with possible ion exchange and some
physicochemical interactions.

3.2. In Vitro Release of Copper Cations and T. viride
from Microcapsules. Various physicochemical processes such
as wetting, swelling (penetration of solution into the matrix),
and polymer stress relaxation (transition of glassy structure to
rubbery state), diffusion through the matrix, disintegration,
dissolution, or erosion of the structure, or their combination,
may be included in the release of an active agent from a
hydrophilic microcapsule.13 Design of controlled delivery
systems involves optimization of many parameters (micro-
capsule chemical composition and geometry, preparation
technique of microcapsule, the environmental conditions
during release) among which are the most important type
and concentrations of both biopolymer and gelling cation.14

Knowledge of bioactive agent kinetics and mechanism of
release from microcapsules is important for the optimal

Figure 2. Variation of the average zeta potential (ζ) of T. viride spores
with copper cation concentration (ci/mol dm−3). The error bars
indicate the standard deviation of the means.

Figure 3. Variation of the swelling degree (Sw) of 0.45 (a) and 2 mm (b) microcapsules in deionized water with initial copper cations concentration
(ci). Swelling studies were carried out for 3 h. Microcapsule formulations are denoted. The error bars indicate the standard deviation of the means.
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development of formulations for a particular application.
Having in mind all of the factors involved in the release and
the combinatorial effect of different microcapsule composition
and the concentration of cross-linking cation15 we prepared
uncoated and chitosan-coated alginate microcapsules of
diameters 0.45 and 2 mm at the fixed amount of alginate and
T. viride spores, and with various concentrations of copper
cations. Release profile curves were analyzed by a simple
empirical Korsmeyer-Peppas model:16−18

=f kt n
(3)

where k is a kinetic constant characteristic for a particular
system considering structural and geometrical aspects, n is the
release exponent representing the release mechanism, and t is
the release time. The release exponent n for spherical
microcapsules can be characterized by three different
mechanisms (Fickian diffusion, anomalous (non-Fickian
diffusion) or Type II transport. Values for n < 0.43 indicate
the release is controlled by classical Fickian diffusion that is the
rate of active agent diffusion is much less than that of polymer
relaxation. Values for n > 0.85 indicate the release is controlled
by Type II transport that is the rate of active agent diffusion is
much larger than that of polymer relaxation. Values of n
between 0.43 and 0.85 indicate the anomalous transport
kinetics determined by a combination of the diffusion
mechanism and Type II transport; diffusion and polymer
relaxation almost equally contribute to the release.
3.2.1. Encapsulation Efficiency, Loading Capacity, and

Swelling Behavior. Encapsulation efficiency (EE) and bioactive
agent loading capacity (LC) determination were performed to
obtain information on the yield and amount of copper cations
and T. viride spores encapsulated in microcapsules. Results on
copper cations encapsulation efficiency and loading capacity are
presented in Figures S1a,b and Figures S2a−c, respectively. The
increase of copper cations concentration decreased copper ions
encapsulation efficiency for all microcapsules indicating even
the lowest copper cations concentration was enough for gelling
the amount of added alginate (S1a,b). No T. viride spore
presence in the filtrate after microcapsule preparation indicated
almost 100% encapsulation of the added T. viride spores. The
copper ion loading capacity slightly increased with copper
concentration for all microcapsules (S2a,b). Small micro-
capsules loaded with both active agents exhibited higher copper
ion loading capacity than those loaded only with copper ions
(S2a). Coating with the chitosan layer slightly decreased, while
T. viride spore addition enhanced the copper ion loading
capacity of smaller microcapsules (Figure S2a). A slightly
greater influence of chitosan is observed on larger micro-
capsules (Figure S2b). Irrespective of whether they are filled
with one or two active agents, coated microcapsules exhibited
higher copper ion loading capacity. Results on the T. viride
spore loading capacity expressed as the number of spores per 1
g of dry microcapsules are presented in Figure S2c. The
increase in copper cation concentration slightly increased the T.
viride spore loading capacity, except for those uncoated small
microcapsules that had almost constant loading capacity.
The most important rate-controlling release mechanisms

from hydrophilic microcapsules are swelling and dissolution/
erosion at the microcapsule surface.13 When dispersed in
deionized water, hydrophilic polymer microcapsules swelled
thus influencing the release of active agents from them. The
effect of increasing copper cations concentration on swelling
degree is presented in Figure 3a,b. It can be seen that in the

range of investigated copper ions concentrations both small
(Figure 3a) and large (Figure 3b) microcapsules prepared at
the lowest copper cation concentration exhibited the highest
degree of swelling. At higher copper cation concentrations the
swelling degree exhibited smaller and almost constant values.
However, at the highest copper ion concentration the swelling
degree of chitosan coated microcapsules increased again.5

The results obtained show that the degree of swelling
depends on the concentration of copper ions and chitosan
layer. Chitosan-coated microcapsules exhibited somewhat
higher swelling degree when compared with the uncoated
one. This may be ascribed to the high swelling and water
uptake capabilities of chitosan.19 The concentration of copper
cations affects the properties of the alginate microcapsule, that
is, the size of cavities inside alginate bead which accommodate
water.15 With high concentrations of copper ions available for
alginate gelation, the gel beads formed faster, becoming smaller
and stiffer, because of a higher degree of reticulation and a
lower retention of water in the gel. A gelation in low
concentration of copper ions was slower and led to brittle
gels. Thus, the obtained differences in the swelling behavior can
be primarily attributed to the effects of copper cations
concentration on the microcapsule structure.

3.2.2. In Vitro Release from Uncoated Microcapsules. The
release of copper actions and both copper cations and T. viride
spores from microcapsules prepared without chitosan and with
increasing concentration of copper cations is presented in
Figures 4a,b and 5a,b, respectively. All release profiles are
characterized by rapid initial release followed by slower release.
Comparison between differently sized microcapsules prepared
without T. viride spores (Figure 4a,b) shows somewhat slower
copper cation releasing from larger microcapsules. In order to
obtain better correlation (R2 > 0.98) copper cation release
profiles from microcapsules prepared without T. viride spores
were analyzed instead eq 3 by eq 4:20

= +f a kt n
(4)

where a is the y-axis intercept characterizing the burst effect.
The values of the release constants k, exponents n, and

intercept a are given in Table 1. It can be seen that the release
constant k increases with initial copper cation concentration.
Relatively high n values (n > 0.43) at the lowest copper cation
concentration indicate copper cation release following anom-
alous kinetics (diffusion and polymer relaxation). The rate and
duration of copper cations release are therefore regulated by the
swelling and the dimension of swelled layer. Lower n values
than 0.43 for microcapsules prepared at higher copper cation
concentrations indicates that the release process is controlled
by diffusion through the microcapsule.
The addition of T. viride spores diminished the fraction of

released copper cations (Figures 5a,b). Fractions of released T.
viride spores were higher than those of copper cations in all
cases. This may be explained by interactions between alginate
and T. viride spores before dropping into copper cations
solutions as well as to interactions of copper cations and T.
viride released in the surrounding solution.5 Previously we have
detected interactions with amine, carboxylate, and CO groups
as well as enhanced intermolecular hydrogen bonds in alginate
and T. viride spores mixture.5 During gelation copper cations
cooperatively interact with a block of L-guluronic acid groups
forming ionic cross-links between different polymer chains. It is
likely that T. viride interactions to alginate functional groups
and the concomitant gelation differ from those without the T.
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viride spores associated with alginate, thus causing changes in
gel network properties.
The increase of copper cation concentration increased both

active agents release; the impact is more pronounced with T.
viride spores. We have shown previously the high resistance of
T. viride spores to the presence of copper cations.5 The
presence of copper cations did not inhibit the growth of fungi,
i.e. none of the applied concentrations caused inhibition of
mycelial growth. On the contrary, the increasing concentrations
of copper cations promotes growth, e.g., at the highest copper
cation concentration (20 mmol dm−3) the growth of T. viride
was the most homogeneous. Fraction of released Tv. viride
spores higher than 1, (Figure 5a) measured in samples with
small microcapsules prepared at the highest copper cations
concentration can be ascribed to the germination of released T.
viride spores and formation of germ tube biomass in the
surrounding medium. Actually, copper cations released from
microcapsule promoted T. viride spore germination in water.5

The increasing amount of T. viride spores in the dispersing
medium is closely related to two processes, one is the release
from microcapsules and the other is germination. It seems that
the amount of released copper cations from microcapsules
prepared with lower copper cation concentration was
insufficient to stimulate germination.

The set of curves for both active agents release from
microcapsule loaded with copper cations and T. viride exhibit
rapid initial release followed by slower release. The values of
the release constant k and exponent n obtained by eq 3 are
listed in Table 1. The release of both active agents from smaller
microcapsules was faster than from larger microcapsules and
increased with initial copper cation concentration. Lower n
values than 0.43 indicate that the release mechanism is
controlled by a classical Fickian diffusion in all cases.

3.2.3. In Vitro Release from Coated Microcapsules. A
common way to improve the sustained release rate from
alginate microcapsule is coating with oppositely charged
biopolymers, like chitosan, which represents an additional
barrier that slows transport from the microcapsule to the
surrounding solution.21−23 Electrostatic interactions between
positively charged amino groups of chitosan and negatively
charged carboxylic acid groups of alginate create a polyelec-
trolyte complex on the microcapsule surface that reduces
porosity and increase the stability of alginate microcapsules.24

In comparison with uncoated microcapsules the chitosan
layer on coated microcapsule surface diminished, both copper
cation and T. viride spores release (Figure 6a,b and 7a,b).
Microcapsules prepared without T. viride spores (Figures 6a,b)

Figure 4. Fraction of released copper ( f Cu) with time (t) from
uncoated (ALG/Cu) microcapsules with diameters 0.45 (a) and 2 mm
(b). Initial copper cation concentrations (ci) are denoted. The error
bars indicate the standard deviation of the means.

Figure 5. Fraction of released copper ( f Cusolid lines, open signs)
and T. viride spores (fTv − dashed lines, full signs) with time (t) from
uncoated (ALG/(Cu+Tv)) microcapsules with diameters 0.45 (a) and
2 mm (b). Initial copper cation concentrations (ci) are denoted. The
error bars indicate the standard deviation of the means.
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exhibited rapid initial release followed by slower release obeying
power law equation, while those prepared with T. viride spores
(Figure 7a,b) exhibited an initial lag time. The release profiles
of microcapsules prepared without T. viride were analyzed by eq
3, while those prepared with T. viride spores by modifying eq 3
to initial lag time, l,25

= −f k t l( )n
(5)

The lag time is thought to be equivalent to the time required
for the microcapsule to hydrate and reach equilibrium before
the beginning of active agents releasing. The processes involved
during the lag phase are penetration of water and filling of the
microcapsule surface pore with water, as well as transport of

Table 1. Release Constant (k), Exponent (n) of Copper Cations and T. viride Spores and the y-Axis Intercept (a) of Copper
Cations for Uncoated Microcapsulesa

0.45 mm 2 mm

ALG/Cu Cu Cu

ci / mmol dm−3 k/h−n n a k/h−n n a

5 0.005 0.838 0.097 0.008 0.643 0.089
10 0.082 0.218 0.159 0.066 0.279 0.150
15 0.323 0.396 0.267 0.100 0.176 0.184

ALG/(Cu+ Tv) Cu Tv Cu Tv

ci / mmol dm−3 k/h−n n k/h−n n k/h−n n k/h−n n

5 0.052 0.151 0.078 0.215 0.067 0.104 0.164 0.130
10 0.172 0.181 0.291 0.295 0.086 0.163 0.214 0.118
15 0.188 0.241 0.354 0.309 0.089 0.173 0.273 0.197

aMicrocapsule sizes are denoted.

Figure 6. Fraction of released copper ( f Cu) with time (t) from coated
(CS/(ALG/Cu)) microcapsules with diameters 0.45 (a) and 2 mm
(b). Initial copper cation concentrations (ci) are denoted. The error
bars indicate the standard deviation of the means.

Figure 7. Fraction of released copper ( f Cusolid lines, open signs)
and T. viride spores ( f Tvdashed lines, full signs) with with time (t)
from coated (CS/(ALG/(Cu+Tv)) microcapsules with diameters 0.45
(a) and 2 mm (b). Initial copper cation concentrations (ci) are
denoted. The error bars indicate the standard deviation of the means.
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active agents through the alginate matrix and the water-filled
chitosan pores without transport into the surrounding media.
The values of the release constants k and exponents n are

listed in Table 2. As is expected, the release of active agents
from coated was slower than from uncoated microcapsules and
increased with increasing copper cation concentration. Lower n
values than 0.43 indicate that the release mechanism of copper
cations is controlled by a classical Fickian diffusion. The rate-
controlling mechanism for T. viride spores release from small
microcapsules was Fickian diffusion, whereas the release from
large coated microcapsules is controlled by a combination of
diffusion and the polymer swelling and relaxation (n > 0.43).
3.2.4. Principal Component Analysis and Agglomerative

Hierarchical Clustering. Principal component analysis was used
to indicate multivariate dependence between the selected
variables. Principal component weighting of the results was
made for these attributes: swelling degree (%)Sw%, loading
capacity for copper ionsLC Cu2+, the release constant (k),
exponent (n) and release time for copper cations at t0h, t2h, t4h,
t24h, t48h, t80h − R − txh. Bartlett’s Sphericity test was used to
compare the correlation matrix with the matrix of zero
correlations. The risk for the rejection of the null hypothesis
H0, while it being true was <0.01%. Alpha was set to 0.05, and
the p-value was <0.0001. The Kaiser-Meyer-Olkin (KMO)
measure of sampling adequacy gave a value of 0.78, which state
the data as middling and acceptable for the PCA analysis.
Higher factor loading scores have a tighter association with the

same principal component and this is presented in Table 3.
PCA revealed the two significant components which explain
altogether 71.32 of the total variance between the studied
parameters. Factor 1 (F1) described 57.18% of the total
variance and was associated with the release times of copper
ions at t0h, t2h, t4h, t24h, t48h, t80h. Factor 2 (F2) explains 14.14%
of the total variance and this factor includes k/h−n. Factor 3
(F3) on the Figure 8c was also investigated factor that
described the additional 10.47% of the total variance and was
found to be closely associated with the LC Cu2+ parameter.
Further, Figure 8a shows the distribution of the data for factors
F1 and F2 as well as the correlation (8b) between the measured
variables. It can be seen that variables for F1 and F2, release
profiles for all times are more closely related and not correlated
with other parameters. The exponent n was found to be in
negative relationship to the release times and LC Cu2+ was
found to have no correlation with Sw% of the investigated
microcapsules.
In Figure 8a, the microcapsules prepared with the lowest

investigated share of copper cations can be found in the lower-
left quadrant of the graph, respectively. Alginate microcapsules
made with a higher share of copper ions are more concentrated
in the top and bottom-right quadrant, whereas 2 mm capsules
containing T. viride spores and coated with chitosan are distinct
from the other capsules and can be seen in the middle bottom
and right part of Figure 8a, respectively. These capsules are also
characterized by higher release values of copper cations. Smaller

Table 2. Values of the Release Constant (k) and Exponent (n) of Copper Cations and T. viride Spores for Coated
Microcapsulesa

0.45 mm 2 mm

CS/(ALG/Cu) Cu Cu

ci / mmol dm−3 k/h−n n k/h−n n

5 0.084 0.246 0.079 0.092
10 0.155 0.153 0.106 0.105
15 0.306 0.101 0.155 0.134

CS/(ALG/(Cu + Tv)) Cu Tv Cu Tv

ci / mmol dm−3 k/h−n n k/h−n n k/h−n n k/h−n n

5 0.030 0.134 0.124 0.119 0.055 0.048 0.005 0.699
10 0.044 0.088 0.184 0.130 0.059 0.049 0.007 0.773
15 0.047 0.065 0.190 0.256 0.061 0.054 0.013 0.511

aMicrocapsule type and size are denoted.

Table 3. Principal Component Analysis Summary Statistics for Three Factors of 10 Selected Variables and 24 Different
Formulations of Microcapsules

factor factor loading eigenvector contribution of variables (%)

F1 F2 F3 F1 F2 F3 F1 F2 F3

Measures Sw% −0.456 −0.715 −0.283 −0.191 −0.601 −0.276 3.630 36.167 7630
LC Cu2+ 0.507 0.001 0.769 0.212 0.001 0.752 4.490 0.000 56.498
k/h−n 0.370 0.779 −0.158 0.155 0.655 −0.155 2.396 42.877 2.398
n −0.501 0.271 −0.482 −0.210 0.228 −0.471 4.398 5.196 22.202
R-Cu2+ t0h 0.947 −0.205 −0.129 0.396 −0.173 −0.126 15.692 2.979 1.597
R-Cu2+ t2h 0.951 −0.170 −0.135 0.398 −0.143 −0.132 15.821 2.044 1.744
R-Cu2+ t4h 0.837 −0.267 −0.051 0.350 −0.224 −0.050 12.244 5.039 0.253
R-Cu2+ t24h 0.965 −0.093 −0.116 0.403 −0.078 −0.113 16.273 0.611 1.279
R-Cu2+ t48h 0.846 −0.040 −0.229 0.354 −0.034 −0.224 12.522 0.114 5.008
R-Cu2+ t80h 0.847 0.265 −0.121 0.354 0.223 −0.118 12.533 4.973 1.390

Eigenvalues eigenvalue 5.718 1.414 1.047
variability (%) 57.179 14.136 10.474
cumulative (%) 57.179 71.316 81.789
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Figure 8. Principal component analysis (a−d) and Agglomerative hierarchical clustering (e,f) plot of Factor 1 and Factor 2 (a) and variables (b);
Factor 2 and Factor (c) and variables (d); dendrogram clusters formation (e) and dendrogram (f) with dissimilarities between clusters of the
differently formulated microcapsules (L-2 mm and S-0.45 mm) loaded with Cu2+ or Cu2+/T. viride, with and without chitosan coating. Abbreviations
of investigated types of microcapsules are presented in Table S1.
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capsules with a higher share of copper cations can be seen in
the top-right quadrant of the biplot. Both sized microcapsules
made with 10 and 15 mmol dm−3 of copper ions containing T.
viride spores are separated and can be seen throughout the right
quadrants of Figure 8a. These microcapsules are distinct from
others by lower swelling degree, which is in accordance with
microcapsules that have chitosan and absorb more water thus
having a higher swelling degree. Further, these microcapsules
are also high in loading capacity when compared to all other
types of capsules. Additionally, 2 mm microcapsules coated
with chitosan, with a high share of copper ions (10 and 15
mmol dm−3) and T. viride spores are found to be distinct from
other investigated microcapsules and can be seen on the
bottom-right of the plot. The Figure 8c shows the distribution
of investigated microcapsules with additional observation
between factors F2 and F3. Both 2 mm and 0.45 mm capsules
containing T. viride spores and a high share of copper ions are
more grouped on the top right part of Figure 8c, whereas the
left part of the plot is more saturated with the microcapsules
prepared with an additional coating of chitosan. In Figure 8d,
the negative correlation can be observed between LC Cu2+ and
other variables, respectively.
The dendrogram in Figure 8e shows dissimilarities between

the three clusters that were formed. Figure 8f describes the
three formed clusters. The left (green) cluster (C1) shows
more additional clustering of the microcapsules, where more
dissimilar are the ones without the chitosan coating, T. viride
spores, and with the lowest share of copper ions. This is in
accordance with PCA analysis where these types of micro-
capsules are found to be on the farthest right part of Figure 8a.
More similarities can be seen in Figure 8f between micro-
capsules containing T. viride spores whereas chitosan coating
seemingly does not make significant differences. Microcapsules
with a high share of copper ions (10 and 15 mmol dm−3) and
with T. viride spores are also found to be clustered together,
respectively, showing high similarities between them. On the
basis of these analyses, the size of microcapsules has only a
slight impact on the microcapsule properties. The second
(purple) cluster (C2) is clearly dissimilar to the other clusters.
This cluster was formed with only two types of microcapsules
indicating the difference from the other formulations. These
microcapsules were large in size (2 mm), coated with chitosan,
made with a higher share of copper cations, and they also
contain T. viride spores. This cluster is more similar to the
cluster where there are microcapsules with higher copper
cations to share (C3) than that of the green (C1) cluster.
Further, this is in correlation with PCA where these two types
of microcapsules from the purple cluster can be found further
away (bottom-right) from the middle grouping on the PCA
(8a) and on the left part of the plot 8c. The third (red) cluster
(C3) formed forks in two groupings where chitosan coated
microcapsules are similar to the noncoated ones, i.e., micro-
capsules prepared with a high share of copper ions (15 mmol
dm−3), small in size (0.45 mm) and without the presence of T.
viride spores. More similarities in the third cluster can be
observed between microcapsules with T. viride spores.
Respectively, the third cluster is shown to contain micro-
capsules prepared with a high share of copper ions and
additional chitosan coating. The Agglomerative hierarchical
clustering results are in correlation with the results obtained
with PCA. Seemingly, microcapsule size did not have much
effect on the results, respectively to the microcapsules of the
second cluster, which are characterized as chitosan coated large

capsules (2 mm) containing T. viride spores and a higher share
of copper cations (10 and 15 mmol dm−3).

3.2.5. Concluding Remarks. Uncoated and coated micro-
capsule preparation at fixed amount of sodium alginate with
different concentrations of copper ions solution resulted in
distinct release kinetics and mechanism due to different
microcapsule structure and to a smaller extent to microcapsule
size. The concentration of cross-linking cation affects the rate of
gelation, thus affecting both mechanical and diffusion proper-
ties.26,27 During microcapsule preparation, copper ions in
solution bind to the alginate polymer. Low copper concen-
tration limits the gelation leading to gels with low bound
copper and a higher percentage of water retained.15 The rate of
alginate gelation is an important factor in controlling
microcapsule homogeneity and strength. Slower gelation
produces more uniform structures with better mechanical
properties than faster gelation systems.
In vitro active agent release study in water indicated that the

release of both copper cations and T. viride spores from alginate
beads prepared with the highest copper cation concentration
was the fastest and decreased as beads were coated with the
chitosan layer. The objective of coating alginate beads with
chitosan is to provide better control of the active agent release.
These results pointed out remarkable differences in the release
behavior of active agents depending on initial copper
concentration and presence of T. viride spores as well the
presence of a chitosan layer on the microcapsule surface.
Differences in release behavior between microcapsules prepared
with or without T. viride spores may be ascribed to the complex
interactions between all components in a microcapsule leading
to change in microcapsule structure.
Depending on the system modifications, various copper

cation and T. viride spore release rates and patterns can be
accomplished. By adopting a systematic formulation approach,
an optimum release can be reached to achieve prolonged
protection and nutritional effects on the plants by continuous
release over an extended period of time. Results of this study
indicate that controlled release from alginate microcapsules can
be be obtained simply by optimizing the effect of copper ion
concentration and the presence of a chitosan layer and to tailor
the properties of the microcapsules according to the different
needs of the various applications. Our preliminary results of
application on selected plants under greenhouse conditions and
in an open field have already given encouraging results on the
potential use of these microcapsules in agriculture.
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Abstract
Novel agroformulations for simultaneous delivery of chemical and biologically active agents to the plants were prepared by 
encapsulation of Trichoderma viride spores in calcium alginate microspheres.  The impact of calcium ions concentration on 
the viability and sporulation of T. viride spores as well as on the microsphere important physicochemical properties were 
investigated.  Intermolecular interactions in microspheres are complex including mainly hydrogen bonds and electrostatic 
interactions. T. viride germination inside matrix and germ tubes penetration out of microspheres revealed calcium alginate 
microspheres provide a supportive environment for T. viride growth.  Differences in physicochemical properties and bioactive 
agents release behaviour from microspheres were ascribed to the changes in microsphere structure.  Fitting to Korsmeyer-
Peppas empirical model revealed the underlying T. viride release mechanism as anomalous transport kinetics (a combination 
of two diffusion mechanisms and the Type II transport (polymer swelling and relaxation of the polymeric matrix)).  The 
increasing amount of T. viride spores in the surrounding medium is closely related to the release from microspheres and 
germination.  The rate controlling mechanism of calcium release is Fickian diffusion.  A decrease in the release rate with 
increasing calcium ion concentrations is in accordance with the calcium ions effect on the strength of the alginate network 
structure.  T. viride germination inside microsphere diminished the amount of released calcium ions and slowed release 
kinetics in comparison with microspheres prepared without T. viride.  The results indicated investigated agroformulations 
have a great potential to be used for plant protection and nutrition.

Keywords: agroformulations, alginate microspheres, calcium ions, Trichoderma viride, sustainability

in storage, are susceptible to attacks by many pathogens 
that cause severe damage to the plant.  A wide range of 
organisms, mainly bacteria, nematodes, and fungi have 
been used as biocontrol agents among whom Trichoderma 
species is the most commonly studied.  Their agricultural 
importance is good antagonistic abilities against soil-born 
plant pathogenic fungi thanks to different mechanisms 
of antagonism; the production of antifungal metabolites 
(antibiosis), competition for space and nutrients, induction 
of defense responses in plant and mycoparasitism.  
Investigations also revealed their ability to promote plant 
growth that was first treated as a side effect of suppression of 
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1. Introduction

Plants at all stages of their growth, as well harvest products 
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plant pathogen fungi.  The positive effect on plant growth and 
productivity is the independent ability and equally remarkable 
and significant as their antifungal ability.  Numerous studies 
showed that Trichoderma species may induce changes 
in the microbiota composition of roots, enhance nutrient 
uptake, stabilize soil nutrients, promote root development, 
and increase root hair formation (Harman 2006; Waghunde 
et al. 2010; Stewart and Hill 2014).  Promoting plant 
growth effect has been suggested to involve solubilization 
of otherwise unavailable mineral nutrients.  The growth 
and sporulation of Trichoderma species depend on the 
interplay between various environmental factors (exposure 
to light, endogenous rhythms, C:N status, the ambient pH 
of the medium, environmental cations, physical injury to 
the mycelium and the presence of fungal-derived volatile 
organic compounds) among which environmental calcium 
plays an important role (Jayaswal et al. 2003; Steyaert et al. 
2010).  It was demonstrated that the simultaneous addition 
of calcium chloride with biocontrol agent can improve the 
activity of biocontrol agents (El-Mougy et al. 2012).  The 
synergism of calcium and biocontrol agents can be a result 
of several different interactions taking place between calcium 
ions and biocontrol agents (Droby et al. 1997).  Calcium is 
an essential plant macronutrient and an integral part of plant 
cell wall structure.  It has many roles: regulating the transport 
of other nutrients, promoting proper plant cell elongation, 
helping in protecting the plant against diseases, being 
involved in the activation of certain plant enzymes, having 
a regulating effect in the cells, contributing to the stability 
of the plant, etc. (Jones 2012; Barker and Pilbeam 2015).  
Since calcium is required in relatively large concentrations 
for normal cell growth, it is important that a sufficient amount 
of calcium is always available in the root environment.  

The main problem in the commercial use of a biocontrol 
agent is to select an appropriate formulation which ensures 
the viability during storage and application.  Encapsulation 
is an advanced technology by which, solids, liquids or gases 
may be loaded into carrier matrix (usually microspheres 
or microcapsules within micro- or nano-scale), protects 
biocontrol agents from the environment, improves their 
viability and allows controlled release at the right time and 
in the right place (Cumagun 2014).  The suitable formulation 
should provide optimal delivery of an active agent to the site 
of action in order to meet adequate shelf life.  

Despite the array of encapsulation methodologies for 
encapsulated chemical agents, there are only a few data in 
the literature about the simultaneous delivery of biological 
and chemical agents (Vinceković et al. 2016, 2017).  The 
requirement for the choice of a carrier for simultaneous 
delivery is to choose a material which can incorporate both, 
chemical and biological agents, in the same compartment 
without diminishing their activities.  Loading in biopolymer 

matrices has been recognized as an effective formulation 
for controlled release of bioactive agents used for plant 
protection (Rathore et al. 2013).  We have shown in our 
previous papers (Vinceković et al. 2016, 2017) that the 
presence of Trichoderma viride spores and copper cations 
in the same compartment do not inhibit their activity.  Results 
obtained opened up perspectives for the future use of other 
gelling cations, which act at the same time as macro- or 
micronutrients for simultaneous loading with T. viride spores 
in alginate microparticles for plant nutrition and protection.

Due to benefits for crop protection and nutrition as well 
as their compatibility, T. viride spores and calcium ions 
were taken as a suitable couple for loading in alginate 
microspheres.  Providing the plant with additional calcium 
and T. viride could balance nutrition and protection as 
essential components in terms of achieving better yields 
and quality of crops.  

Having in mind that T. viride is a living organism and both 
amounts of alginate and concentration of gelling cations 
affect markedly physicochemical properties of alginate 
gels (Selimoglu and Elibol 2010), we have investigated 
the impact of calcium ions concentration on the vegetative 
growth and sporulation of T. viride as well as on the 
essential microsphere parameters at an adjusted constant 
concentration of sodium alginate (ALG).  The main aim of 
the present study was to investigate the influence of calcium 
ions concentration on the physicochemical properties of 
calcium alginate microspheres prepared without and with 
T. viride spores to ensure the flow of bioactive agents to the 
rhizosphere.  It was shown how to adjust physico-chemical 
properties of microspheres with a concentration of calcium 
ions.  Proposed microspheres have a great potential to be 
used in agriculture especially on acidic soils.  

2. Materials and methods

2.1. Materials

Low viscosity sodium alginate (CAS Number: 9005-38-3; 
molecular weight: 80–120 kDa) was purchased from Sigma 
Aldrich (USA), calcium chloride from Kemika (Croatia) and 
eosin from Fluka (Buchs, Switzerland).  All other chemicals 
were of analytical grade and used as received without further 
purification. 

An indigenous isolate of T. viride (STP) originated from 
parasitized sclerotia of Sclerotinia sclerotiorum was used 
in all experiments (Topolovec-Pintarić et al. 2013).  STP 
was grown for 10 days in potato dextrose broth (PDB, 
Biolife, Italy) under the constant aeration at 295 K.  Details 
of STP and spore suspension preparation were previously 
described (Vinceković et al. 2016). 
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2.2. Microsphere preparation

Two kinds of microspheres were prepared, without (ALG/
Ca) and with T. viride spores (ALG/(Ca+Tv)).  They were 
prepared by dripping 100 mL of sodium alginate or a mixture 
of sodium alginate and T. viride spores into calcium chloride 
solution.  The concentration of sodium alginate was constant 
(1.5%, w/v), whereas initial calcium cations concentrations 
varied from 0.5 to 2.0 mol dm–3.  The flow rate of sodium 
alginate solution was 5.5 to 7 mL min–1 (determined by 
using encapsulator nozzle size of 300 µm at the vibration 
frequency of 800 Hz and 120 mbar pressures (Encapsulator 
Büchi-B390, BÜCHI Labortechnik AG, Switzerland)).  
Microspheres were formed in the cross-linking solution 
under mechanical stirring, then washed several times with 
sterilized water and filtered through Büchner funnel.  They 
were stored in deionized water at 277 K until further studies.  
A number of the microspheres were allowed to air-dry 
at room temperature to reach their equilibrium moisture 
content.

2.3. Effect of calcium concentration on T. viride 
growth and sporulation

To verify vegetative growth capability and sporulation in 
the presence of calcium cations, two sets of experiments 
were performed.  In the first set, suspension of T. viride 
spores was left in solution with various concentration of 
calcium chloride as well as inoculated on PDA substrate.  
In the second set of experiments, the number of spores 
(NS) loaded in microspheres was determined at different 
time intervals.  
Effect of calcium concentration on T. viride growth 
and sporulation  An indigenous isolate of T. viride spores 
was maintained on the PDA Petri plates (diameter: 10 cm) 
and flooded with 15 mL of calcium chloride (from 0.5 to  
2 mol dm–3).  Suspensions were poured into plastic tubes 
(15 mL) and sealed.  Aliquots of each suspension (0.3 mL) 
were inoculated on PDA substrate (Petri plate’s diameter: 
10 cm), sealed and cultivated in a humid chamber at 
room temperature for 10 days.  The number of spores in 
suspensions was determined with a hemocytometer, using 
Neubauer Counting Chambers (Hirschmann EM Techcolor, 
Germany).  The appearance of T. viride mycelium around 
microspheres on Petri dishes was observed visually.  Control 
samples were prepared with distilled water.  
Effect of calcium cations on T. viride spores loaded in 
microspheres  Sporulation ability of loaded T. viride was 
investigated by measuring changes in the spore number 
per 1 g of microspheres (NS g–1) on freshly prepared 
microspheres after 1, 10 and 20 days of loading.  Samples 
for measurements were prepared by dissolving 10 g of 

microspheres in 100 mL of NaHCO3 (0.2 mol dm–3) and 
Na2C6H5O7·2H2O (0.06 mol dm–3) mixture and mixed for  
30 min at room temperature.  Aseptic conditions were 
provided throughout the assay.  A total of 5 mL of the 
sample was filtered through the sterilized muslin cloth 
(Trinci 1974).  The number of spores was determined 
spectrophotometrically (Waghunde et al. 2010).  Absorbance 
was measured at 550 nm using UV-VIS spectrophotometer 
(Shimadzu, UV-1700).  The stock solution used for the 
calibration curve was diluted with sterilized distilled water.  
The number of spores in stock solution was determined with 
a hemocytometer, using a Neubauer Counting Chamber 
(Hirschmann EM Techcolor, Germany).
The electrostatic charge and size of T. viride spores 
suspended in water  The electrostatic charge and zeta 
potential (ζ), of T. viride spores suspended in water and 
calcium chloride solutions, were determined by Zetasizer 
Nano ZS (Malvern, UK).  The zeta potential was estimated 
from electrophoretic mobility measurements.  The 
hydrodynamic diameter (d) was estimated by the Einstein-
Stokes equation assuming a spherical aggregate.  Results 
are presented as the mean value of at least three to six 
measurements.  

2.4. Methods

Fourier-transform infrared spectroscopy analysis  The  
Fourier-transform infrared spectroscopy spectra were 
recorded with the FTIR Instrument-Cary 660 FTIR (MIR 
system) spectrometer (Agilent Technologies, USA).  
Samples were mixed with potassium bromide (250 mg) to 
get pellets.  Spectral scanning was done in the range of 
500–4 000 cm–1.
Microscopic observations  Microphotographs were taken 
with a light (LM), fluorescence (FM), scanning electron 
(SEM) and confocal laser scanning microscope (CLSM).  
The average diameter and overall shape of microspheres 
were observed by a Leica MZ16a Stereo-Microscope 
(Leica Microsystems Ltd., Switzerland) using Olympus Soft 
Imaging Solutions GmbH, version E_LCmicro_09Okt2009 
(Germany).  

The dried T. viride spores and microspheres for scanning 
electron microscopy observations (FE-SEM, model JSM-
7000F, Jeol Ltd., Japan) were put on the high-conductive 
graphite tape.  The Image J Software was used for the 
determination the size of T. viride spores and pores on a 
microsphere surface.  

T. viride spore suspensions and microspheres were 
investigated by a Confocal Laser Scanning Microscope 
(TCP SP2, Leica Lasertechnik, Germany).  The microscope 
was operated in transmitted and fluorescent mode at an 
acceleration voltage of 80 kV.  All sample preparations were 
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performed at room temperature.  Microspheres were stained 
with fluorescent dye (eosin, 0.01%).
Loading efficiency, loading capacity and swelling degree 
of microspheres  Detailed procedures for the determination 
of loading efficiency (LE), loading capacity (LC) and swelling 
degree (Sw) were previously described (Vinceković et al. 
2016, 2017).   The concentration of calcium cations was 
determined at λ=650 nm and concentration of T. viride 
spores (expressed as the number of spores per 1 g of dry 
microsphere, NS g–1) at λ=550 nm by a spectrophotometer 
(Shimadzu, UV-1700).  

LE (%) was expressed as the percentage of total available 
calcium ctot (mol dm–3) and calculated by the equation:

LE=(cload/ctot)×100 (1)
where cload=ctot–cf, and cf is a concentration of calcium ions 
(mol dm–3) in filtrate.

The loading efficiency of T. viride spores in microspheres 
was determined by the same procedure.  No T. viride spores 
presence in filtrate after microspheres preparation indicated 
almost 100% of loading. 

Calcium loading capacity (mmol g–1) expressed as 
a calcium ions mmol per 1 g of dry microspheres was 
calculated by the equation:

LCCa=(CCa×V/wc)                                              (2)
where CCa (mmol dm–3) is a concentration of calcium ions 
in the sample, V (dm3) is a volume of the sample and wc (g) 
is a weight of microspheres.   

T. viride spore loading capacity expressed as the number 
of spores per 1 g of dry microspheres (NS g–1) was calculated 
by the equation:

LCTv=(CNS×V/wc) (3)
where CNS (NS dm–3) is a concentration of spores in the 
sample, V (dm3) is a volume of the sample, and wc (g) is a 
weight of microspheres.  

The swelling degree (%) was calculated using the 
equation:

Sw=
wt–w0

w0  
  (4)

where wt (g) is the weight of the swollen microspheres, 
and w0 (g) is their initial weight.  All measurements were 
replicated three times and results are presented as the 
mean values.
In vitro T. viride and calcium ions release from 
microspheres  The release experiments from microsphere 
are designed to achieve conditions as close to the intended 
application in the soil and in hydroponic conditions.  Samples 
for measurements were prepared by dispersing 4 g of 
microspheres in 100 mL of deionized water and allowed to 
stand without stirring during experiments.  At appropriate 
time intervals, dispersion was stirred for 60 s, aliquots 
were withdrawn and the spore count was determined 
spectrophotometrically.  The release experiments from 

microspheres were carried out at room temperature (~293 K).  
Results are presented as the fraction of released 

bioactive agents using the equation:

f=
Rt

Rtot   
 (5)

where f represents the fraction of released T. viride, fTv, or 
calcium ions, fCa, Rt is the amount of T. viride (NS mL–1) or 
calcium ions (mol dm–3) released at time, t and Rtot is the 
total amount of T. viride spores or calcium ions loaded in 
microspheres.  All measurements were replicated three 
times and results are presented with the standard deviation 
of the means.
Statistical analysis  The results were statistically analyzed 
with Microsoft Excel 2016 and XLSTAT Statistical Software 
add-in.  The data are shown as mean value±standard 
deviation.  

3. Results and discussion

The results are presented and discussed in two sections.  In 
the first section, the interaction between T. viride spores and 
calcium ions are analysed.  In the second section, essential 
physicochemical properties of microspheres prepared at 
various calcium chloride concentrations without and with 
T. viride spores are described.  

3.1. The interaction between T. viride spores and 
calcium ions

In order to test T. viride spores bioactivity in the presence 
of various calcium chloride concentrations, growth and 
sporulation were examined in suspensions, inoculated on 
PDA substrate or loaded in microspheres.
Morphology, size and charge of T. viride spores  Fig. 1 
presents a SEM image of dry T. viride spores and FM 
images of spores suspended in calcium chloride solutions.  
Dried T. viride spores appear similar in size (around 3.6 µm) 
and shape to Penicillium (Ye et al. 2002) and Aspergillus 
(Kwon-Chung and Sugui 2013) spores (Fig. 1-A).  Oval 
shaped spores showed deep surface holes, which may 
have been related to the loss of parts of the spore wall or 
even material inside.  

T. viride spores were relatively easily suspended in 
water (Fig. 1-B) indicating prevailing surface hydrophilicity.  
Spores suspended in water at a concentration of 1.8×10–6 
mL–1 showed negative zeta potential (around –9 mV) which 
arises from various functional groups such as carboxyl, 
hydroxyl, and amine.  This is in accordance with the analysis 
of the relationship between relative surface hydrophobicity 
and surface electrostatic charge.  Singh et al. (2004) found 
an inverse relationship between cell surface electrostatic 
charge (zeta potential ranged from  –11 to –42 mV) and cell 
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surface hydrophobicity (ranged from 12 to 52%), i.e., less 
hydrophobic cell surfaces were less negatively charged.  
With the increase in calcium chloride concentration T. viride 
spores become less negatively charged due to electrostatic 
binding of calcium cations (Fig. 2-A).  

Trichoderma species belong to the group of 
microorganisms, which can survive in high concentrations 
of different metals and have the potential to bind them.  
Calcium ions bind mainly to fungal cell wall structure 

(López Errasquıń and Vázquez 2003) which is composed 
of polysaccharides and glycoproteins, as well as lipids and 
other minor components (pigments and inorganic salts).  
Melanin, which in other fungi is associated with chitin, 
was shown to replace this polymer in the spore wall of 
Trichoderma species (Fogarty and Tobin 1996).  Melanin 
contains carboxyl, phenolic, hydroxyl, and amine functional 
groups which serve as potential binding sites for metal 
ions.  A reversal of charge around 0.7 mol dm–3 of calcium 
ions suggested that besides electrostatic interactions some 

other mechanisms are responsible for calcium binding; 
probably ion exchange and/or some other physicochemical 
interactions between cations and functional groups on the 
fungal cell wall.  

Effect of Ca2+ addition on the size of particles in 
suspensions is presented in Fig. 2-B.  Calcium ions did not 
significantly change the particle size at a lower concentration.  
The increase of calcium ions concentration from 0.005 to  
2 mol dm–3 resulted in less negatively charged spore surface 
due to electrostatic interactions between Ca2+ and T. viride 
spores.  Diminishing of electrostatic repulsions between 
spores led to their aggregation.  Microscopic observation 
of spores suspended at a higher concentration of calcium 
ions confirmed significant aggregation (Fig. 1-C).
Effect of calcium ions on the sporulation and growth 
of T. viride  Fig. 3 presents changes in the number of  
T. viride spores suspended in calcium chloride solutions.  
The number of spores increased with increasing calcium 
concentration indicating positive calcium impact on 

A B C
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Fig. 1  Scanning electron microscope (SEM) image of dry Trichoderma viride spores (A), optical microscopy images of T. viride 
spores suspended in calcium chloride solution at 0.005 mol dm–3 (B) and 1.5 mol dm–3 (C), respectively.  The number of T. viride 
spores (NS) is 1.8×106 mL–1.  Bars are indicated.

Fig. 2  Changes in the average zeta potential (ζ, A), and the mean hydrodynamic diameter (d, B) of Trichoderma viride spores with 
different calcium chloride (Tv+CaCl2) concentrations at a constant number of T. viride spores in suspension (NS) is 1.8×106 mL–1.  
c(CaCl2) represents the concentration of CaCl2 solution.  The error bars indicate the standard deviation of the means.  
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sporulation.  The best spores yield was recorded at  
1.5 mol dm–3.  In comparison with the control suspension 
(NS=5×106 mL–1), the number of spores was smaller by 
almost one order of magnitude indicating the addition 
of calcium ions somewhat slows sporulation but did not 
prevent it.  

Microphotograph of freshly prepared microsphere 
taken under crossed polarizers shows T. viride spores are 
distributed inside the alginate matrix (Fig. 4-A).  After 10 
days of aging on plates at room temperature, microspheres 
become visibly surrounded with green mycelium (Fig. 4-B).  
Maximum mycelial growth and sporulation were observed 
between 1 and 1.5 mol dm–3 of calcium chloride concentration.  
At the highest concentration, mycelium did not cover the 
whole substrate and sporulation was absent.  Results of 
concentration-dependent sporulation in suspension or 
mycelial growth and sporulation on PDA substrate are in 
accordance with literature data.  The presence of calcium 
cations was found to induce sporulation of T. viride in the 
submerged (Šimković et al. 2008) and solid (Kryštofova et al. 
1995, 1996) media in a concentration and time-dependent 
manner.

Section of microspheres prepared with labeled  
T. viride spores revealed the formation of branched hyphae 
inside the matrix (Fig. 4-C).   Section close to the surface 
showed the presence of numerous spores and a few germ 
tubes penetrating through microsphere surface (Fig. 4-D).  
CLSM microphotographs show mycelium formed around 
microspheres were generated by germination inside the 
matrix and germ tubes protruding out of microspheres.
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Fig. 3  Changes in the number of Trichoderma viride spores 
(NS), suspended in solutions with various calcium chloride 
concentrations (0.5, 1.0, 1.5, and 2.0 mol dm–3).  c(CaCl2) 
represents the concentration of a calcium chloride solution.

75 μm25 μm

A B

C D

Fig. 4  A, microphotograph of microsphere obtained under polarized light (Bar=250 µm).  B, a plate with microspheres surrounded 
with Trichoderma viride mycelium.  C and D, confocal laser scanning microscope (CLSM) microphotographs of mycelium inside 
matrix (C) and germ tube penetrated through microsphere surface (marked with a white arrow) in transmitted mode (D).  ALG/
(Ca+Tv) microspheres were prepared at initial calcium chloride concentration, ci(CaCl2)=1 mol dm–3, and the number of T. viride 
spore (NS)=1.8×106 mL–1.  Bars are indicated.  
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Fig. 5 presents the change in the number of spores 
loaded in microspheres with time.  There was no significant 
change in NS between freshly loaded and 1 day stored in 
microspheres.  During storage for 10 days, the number of 
T. viride spores increased and after 20 days somewhat 
decreased, but remained still higher than the number of 
spores in freshly prepared microspheres.  

Results undoubtedly showed the intermolecular 
interactions between calcium cations and negatively 
charged T. viride spores stimulated sporulation during 
storage.  The best biomass yield in microspheres prepared 
at 1 mol dm–3 of initial calcium chloride concentration 
indicates the benefits of microspheres prepared at this 
concentration.  Somewhat lower biomass yield at higher 
calcium chloride concentration might be explained with 
a lesser amount of water in microsphere structure.  This 
means microspheres provide a supportive environment 
for germination.  Intermolecular interactions between 
calcium cations and negatively charged T. viride spores are 
primarily of electrostatic origin, however, at higher calcium 
concentrations some other physicochemical interactions 
between cations and fungal cell wall should be also taken 
into account.
Identification of molecular interactions between calcium 
ions, T. viride spores and sodium alginate  Information on 
molecular interactions between calcium and T. viride spores 
as well as between T. viride spores and sodium alginate was 
obtained by comparing FTIR spectra of single components 
and their mixtures (Fig. 6).  The spectrum of calcium chloride 
shows stretching vibrations at 3 487, 3 396, 3 224 and 1 629 
cm–1 which relate to the vibration of –OH functional group, 

and its characteristic peak at 657 cm–1 (Ca–O stretching) 
(Cho et al. 2014).  

Characteristics of recorded T. viride spectrum are: a 
broad band around 3 321 cm–1 (overlapping of O–H and 
N–H stretching vibrations), frequencies at 2 921 and 2 854 
cm–1 (indicative of  >CH2 and -OH groups), the small peak 
at 2 367 cm–1 (asymmetric stretching of –N=C=O group), 
the pronounced peak at 1 608 cm–1 and several small peaks 
between 1 500 and 1 200 cm–1 (stretching vibration of C=O 
of carboxyl groups conjugated to -NH deformation), the 
small peak at 1 545 cm–1 (amine group stretching vibration 
resulting from –NH deformation mode to C=N deformation 
mode) and the strong peak at 1 040 cm–1 (C–F and C–Br 
vibrations) (Vinceković et al. 2016).  

The spectrum of T. viride and calcium chloride mixture 
shows somewhat more intense but less broad –OH and 
–NH stretching vibrations band around 3 385 cm–1 and a 
significant reduction in intensity of T. viride bands at 2 921 
and 2 854 cm–1.  The disappearance of small peaks between 
1 500 and 1 200 cm–1, the appearance of a peak at 1 311 
cm–1, and shifting of T. viride bands at 3 321, 1 608, 1 207 and 
663 cm–1 to 3 394, 1 628, 1 307 and 647 cm–1 suggested that 
carboxylate and at least hydroxyl groups could be involved 
in interactions as was similarly observed for interactions 
between T. viride and copper ions (Vinceković et al. 2016).  

Characteristic FTIR bands of sodium alginate are in 
accordance with literature data (Sankalia et al. 2007).  The 
strong and broad absorption band in the range 3 000– 
3 600 cm–1 belongs to the hydroxyl (O-H) group, stretching 
vibration at 2 920 cm–1 corresponds to the aliphatic C-H 
group, the bands at 1 595 and 1 405 cm–1 correspond to 
asymmetric and symmetric stretching peaks of carboxylate 
(–COO–) groups, weak broad stretching vibration at 1 295 
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Fig. 5  Changes in the number of Trichoderma viride spores 
(NS) in ALG/(Ca+Tv) (calcium alginate microspheres containing 
T. viride spores) microspheres prepared at a various initial 
calcium chloride concentration, ci(CaCl2), after 1, 10 and 20 
days of loading.  The error bars indicate the standard deviation 
of the means.

Fig. 6  FTIR spectra of Trichoderma viride spores (Tv, red line), 
calcium chloride (CaCl2, blue line) and their mixture (Tv+CaCl2, 
green line), alginate (ALG, black dash dot line) and the mixture 
of T. viride spores and alginate ((Tv+ALG), black dashed line).
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cm–1 corresponds to C–O group, whereas bands situated 
around 1 026 cm–1 are attributed to ALG saccharide structure 
(1 125 cm–1 to medium sharp C–C stretching, 1 081 cm–1 to 
medium-sharp C–O and C–O–C stretching, 1 025 cm–1 to 
C–O stretching vibrations, 950 cm–1 to C–O stretching of 
uronic acids,  881 and 813 cm–1 to mannuronic acid residues, 
respectively) (Sartori et al. 1997).

The spectrum of T. viride and alginate mixture shows 
broadening and more intense stretching vibrations around 
3 321 cm–1 suggesting enhanced intermolecular hydrogen 
bonds.  Disappearance of T. viride peaks at 2 921 and  
2 854 cm–1, small peaks between 1 500 and 1 200 cm–1 and 
bands attributed to the ALG saccharide structure (from  
1 125 to 813 cm–1) as well as shifting and smaller intensity 
of alginate bands corresponding to asymmetric (1 595 to  
1 630 cm–1) and symmetric (1 405 to 1 415 cm–1) are an 
indication of at least interactions with hydroxyl, amine, 
carboxylate and C–O groups.  

3.2.  Physico-chemical characterization of 
microspheres 

Loading efficiency, loading capacity and swelling 
degree of microspheres  Loading efficiency and loading 
capacity determination were performed to obtain information 
on the content of calcium and T. viride in microspheres.  
Results on calcium loading efficiency are listed in Table 1.  
The increase in calcium concentration decreased loading 
efficiency for both types of microspheres, what is more, 

pronounced for ALG/(Ca+Tv) microspheres.  The decrease 
in encapsulation efficiency is a consequence of almost 
constant loading capacity of microsphere (Table 2), that 
is, microspheres reached almost maximum od loading 
capacity even at the lowest calcium cations concentration.  
Smaller calcium loading efficiency in ALG/Ca microspheres 
is consistent with somewhat lower values of calcium loading 
capacity (Table 2).  No T. viride spores presence in filtrate 
after microspheres preparation indicated loading efficiency 
is 100%.

Table 2 displays almost constant calcium content in ALG/
Ca and T. viride content in ALG/(Ca+Tv) microspheres 
prepared at various calcium concentrations.  In comparison 
with ALG/Ca, microspheres with T. viride showed somewhat 
higher calcium loading capacity.  This may be attributed to 
the ability of calcium binding to T. viride.  Trichoderma viride 
content in microspheres is also almost constant (within the 
method error) showing only somewhat lower value at 1.5 mol  
dm–3 of calcium chloride.

When dispersed in solution, microspheres swell thus 
changing many properties, such as mechanical strength, 
permeability, the release of active agents, stability and 
the rate of disintegration.  The swelling process involves 
two underlying molecular processes: (i) penetration of the 
solution into the matrix and (ii) polymer stress relaxation 
(transition of glassy structure to a rubbery state) (Siepmann 
and Siepmann 2012).  The effect of increasing calcium 
concentration on swelling degree is presented in Fig. 7.  

It can be seen that the increase in calcium concentration 
decreased the degree of swelling of both types of 
microspheres, without and with T. viride spores.  This is in 
accordance with studies showing that an increase in the 
calcium concentration reduces the degree of swelling of 
alginate microcapsules (Liu et al. 2004; Davidovich-Pinhas 
and Bianco-Peled 2010).  During gelation calcium cations 
cooperatively interact with a block of L-guluronic acid 
groups forming ionic crosslinks between different polymer 
chains.  The increase in calcium cation concentrations 
alter the number of alginate strands held together in the 
three-dimensional network and thus change its strength 

(Simpson et al. 2014) as well as the size of cavities inside 

Table 1  Variation of calcium cation loading efficiency, LECa, in 
ALG/Ca and ALG/(Ca+Tv) microspheres prepared at various 
initial calcium chloride concentrations, ci(CaCl2)

1)

ci(CaCl2) 
(mol dm–3)

LECa
(ALG/(Ca+Tv), 

%)
SDLCCa

LECa
(ALG/Ca, %) SDLECa

0.5 57.61 3.56 50.31 4.37
1.0 49.38 1.28 50.40 1.45
1.5 41.46 0.38 41.19 0.36
2.0 32.64 0.84 37.53 0.92
1) ALG/(Ca+Tv), calcium alginate microspheres containing 

Trichoderma vir ide spores; ALG/Ca, calcium alginate 
microspheres; SD, the standard deviation of the means.

Table 2  Variation of calcium loading capacity, LCCa, in ALG/Ca and ALG/(Ca+Tv) microspheres, and Trichoderma viride loading 
capacity, LCTv, in ALG/(Ca+Tv) prepared at various initial calcium chloride concentrations, ci(CaCl2)

1) 

ci(CaCl2)  
(mol dm–3)

LCCa
(ALG/Ca, mmol g–1) SDLCCa

LCCa
(ALG/(Ca+Tv), mmol g–1) SDLCCa

LCTv
(ALG/(Ca+Tv), NS g–1) SDLCTv

0.5 4.12E–02 3.74E–03 5.00E–02 1.33E–03 4.150E+3 42
1.0 4.16E–02 3.31E–03 4.68E–02 1.58E–03 3.970E+3 40
1.5 4.11E–02 2.93E–03 5.12E–02 2.41E–03 3.890E+3 39
2.0 4.20E–02 2.39E–03 4.50E–02 2.90E–03 4.140E+3 41
1) ALG/Ca, calcium alginate microspheres; ALG/(Ca+Tv), calcium alginate microspheres containing T. viride spores; SD, the standard 

deviation of the means.
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gel network which accommodate water (Roy et al. 2009).  An 
increase in calcium concentration decreases the availability 
of these groups to water molecules and the size of cavities 
inside alginate bead which accommodate water causing the 
formation of a denser network which swells less (Bajpai and 
Sharma 2004; Roy et al. 2009).

Microspheres with T. viride spores exhibited higher 

swelling although a smaller decrease of the swelling degree 
than those prepared without T. viride indicating less impact 
on the swelling ability with increasing calcium concentration.  
The degree of hydrogels swelling is limited by crosslinks 
and the Sw can be used as a measure of the extent of 
crosslinking (Roger et al. 2006).  Accordingly, loading with 
T. viride decreased the crosslinking degree of calcium 
alginate microspheres.  This can be ascribed to the change 
in network structure due to the electrostatic repulsions 
between negatively charged T. viride spores and free parts 
of alginate chains (the zeta potential of the calcium alginate 
matrix is about –10 V) (Rokstad et al. 2014) as well as by 
mechanical interactions.  
Morphology and size of microspheres  Microspheres 
without T. viride spores were slightly yellow, whereas these 
loaded with T. viride green.  Generally, size and uniformity of 
microspheres are mainly determined by the viscosity of the 
alginate solution, diameter of the syringe (nozzle), calcium 
chloride concentration, solution flow rate and the distance 
between the point from a syringe (nozzle) to the gelling 
bath (Ouwerx et al. 1998; Blandino et al. 1999).  Under our 
experimental conditions the prepared microspheres were 
mostly spherical (Fig. 8-A), although some of them were 
slightly deformed (Fig. 8-B).  

Effect of calcium concentration on the average size of the 
wet and dry microsphere is presented in Fig. 9.  The largest 
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Fig. 7  Changes in the swelling degree (Sw) of ALG/Ca and 
ALG/(Ca+Tv) of microspheres prepared at various initial calcium 
chloride concentration, ci(CaCl2).  Microspheres were immersed 
3 h in distilled water to reach equilibrium Sw value.  The error 
bars indicate the standard deviation of the means.
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500 μm 200 μm

Fig. 8  A, microphotograph of wet ALG/(Ca+Tv) microsphere obtained by fluorescence microscopy (stained with Rhodamine 123, 
bar is 250 µm).  B and C, wet (B) and (C) dried ALG/(Ca+Tv) microspheres obtained by light microscopy.  D and E, surface (D) 
and (E) pores on ALG/Ca microsphere surface (one is denoted by white arrow).  F, blebs distributed on ALG/(Ca+Tv) microsphere 
surface (one is denoted by white arrow) obtained by SEM.  Microspheres were prepared at initial calcium chloride concentration, 
ci(CaCl2)=1 mol dm–3, and the number of Trichoderma viride spores (NS)=1.8×106 mL–1.  Bars are indicated. 
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wet microspheres (~630 µm) were formed at the lowest 
calcium chloride concentration.  Low calcium concentration 
limits the gelation leading to gels with a higher percentage of 
water retained (Rodrigues and Lagoa 2006).  The increase in 
calcium concentration resulted in a decrease of microsphere 
size (~570 µm).  Results are in accordance with the results 
showing the formation of smaller microspheres at higher 
CaCl2 concentrations (Shi et al. 2011) due to the more rigid 
gel network (Daemi and Barikani 2012). 

On drying to constant mass (approximately 4 weeks on 
air at room temperature), the sphericity of microspheres 
was lost (Fig. 8-C).  Their size was approximately two 
times smaller than that of the wet capsule due to loss of 
water (Fig. 9).  The surface of dried microsphere become 
rough with irregular wrinkles (Fig. 8-D) which appeared as 

a consequence of biopolymer strain-relaxation processes 
associated with water and humidity loss.  The enlarged 
micrograph shows surface is highly porous with surface 
pores (dark spots) of size around 0.169 μm (Fig. 8-E).  
Fig. 8-F presents the surface of ALG/(Ca+Tv) microsphere 
with numerous spherical blebs similar in size to individual 
spores (Fig. 1-A).  Most likely, these are the places where 
the germ tubes penetrate out of a microsphere.  The 
presence of bubbles on the surface of dried microspheres 
indicated that despite the lesser amount of the water and 
reduction in microsphere size (Fig. 9), T. viride did not lose 
germination ability.
Identification of molecular interactions between 
components in microspheres  FTIR spectra of 
microspheres prepared at various concentrations of calcium 
chloride are presented in Fig. 10-A.  Presence of calcium 
ions caused the most significant changes in the alginate 
functional groups region: hydroxyl and carboxylate.  As 
the concentration of calcium ions increased the intensity 
of absorption band around 3 300 cm–1 first increased and 
started to decrease between 1 and 1.5 mol dm–3 implying 
changes in intensities of hydrogen bonds between oxygen 
atoms of G-residues and the calcium in the egg-box 
structure.  The weakest absorption band intensity around 
3 300 cm–1 was observed at the highest calcium cation 
concentration indicating a lesser amount of water in 
microsphere structure.  Similarly, Roy et al. (2009) reported 
that as the concentration of calcium increase from 0.2 to 
1.5 mol dm–3, the diaxially linked guluronic acid residues 
form smaller cavities which accommodate a lesser amount 
of water.  Dividing of a peak into two similar with a peak 
of calcium chloride due to the increasing number of the 
crosslinked point with calcium concentration (Cho et al. 
2014) indicated structural differences.

Similar intensity increasing/decreasing effect of calcium 
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Fig. 10  FTIR spectra of calcium alginate microspheres without (A) and with Trichoderma viride spores (B) prepared at various 
initial calcium chloride concentrations, ci(CaCl2).  Spectra of sodium alginate and T. viride are given for comparison.
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cation concentration can be seen at the asymmetric and 
symmetric carboxylate stretching vibrations indicating a 
change in the intensity of interaction between alginate 
carboxylate groups and calcium ions.  The characteristic 
peak for asymmetric carboxylate stretching vibrations shifts 
to lower wavenumber (from 1 595 to 1 589 cm–1) and the 
peak for symmetric carboxylate stretching vibrations shifts to 
higher wavenumber (from 1 405 to 1 413 cm–1) by exchange 
of sodium with calcium ions due to a change in the charge 
density, the increase in the radius and the atomic weight 
of the cations.  Gradual intensity increasing and shifting 
of carboxylate ions stretching vibrations with increasing 
calcium concentrations indicated the strong electrostatic 
interactions between calcium ions and carboxylic groups of 
alginate.  Similarity was observed in a previous study which 
suggested that bands concerning carboxylate groups can be 
used to follow structural changes of different alginate gels 
(Daemi and Barikani 2012).

Influence of increasing calcium chloride concentrations 
on molecular interactions in microspheres loaded with  
T. viride is presented in Fig. 10-B. There are no significant 
changes in the spectrum obtained at lower calcium chloride 
concentration between microsphere and spectra of alginate 
and T. viride mixture.  Stretching vibrations of O–H 
bonds of alginate, calcium chloride, T. viride and alginate 
microspheres appeared in the range of 3 000–3 600 cm–1.  
At higher calcium concentrations changes occurred in the 
hydroxyl and carboxylate functional groups regions.  The 
intensity of broad –OH and –NH stretching vibrations band 
around 3 380 cm–1 increased indicating the higher amount 
of water in the microsphere structure.  Gradual intensity 
increasing and shifting of asymmetric (a shift to a lower 
wavenumber (from 1 595 to 1 589 cm–1) and at the highest 
calcium ions concentrations to a higher wavenumber 
(from 1 589 to 1 637 cm–1), and symmetric (from 1 405 to 
1 434 cm–1) vibrational peak of carboxylate ions indicated 
difference in electrostatic interactions between calcium ions 
and carboxylic groups in comparison with microspheres 
prepared without T. viride.  Microspheres prepared with 
2 mol dm–3 of calcium chloride showed different bands in 
comparison with the spectra of the other concentrations: 
shifting and dividing of an asymmetric carboxylate 
and hydroxyl vibrational peaks into two, 1 604 and  
1 637 cm–1, and 3 248 and 3 369 cm–1, respectively.  Changes 
in FTIR spectra undoubtedly show structural differences in 
microspheres prepared without and with T. viride. 
In vitro release of T. viride and calcium ions from 
microspheres  The mechanisms by which active agent 
are released from microspheres are complex and involve 
different processes: The penetration of the surrounding 
solution into the microsphere, swelling of the microsphere, 

diffusion of the active agent through the gel layer, dissolution 
of the active agent in the medium and erosion of the swelled 
matrix (Maderuelo et al. 2011).  It was shown that the 
most important rate-controlling release mechanisms from 
hydrophilic microspheres are diffusion, swelling and erosion 
(Sankalia et al. 2007).  Korsmeyer et al. (1983) developed 
an empirical equation to analyze the release of the loaded 
agent from swelling as well as non-swelling polymeric 
delivery systems expressed as:

f=ktn   (6)
where f is fraction released at time t (h), k (h–1) is a kinetic 
constant characteristic of a particular system (incorporates 
the overall solute diffusion coefficient and geometric 
characteristics of a microsphere) and n is the release 
exponent representing the release mechanism.  In the case 
of the burst effect equation is modified (Lindner and Lippold 
1995; Kim and Fassihi 1997):

f=a+ktn  (7) 
where a is the y-axis intercept characterizing the burst effect.

According to the semiempirical model, the release 
exponent n can be characterized by three different 
mechanisms (Fickian diffusion, anomalous (non Fickian 
diffusion), or Type II transport).  Values of n<0.43 indicate the 
release is controlled by classical Fickian diffusion, n>0.85 is 
controlled by Type II transport, involving polymer swelling 
and relaxation of the polymeric matrix, whereas values of 
n between 0.43 and 0.85 show the anomalous transport 
kinetics determined by a combination of the two diffusion 
mechanisms and Type II transport.

Knowledge of kinetics and mechanism involved in the 
release of an active agent is important for the optimal 
development of formulations based on biopolymeric 
materials.  Design of controlled delivery systems involves 
optimization of many parameters among which are the most 
important are the type and concentration of both, biopolymer 
and gelling cation (Sankalia et al. 2007).  In this direction, 
the kinetics and mechanisms of T. viride and calcium cations 
release were studied on microspheres prepared at various 
calcium chloride and constant alginate concentrations.  

The release profiles for T. viride spores presented in 
Fig. 11 are characterized by rapid initial burst effect.  After 
one week of observation, a fraction of released T. viride 
spores increased above 1 indicating a higher concentration 
of T. viride biomass then loaded in the microsphere.  This 
can be ascribed to the germination inside microsphere and 
after releasing in the surrounding medium.  Microscopic 
observations confirmed the conclusion revealing the germ 
tubes grow inside the microsphere matrix and protrude 
toward the water phase.  The spores that were not 
germinated may be released to the surrounding media 
through (i) perforations made by germ tubes (microsphere 
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pore size is much smaller than the size of spores) and/or 
(ii) partial microsphere degradation.  

The release data showed good fit into equation (7).  The 
values of k, n and intercept a are given in Table 3.  The 
initial release of T. viride from microspheres prepared at 
higher calcium chloride concentration was quicker than 
those prepared at low concentration of calcium chloride.  

This may be ascribed to the smaller microsphere size 
(seen in Fig. 9) as was similary observed for active agents 
releasing from microspheres prepared with copper as 
gelling cations (Vinceković et al. 2016, 2017).  After initial 
burst effect, the release constant decreased with increasing 
initial calcium ions concentration.  Value n>0.43 would point 
to the controlling release mechanisms as an anomalous 
transport kinetics (combination of two diffusion mechanisms 
and the polymer swelling and relaxation).  The increase in 
n value with calcium ion concentration indicates prevailing 
influence of the polymer swelling and relaxation on the 
rate of T. viride release, indicating that the transition of 
glassy structure to rubbery state is slower on less swelled 
microspheres (Fig. 7).

This explanation is not entirely unambiguous because 
the amount of T. viride in the surrounding medium is 
closely related to two processes, one is the release from 
microspheres and the other is germination in the surrounding 
media.  

The release of calcium ions from microspheres prepared 
without and with T. viride with increasing concentration of 
calcium chloride is presented in Fig. 12-A and B.  Calcium 
ions act as crosslinking cations and their slight release 
indirectly points to the stability of microspheres.   All release 
profiles are characterized by rapid initial release followed 
by slower release obeying equation (6).  To identify the 
kinetics and type of mechanism involved in the release, 
a semi-empirical Korsmeyer-Peppas model was applied 

(Korsmeyer et al. 1983).  The values of the release constants 
k, and exponents n are listed in Table 4.  Lower n values 
than 0.43 indicate that the release process is controlled by 
calcium ions diffusion through microspheres.  In the case 
of the Fickian mechanism, the rate of calcium ions diffusion 
is much less than that of polymer swelling and relaxation.  

An increase in calcium concentration resulted in 
a decrease of calcium release rate for both types of 

Table 3  Variation of the y-axis intercept (a), release constant 
(k), exponent (n), and correlation coefficient (R2) of Trichoderma 
viride released from ALG/(Ca+Tv) microsphere prepared at  
various initial calcium chloride concentrations, ci(CaCl2)

ci(CaCl2) (mol dm–3) a k (h–1) n R2

0.5 0.124 0.105 0.46 0.98
1.0 0.227 0.059 0.52 0.99
1.5 0.507 0.025 0.64 0.99
2.0 0.550 0.025 0.70 0.99
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Fig. 11  The fraction of released Trichoderma viride spores 
(fTv) with time (t) from ALG/(Ca+Tv) microspheres prepared 
at a various initial calcium chloride concentrations, ci(CaCl2).  
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microspheres.  This can be explained by the increase in 
microsphere crosslink density (Aslani and Kennedy 1996) 

and homogeneity (Al-Musa et al. 1999).  The rate of alginate 
gelation is an important factor in controlling microcapsule 
homogeneity and strength.  Slower gelation produces 
more uniform structures with better mechanical properties 
than faster gelation systems.  At higher calcium ion 
concentrations the microspheres formed faster, becoming 
less homogeneous than those formed at lower calcium 
ion concentrations.  Homogeneous microspheres allow a 
higher rate of diffusion due to uniform pore size, whereas 
inhomogeneous delays diffusion throughout network 
structure.  

The amount of released calcium ions from ALG/Ca 
microsphere increased with increasing initial calcium ions 
concentration, whereas the amount of released calcium 
cations in the presence of T. viride spores decreased.  This 
may be ascribed to the change in microsphere structure 
due to the electrostatic repulsions between alginate chains 
and T. viride spores and by mechanical interactions, as 
well as by stronger calcium binding to the T. viride within 
the microsphere.

4. Conclusion

New agroformulations containing alginate microspheres 
loaded with a biocontrol agent (Trichoderma viride) and 
macronutrient (calcium ions) for plant protection and nutrition 
were prepared.  Results pointed out remarkable differences 
in physicochemical properties and the release behavior of 
bioactive agents from alginate microspheres depending 
on initial calcium concentration and presence of T. viride 
spores.  

Investigation of intermolecular interactions using FTIR 
spectroscopy revealed complex interactions between all 
components in a microsphere involving mainly interactions 
with hydroxyl and carboxylate functional groups.  Negatively 
charged T. viride spores bind calcium ions primarily by 
electrostatic interactions.  

An increase of calcium chloride concentration increased 
the number of spores in suspensions and in microspheres 

in a concentration-dependent manner.  Visible mycelium 
observed around microspheres were generated by 
germination inside matrix and germ tubes protruding out 
of microspheres.  

Calcium alginate microspheres provide a supportive 
environment of T. viride germination.  In the range of 
investigated calcium ion concentration, the best biomass 
yield in microspheres prepared at 1 mol dm–3 of initial 
calcium chloride concentration indicated the benefits of 
microspheres prepared at this concentration.  

Release profiles of T. viride showed good fit into power law 
equation.  The initial release of T. viride from microspheres 
prepared at higher calcium chloride concentration was 
quicker than those prepared at low concentration of calcium 
chloride due to the smaller microsphere size.  Fitting 
to simple Korsmeyer-Peppas empirical model revealed 
the underlying release mechanism of T. viride is the 
anomalous transport kinetics determined by a combination 
of the two diffusion mechanisms and Type II transport 
(polymer swelling and relaxation of the polymeric matrix).  
The increase in n value with calcium ion concentration 
indicates the prevailing influence of the polymer swelling 
and relaxation on the rate of T. viride release indicating that 
the transition of glassy structure to rubbery state is slower 
on less swelled microspheres.  The fraction of released T. 
viride biomass above 1 indicated germination.

The release of calcium ions is controlled by Fickian 
diffusion through microspheres.  A decrease in the release 
rate is in accordance with the effect of increasing calcium 
concentration on the strength of the alginate network 
structure.  The presence of T. viride spores affects the 
release rate and amount of calcium released; both are 
smaller in comparison with ALG/Ca microspheres.  This 
may be ascribed to the germ tubes formation inside the 
microsphere matrix and their penetration through the surface 
in the surrounding medium.  

The results of this study showed that physicochemical 
properties of calcium alginate microspheres loaded with T. 
viride spores could be controlled by adjusting microsphere 
structure with a concentration of calcium ions.  Depending 
on the microsphere structure, various bioactive agents 
release rates and patterns can be accomplished.  By 
adopting a systematic experimental approach, optimum 
conditions for microsphere preparation can be reached to 
achieve protection and nutrition effects on the plants over 
an extended period of time.  

An understanding of intermolecular interactions 
between bioactive agents and the delivery system as 
well as mechanisms controlling the release of active 
agents enhance the ability to control active agents release 
behavior and may aid in developing new microspheres with 
specifically tailored properties. 

Table 4  Variation of the release constant (k), exponent (n), 
and correlation coefficient (R2) of calcium released from  
ALG/Ca and ALG/(Ca+Tv) microspheres prepared at various 
initial calcium chloride concentrations, ci(CaCl2)

ci(CaCl2) 
(mol dm–3)

k 
(ALG/Ca, 

h–1)
n R2

k 
(ALG/(Ca+Tv), 

h–1)
n R2

0.5 9.5×10–4 0.03 0.98 6.5×10–4 0.07 0.99
1.0 8.5×10–4 0.04 0.99 6.1×10–4 0.04 0.98
1.5 8.4×10–4 0.10 0.98 5.9×10–4 0.03 0.99
2.0 5.0×10–4 0.20 0.99 5.2×10–4 0.02 0.99
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A B S T R A C T

The structure-property relationship in alginate microparticles (microspheres and microcapsules prepared with or
without Trichoderma viride spores (Tv) was investigated. Surface morphology, structure and release behavior
from alginate microparticles strongly depend on calcium concentration and presence of Tv and chitosan layer.
All microparticles exhibited a granular surface structure with substructures consisting of abundant smaller
particles. In vitro active agents release study revealed that the increase in calcium cation concentration reduced
the release rate of Tv (˜84% for microspheres; ˜57% for microcapsules) and calcium cations (˜20% for micro-
spheres; ˜23% for microcapsules). The average decrease in k values due to chitosan layer addition is 41% for Tv
and 93% for calcium ions, respectively. The underlying Tv release mechanism from microspheres is anomalous
transport kinetics, whereas from microcapsules is controlled by Type II transport. The differences in micro-
particle surface properties did not affect the mechanism controlling calcium ions release detected as diffusion
through microparticles.

1. Introduction

The use of agrochemicals in agriculture had substantial repercus-
sions for the environment, food security as well as human health be-
cause some of them are persistent organic pollutants. To diminish the
overall exposure to agrochemicals, the worldwide intention is the re-
striction of their use and application of environmentally friendly for-
mulations like biofertilizers and/or biopesticides. A biofertilizer is a
substance which contains living microorganisms which, when applied
to seeds, plant surfaces, or soil, colonize the rhizosphere or the interior
of the plant and promotes growth by increasing the supply or avail-
ability of primary nutrients to the host plant (Vessey, 2003). Bio-
fertilizer formulations usually contain a living microorganism (bacteria,
fungi, nematodes) and a suitable carrier together with additives. Effi-
cient formulation demands a carrier material which must preserve or
maintain living organisms in a viable condition during storage and
transport as well as must keep its functional properties after applica-
tion. Microencapsulation is an advanced technology superior to prepare
biofertilizer agroformulations in terms of protection living organism,
improvement of their viability and possibility of controlled release into
the field (John, Tyagi, Brar, Surampalli, & Prévost, 2011).

Recently, we have shown the possibility of simultaneous en-
capsulation of copper (Vinceković et al., 2016; Vinceković, Jurić,

Đermić, & Topolovec-Pintarić, 2017; Vinceković, Jurić et al., 2017) or
calcium cations (Jurić, Đermić, Topolovec-Pintarić, Bedek, &
Vinceković, 2019) with Trichoderma viride spores (Tv) in biopolymers,
alginate and chitosan, that easily create microparticles in which Tv can
be incorporated using an aqueous system at ambient temperature. Tri-
choderma species are among the most prevalent culturable fungi in soils
which antagonistic activity against plant pathogens and promotion of
soil fertility make them as valuable biofertilizer. The physicochemical
properties of calcium alginate microspheres loaded with T. viride spores
and releasing behavior could be controlled by adjusting microsphere
structure with a concentration of gelling cations (Vinceković et al.,
2016; 2017). Numerous investigations have shown that coating of al-
ginate microspheres with chitosan layer is and effective way of an ac-
tive agent controlled release as a desirable characteristic for all delivery
systems (Li et al., 2014; Lucinda-Silva, Salgado, & Evangelista, 2010;
Wang & Zhao, 2013). Layering technology has been often utilized for
producing novel materials with tailorable properties, such as, for ex-
ample, multilayered chitosan/layered double hydroxides hybrid hy-
drogel as a promising controlled delivery system (Zhao et al., 2015,
2017).

The underlying hypothesis of our work is that improved under-
standing of the structure-property relationship in a biopolymer based
agroformulation enhances the ability to control the release properties of
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a biofertilizer and may aid in developing microparticles with specifi-
cally tailored properties. The aim of the present work was to investigate
the effect of calcium cation concentration, and the presence of Tv and
chitosan layer on the surface morphology and structure of alginate
microparticles and the release behavior with the intention of delivering
bioactive agents to plants at the rate that closely approximates plant
demands over an extended period.

2. Materials and methods

2.1. Materials

Alginic acid sodium salt (CAS Number: 9005-38-3, M/G ratio of
∼1.56, molecular weight 280 000) g mol−1 was purchased from Sigma
Aldrich (USA). Medium molecular weight chitosan (CS) (CAS Number:
9012-76-4, 190,000–310,000 Da, Degree of deacetylation: Min 75%)
was obtained from Across Organic (USA). A commercially available
product CaCl2 was purchased from Kemika (Croatia) and eosin, from
Fluka (Buchs, Switzerland). All other chemicals were of analytical grade
and used as received without further purification.

An indigenous isolate of Trichoderma viride (STP) originated from
parasitized sclerotia of Sclerotinia sclerotiorum was used in all experi-
ments (Topolovec-Pintarić, Žutić, & Đermić, 2013). STP was grown for
10 days in potato dextrose broth (Biolife, Italy) under the constant
aeration at 22 °C. Details of STP and spore suspension preparation were
previously described (Vinceković et al., 2016).

2.2. Microparticles preparation

Both, microspheres (MS) and microcapsules (MC) are micro-
particles. A microsphere is a solid matrix particle, whereas a micro-
capsule has an inner core and outer shell. We have prepared MS in one
step by ionic gelation, whereas MC was prepared in two steps by ionic
gelation and polyelectrolyte complexation (Vinceković et al., 2016).
Ionic gelation involves the preparation of MS by dripping a solution of
sodium alginate without or with Tv into calcium chloride solution using
Encapsulator Büchi-B390 (BÜCHI Labortechnik AG, Switzerland). The
concentration of sodium alginate was constant (1.5% w/v), whereas
initial calcium chloride concentrations varied from 0.5 to 2.0mol
dm−3. Microspheres (ALG/Ca or ALG/(Ca+Tv)) were formed in the
cross-linking solution under mechanical stirring, then washed several
times with sterilized water, filtered through Büchner funnel and stored
at 4 °C until further studies.

Microcapsules were prepared by dispersing 50 g of washed micro-
spheres in 100ml of chitosan solution (0.5% CS in 1.0% CH3COOH)
under constant stirring. Microcapsules without (CS/(ALG/Ca) or with
Tv (CS/(ALG/(Ca+Tv)) were filtered, washed with deionized water and
phosphate saline buffer, and stored at 4 °C until further studies.

2.3. Methods

2.3.1. Fourier transform infrared spectroscopy analysis
The Fourier transform infrared spectroscopy (FTIR) spectra were

recorded with the FTIR Instrument - Cary 660 FTIR (MIR system)
spectrometer (Agilent Technologies, USA). Samples were mixed with
potassium bromide to get pellets.

2.3.2. Microscopic observations
MS and MC size, morphology and topography were analyzed by

several microscopic techniques: (i) optical microscopy (OM) (Leica
MZ16a stereo-microscope, Leica Microsystems Ltd., Switzerland), (ii)
scanning electron microscopy (SEM) (FE-SEM, model JSM-7000 F, Jeol
Ltd., Japan)), (iii) confocal laser scanning microscopy (CLSM) (TCP
SP2, Leica Lasertechnik, Germany) and (iv) atomic force microscopy
(AFM) (Bruker Billerica, USA).

The average diameter of wet and dry microparticles was determined

by optical microscopy using Olympus Soft Imaging Solutions GmbH,
version E_LCmicro_09Okt2009. Twenty microparticles were randomly
selected from batches produced in triplicate, to determine the size
distribution.

CLSM was operated in transmitted and fluorescent mode at an ac-
celeration voltage of 80 kV. All sample preparations were performed at
room temperature. MC was stained with eosin (0.01%) and placed on a
microscope slide and sealed.

Microparticles for SEM analysis were put on the high-conductive
graphite tape. FE-SEM was linked to an EDS/INCA 350 (energy dis-
persive X-ray analyzer) manufactured by Oxford Instruments Ltd. (UK).
The ImageJ software was used for the determination the size of pores on
a microparticle surface.

The samples for AFM imaging were prepared by deposition of a
microparticle suspension on the mica substrate. The microparticles are
flushed three times with 50 μl of MiliQ water in order to remove all
residual impurities. The microparticle surface, cross section and grain
size distribution within each sample were analyzed using MultiMode
Scanning Probe Microscope with Nanoscope IIIa controller (Bruker,
Billerica, USA) with SJV-JV-130 V ("J" scanner with vertical engage-
ment); Vertical engagement (JV) 125 μm scanner (Bruker Instruments,
Inc.); Tapping mode silicon tips (R-TESPA, Bruker, Nom. Freq. 300 kHz,
Nom. spring constant of 40 N/m). In this manner, three-dimensional
information about the surface topology was obtained and the roughness
was quantified. All AFM imaging was performed at three different re-
gions of each microparticle to ensure consistency of obtained results.

2.3.3. Swelling degree and fraction of released bioactive agents
Detailed procedures for the determination of swelling degree (Sw)

and a fraction of released Tv (fTv) and calcium ions (fCa) from micro-
particles were previously described (Vinceković et al., 2016).

Sw was calculated using the equation:

=
−S w w
w

x 100w
t 0

0 (1)

where wt is the weight of the swollen MS or MC, and w0 is their initial
weight.

In vitro release studies from microparticles were carried out at room
temperature. Results are presented as the fraction of released Tv or
calcium ions using the equation:

=f R
R

t

tot (2)

where f represents the fraction of Tv or calcium ions released, Rt is the
amount of Tv or calcium ions released at time t, and Rtot is the total
amount of Tv or calcium ions loaded in microparticles.

The concentration of Tv (expressed as the number of spores (NS) per
1 g of dry microparticles) was determined at λ=550 nm and the
concentration of calcium cations at λ=650 nm using UV-VIS spectro-
photometer (Shimadzu, UV-1700).

2.4. Statistical analyses

All experiments were carried out at the room temperature in tri-
plicate for each formulation. The obtained data were analyzed with
Microsoft Excel 2016 and XLSTAT statistical software add-in and IBM
SPSS Statistics 22. The data are represented as mean values ± standard
deviation. Multivariate analysis (principal component analysis – PCA)
was performed (Appendix B in Supplementary material).

3. Results and discussion

3.1. Identification of intermolecular interactions in microparticles

FTIR spectra of MS prepared at various calcium chloride con-
centrations revealed functional groups of all components interact with
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each other. Complex intermolecular interactions include mainly elec-
trostatic interactions and hydrogen bonds. It was shown that the in-
crease in calcium cation concentrations increases the crosslinking de-
gree of calcium alginate microspheres, whereas the loading with Tv
diminishes crosslinking degree due to the electrostatic repulsions be-
tween negatively charged Tv and free parts of alginate chains as well as
mechanical interactions (Jurić et al., 2019).

FTIR spectra of MC prepared at various calcium chloride con-
centrations are given in Fig. 1. The strong and broad absorption band
between 3500 and 3000 cm−1 recorded in all spectra belongs to the
hydroxyl (−OH) groups stretching vibrations and to the amine (–NH2)
groups superimposed on the hydroxyl groups due to the presence of
chitosan coating layer. Besides bending vibration for amine groups
superimposed on the hydroxyl, several characteristic peaks (at
1650 cm−1 for −CO stretching, at 1555 cm−1 for –NH2 bending vi-
brations, at 1370 cm−1 for asymmetric −COC and –CN stretching and
1150 cm−1 for −CH3 symmetrical deformation) disappeared or be-
comes weaker due to interaction between or superposition of the
functional groups of chitosan and alginate (Sankalia, Mashru, Sankalia,
& Sutariya, 2007). The absence of chitosan band at 1582 cm−1 (–NH
bending vibration), reduced intensity and shifting of asymmetric
(1595 cm−1) and symmetric (1405 cm−1) alginate carboxylate bands
indicates electrostatic interactions between two oppositely charged
polyelectrolytes (Vinceković et al., 2016).

An increase in calcium cations concentration causes the most sig-
nificant changes in the alginate functional groups region as was pre-
viously shown for microspheres (Jurić et al., 2019). As the concentra-
tion of calcium ions increases the intensity of the absorption band
around 3400 cm−1 decreases from 0.5 to 1.5 mol dm-3 and then
somewhat increases at 2mol dm-3. The difference in the intensity of
absorption band between MS (Jurić et al., 2019) and MC indicates
changes in the intensity of hydrogen bonds between oxygen atoms of G-
residues and the calcium in the egg-box structure. The decrease in the
intensity of absorption band around 3400 cm−1 indicates the diaxially
linked guluronic acid residues form smaller cavities which accom-
modate a lesser amount of water (Shi, He, Teh, Morsi, & Goh, 2011;
Roy, Bajapi, & Bajapi, 2009).

In both, MS and MC, the sodium alginate asymmetric and symmetric
carboxylate peaks became broader exhibiting gradual intensity in-
creasing and shifting of carboxylate ions stretching vibrations (asym-
metric to a lower and symmetric carboxylate vibrational peak to a
higher wavenumbers) with increasing calcium cation concentrations.
Changes in FTIR spectra of MS and MC clearly show the presence of
chitosan layer differently influences on their structures with increasing

calcium cation concentration.

3.2. The viability of encapsulated Trichoderma viride spores in
microparticles

Our recent investigation has shown the interactions between cal-
cium cations and negatively charged Tv stimulated germination during
storage inside alginate microspheres (Jurić et al., 2019). Fig. 2. presents
the change in the number of spores in microparticles with time. There
was no significant change in NS between freshly loaded and 1 day
stored in microparticles. During storage for 10 days, the NS increased
by approximately 21% and 15% in MS (Jurić et al., 2019) and 10% and
7% in MC microparticles prepared at 1.0 and 1.5 mol dm−3 of calcium
chloride, respectively. During storage within 20 days, the NS somewhat
decreased although remained still higher than in freshly prepared mi-
croparticles. The best biomass yield was observed in microparticles
prepared at 1mol dm−3 of initial calcium chloride concentration. Ex-
periments confirmed alginate microparticles prepared with calcium
chloride provide an environment supportive of T. viride sporulation,
although the presence of chitosan on the surface somewhat reduced the
yield of spores.

3.3. Size and morphology of microparticles

Size, size distribution and shape optical microscopy observations
revealed all prepared microcapsules were almost spherical, but after
drying to constant mass (approximately four weeks on air at the room
temperature) their sphericity was lost. The increase in calcium con-
centration from 0.5 to 2.0 mol dm−3 resulted in a decrease of MC size
(approximately 16%) as was also observed for MS (Jurić et al., 2019).
This is in accordance with literature data showing the formation of
smaller microparticles at higher CaCl2 concentrations due to a lower
percentage of water retained and formation of more rigid gels (Daemi &
Barikani, 2012).

Wet MC prepared with Tv were slightly larger than those prepared
without Tv implying change in the network structure due to the elec-
trostatic repulsions between negatively charged Tv (Vinceković, Jurić
et al., 2017) and free parts of alginate chains (the zeta potential of the
calcium alginate matrix is about −10 V) (Rokstad, Lacik, de Vos, &
Strand, 2014) as well as mechanical interactions. The addition of Tv
resulted in the size increase around 6, 10, 13 and 16% in investigated
calcium concentration range. As was observed for MS (Jurić et al.,

Fig. 1. FTIR spectra of CS/(ALG/(Ca+Tv)) microcapsules prepared at different
initial calcium chloride concentration, ci(CaCl2)/mol dm−3 = 0.5 (red line), 1.0
(blue line), 1.5 (green line) and 2.0 (black line).

Fig. 2. Change in the number of Tv spores (NS/g) in ALG/(Ca+Tv) micro-
spheres (empty signs) (Jurić et al., 2019), and CS/(ALG/(Ca+Tv)) micro-
capsules (filled signs) prepared at initial calcium chloride concentration,
ci(CaCl2)/mol dm−3= 1.0 (○,●), 1.5 (□,■) with time (t). The error bars in-
dicate the standard deviation of the means. * (p < 0.05), ** (p < 0.001)
statistically significant difference between MC and MS according to the posthoc
Tukey HSD test.
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Fig. 3. CLSM microphotographs of (a) part of CS/(ALG/(Ca+Tv)) with chitosan layer (red, denoted by white lines) taken in fluorescence mode; (b) surface of CS/
(ALG/Ca) and (c) CS/(ALG/(Ca+Tv)) with protruding germ tube, (d) sections of CS/(ALG/(Ca+Tv)) close to the surface, (e) branched hyphae growing inside CS/
(ALG/(Ca+Tv)), (f) enlarged picture of germ tubes inside CS/(ALG/(Ca+Tv)) taken in transmitted mode. Microcapsules were prepared at initial calcium chloride
concentration, ci(CaCl2)/mol dm−3= 0.5. Bars are indicated.
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2019), dried MC was also approximately two times smaller than the wet
as a consequence of water and humidity loss associated with biopo-
lymer strain-relaxation processes.

Microphotograph of a wet MC taken under CLSM in fluorescence
mode (Fig. 3a) clearly shows the existence of thin chitosan layer on the
surface. Chitosan layer became visible by staining with eosin, which
due to its anionic character specifically binds to amino groups of chit-
osan. In contrast to MC prepared without Tv showing smooth surface
(Fig. 3b), the surface of those prepared with Tv (Fig. 3c) exhibit nu-
merous oval dimples (diameter around 3.6 μm) and a germ tube crossed
the surface of microcapsule within a few days. Sections close to the
surface revealed the presence of hyphae (Fig. 3d) and formation of
mycelium inside the matrix (Fig. 3e). Enlarged microphotograph shows
details of hyphae growing inside a microcapsule (Fig. 3f). All results
clearly show encapsulated spores are able to germinate, that is calcium
alginate microparticles with a cross-linked network containing a large
fraction of water provide an environment supportive for Trichoderma
viride germination. Presence of Tv and growth of mycelium inside the
microparticle obviously change the gel network structure. The results
are in accordance with investigations of De Jaeger, de la Providencia,
Rouhier, and Declerck, (2011) who confirmed the ability of fungi to
regrowth outside the calcium alginate coating and to colonize a sus-
ceptible plant.

The surface morphology of dried MS and MC observed by SEM are
shown in Fig. 4a–f. The surface of MS prepared without Tv are highly
porous with a pore size of approximately 0.169 μm (Fig. 4a), whereas
those prepared with Tv (Fig. 3b) exhibits numerous spherical blebs
close to the size of individual spores (˜3.6 μm) (Jurić et al., 2019).
Striped and fibrous surfaces representing the chitosan layer can be seen
on MC surface (Fig. 4c). In comparison with MS, the MC surface por-
osity is reduced. Loading of MC with Tv resulted in a sleeker surface
with the appearance of numerous dimples (Fig. 4d). Enlarged images
(Fig. 4e,f) shows the structure of assembled holes from which the germ
tubes penetrate out of the MC.

AFM analysis was performed using 2D- and 3D-topographic height
images and topographic images of amplitude data (Fig. A1), and surface
profiles taken along the white lines in images plotted in Fig. 5 (Fig. 5).
The average size and mean diameter of grains on the surface and cross-
section of microparticles and roughness are presented in Table 1. AFM
analysis of a single (ALG/Ca) and (CS/ALG/Ca) prepared without Tv are
given for comparison.

The surface area of the ALG/Ca is granular with clearly visible in-
dividual grains of height around 30 nm. On the same surface, the to-
pographic image of a larger resolution indicates the subordinate
structure of an individual grain. The topographic image of the cross-
section clearly shows the finer grain morphological characteristics. The
grains are smaller with a height of 2–5 nm and have no subordinate
structure.

Due to the presence of Tv, the surface of ALG/(Ca+Tv) is smoother
(roughness decreased from Ra= 12 ± 1 nm (ALG/Ca) to
Ra= 7.6 ± 0.8 nm (ALG/(Ca+Tv)) and loses the grain structure
forming a networked fine structure whose height of the cross-linked
fibers reaches up to 40 nm. On the same surface, the topographic image
of a larger resolution indicates a subordinate structure within the net-
work with a grain structure. The height of each individual grain reaches
up to 10 nm.

Images of a single CS/(ALG/Ca) clearly shows a granular structure.
The height of grains ranged from 30 nm to 100 nm showing a sub-
ordinate structure of an individual grain. The topographical image of
the inner cross-section shows different morphological characteristics of
the grains. They have no subordinate structure and are bigger than on
the surface itself (average grain surface reached 122 ± 143 nm) and
protrude above surface resulting in increased roughness of
Ra= 26 ± 3 nm.

Loading with Tv reduced the surface roughness from
Ra= 26 ± 3 nm (CS/(ALG/Ca)) to Ra= 16 ± 3 nm (CS/(ALG/(Ca

+Tv)). The enlarged surface of the CS/(ALG/(Ca+Tv)) revealed the
presence of T, viride hyphae. Its presence does not affect the morpho-
logical characteristics of grains whose height is up to 5 nm. Both mi-
crocapsules, with and without Tv have bigger grains (average grain
surface reached 427 ± 129 nm), but grains are immersed in the matrix
revealing in the decreased roughness value Ra= 16 ± 3 nm.

The results confirmed that the microparticle surface morphologies
are changing with the composition of the microparticle. A grainy sur-
face texture with significant variation in microroughness suggests a
porous morphology. The chitosan layer on microparticles increases
surfaces roughness, but loading with Tv reduces the surface roughness
of both, microspheres and microcapsules (Table 1).

3.4. Swelling

When microparticles were dispersed in water they swell. The in-
crease in calcium concentration decreased the degree of swelling of all
microparticles (Fig. 6) The concentration of calcium ions determines
the kinetics of alginate gelation and the characteristics of the gel formed
(Selimoglu & Elib, 2010). During gelation, the carboxylate groups of
guluronic acids react with calcium ions to form a crosslinked network of
alginate chains. A higher CaCl2 concentration resulted in a higher
crosslinking degree of network and a denser structure, which caused a
less swelling when microparticles were dispersed in the solution. In
comparison with MS, MC exhibited higher swelling degree due to the
hydrophilic nature of chitosan-alginate complex on the surface.

3.5. Mechanisms and kinetics of Trichoderma viride and calcium release
from microparticles

Design of controlled delivery systems involves the optimization of
many parameters (preparation technique, microparticle chemical
composition, geometry and size, the conditions during release etc.)
among which are the most important type and concentrations of both,
biopolymer and gelling cation (Irmanida, Devi, Kusdiantoro, & Wahono
Esthi, 2012). Having in mind all of the factors involved in the release
and the combinatorial effect of different microparticle composition and
the concentration of cross-linking cation (Rodrigues & Lagoa, 2005) we
have studied bioactive agents release from microparticles differing in
surface morphology and structure.

It is known the most important rate-controlling release mechanisms
from hydrophilic polymer microparticles are diffusion, swelling and
erosion, that is the mechanisms and kinetics of release are determined
by the rate of diffusion, swelling or erosion (Siepmann & Siepmann,
2012). According to the Korsmeyer-Peppas model (Korsmeyer, Gurny,
Doelker, Buri, & Peppas, 1983) different controlling mechanisms may
be distinguished by a simple empirical equation:

=f ktn (3)

where k is a kinetic constant characteristic for particular system con-
sidering structural and geometrical aspects, n is the release exponent
representing the release mechanism, and t is the release time. Values of
n<0.43 indicates the release is controlled by classical Fickian diffu-
sion, n>0.85 is controlled by Type II transport, involving polymer
swelling and relaxation of the polymeric matrix. Values of n between
0.43 and 0.85 show the anomalous transport kinetics determined by a
combination of the two diffusion mechanisms and Type II transport.

Fig. 7a presents a comparison of Tv release profiles for MS (Jurić
et al., 2019) and MC with increasing calcium cations concentration. All
release profiles are characterized by rapid initial release (burst effect)
and followed by slower release. They were analyzed by modified Eq. 3,

= +f a ktn (4)

where a is the y-axis intercept characterizing the burst effect (Kim &
Fassihi, 1997; Lindner & Lippold, 1995).

The fraction of released Tv from microspheres above 1 indicates a
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higher concentration of Trichoderma viride biomass then loaded in the
microsphere. The increasing amount of Trichoderma viride biomass in
the surrounding medium is closely related to two sources, one is the
release from microspheres and the other is germination. Microscopic
observations confirmed such a conclusion revealing the growth of
mycelium inside the microparticle matrix and germ tubes protruding
toward the water phase. Coating of alginate microspheres with chitosan
reduces the rate and amount of released Tv due to the additional barrier
that slows transport from the MC to the surrounding solution.

The values of the intercept a, release constants k and exponents n
are listed in Table 2. The average decrease in k values (microspheres
˜84%; microcapsules ˜57%) is in accordance with the effect of in-
creasing gelling cation concentration on the strength of the alginate

network structure. The average decrease in k values due to chitosan
layer addition is ˜41%. Values of n between 0.43 and 0.85 would point
to the controlling release mechanisms from MS as anomalous transport
kinetics (a combination of diffusion mechanisms and Type II transport).
Obtained n values close to or higher than 0.85 for MC indicate the re-
lease is controlled by Type II transport, that is by the polymer swelling
and relaxation (transition of glassy structure to a rubbery state).

When calcium alginate microparticles are dispersed in water various
physicochemical processes such as wetting, swelling (penetration of
solution into the matrix) and polymer stress relaxation (transition of
glassy structure to rubbery state), diffusion through the matrix, disin-
tegration, dissolution or erosion of the structure, or their combination,
may be included in the release of an active agent from a hydrophilic

Fig. 4. SEM surface microphotographs of (a) ALG/Ca and (b) ALG/(Ca+Tv), (c) CS/(ALG/Ca) and (d,e,f) and CS/(ALG/(Ca+Tv)). Microparticles were prepared at
initial calcium chloride concentration, ci(CaCl2)/ mol dm−3= 0.5. Bars are indicated.
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microparticle. Undoubtedly, all these processes somewhat collapse the
structure of a microparticle and it is also expected the releasing of
calcium ions. Calcium is an essential plant macroelement and promotes

Tv germination. Its release along with released Tv will have a beneficial
impact on the plants, that is, they will act simultaneously.

The release of calcium cations from microparticles with an in-
creasing concentration of calcium cations is presented in Fig. 7b. All
release profiles are characterized by rapid initial release followed by
slower release obeying a power law equation. To identify the kinetics
and type of mechanism involved in the release Eq. 3 was applied. Va-
lues of n<0.43 indicate that the release process of calcium cations is
controlled by diffusion through microparticles. In the measured time
intervals both, MS and MC released a very small fraction of calcium. As
is expected the amount and of released calcium ions from MC is smaller
due to the presence of polyelectrolyte complex layer on the MC surface
(Table 3).

The release of calcium cations from alginate microparticles pre-
pared at the lowest calcium cation concentration is the fastest and de-
creases with increasing calcium cation concentration (k values decrease
˜20% for microspheres and ˜23% for microcapsules). This may be as-
cribed to the influence of calcium concentration on the gelation rate
which controls microparticle homogeneity and percentage of retained

Fig. 5. Surface profiles (right) corresponding to the surface characteristics along the white line (left) of ALG/Ca (A), ALG/(Ca+Tv) (B), CS/(ALG/Ca) (C) and CS/
(ALG/(Ca+Tv)) (D) microparticles. Microparticles were prepared at initial calcium chloride concentration, ci(CaCl2) =0.5 mol dm−3.

Table 1
Evaluated data of grain size (average and mean diameter) and surface rough-
ness of microparticles: (a) surface and (b) cross-section prepared at initial cal-
cium chloride concentration, ci(CaCl2)/ mol dm−3= 0.5.

Microparticle Number of
grains

Average/nm2 Mean
diameter/
nm

Roughness/nm

(a) Surface
ALG/Ca 80 33 ± 20 24 ± 37 12 ± 1
ALG/(Ca+Tv) 159 79 ± 110 21 ± 59 7.6 ± 0.8
CS/(ALG/Ca) 89 122 ± 143 87 ± 129 26 ± 3
CS/(ALG/(Ca+Tv)) 18 427 ± 129 46 ± 21 16 ± 3
(b) Cross-section
ALG/Ca 384 26 ± 16 24 ± 47 2.21 ± 0.03
CS/(ALG/Ca) 79 15 ± 8 64 ± 27 20 ± 4

S. Jurić, et al. Carbohydrate Polymers 218 (2019) 234–242

240



water (Rodrigues & Lagoa, 2006). At lower cation concentration gela-
tion is slower producing more uniform structures with a high

percentage of water. The diffusion of calcium ions through brittle gels is
faster than in stiffer gels formed at higher gelling cations concentration.
The obtained differences in the kinetics can be attributed to the effects
of calcium cations concentration on the microparticle structure as well
as to the ability of calcium binding to Tv (Jurić et al., 2019). The pre-
sence of chitosan layer on the microcapsule surface further slows down
the calcium cation release. The average decrease in k values due to
chitosan layer addition is ˜93%.

4. Conclusions

The presented results contributed to a better understanding of the
relationship between alginate microparticle structure and bioactive
agents release properties. Calcium cation concentration, the presence of
Tv and chitosan layer affect microparticle surface morphology and
structure. Besides the effect of increasing calcium cation concentration,
the presence of Tv and growth of mycelium inside the microparticles
change the gel network structure. The surface of microparticles is
granular with substructures consisting of abundant smaller particles.
Microcapsules exhibited bigger grains and higher surface roughness
than microspheres. Loading with T. viride reduced the surface rough-
ness forming a sleeker surface with holes from which the germ tubes
penetrated out of microparticles.

The mechanism of Tv release from microspheres is a combination of
diffusion mechanism and the Type II transport (polymer swelling and
relaxation). Tv release from microcapsules is controlled mainly by Type
II transport indicating bigger surface grains on microcapsule surface
slows down processes of the polymer swelling and relaxation.
Differences in microparticle surface properties and structure do not
affect the controlling mechanism of calcium cations release (detected as
diffusion through microparticles) but influence the rate of calcium re-
lease. Both, the rates of Tv and calcium released from microcapsules are
smaller due to the presence of the chitosan layer on the surface.

A better understanding of the relationship between structural

Fig. 6. Swelling degree (Sw) variation of microspheres ALG/(Ca+Tv) and mi-
crocapsules CS/(ALG/(Ca+Tv)) with initial calcium chloride concentrations,
ci(CaCl2). The error bars indicate the standard deviation of the means. *
(p < 0.05), statistically significant difference between MC and MS according to
the posthoc Tukey HSD test.

Fig. 7. (a) Fraction of released (a) Tv (fTv) and (b) calcium cations (fCa) with
time (t) from ALG/(Ca+Tv) microspheres (empty signs) and CS/(ALG/(Ca
+Tv)) microcapsules (full signs). Microparticles were prepared at initial cal-
cium chloride concentration, ci(CaCl2)/mol dm−3 = 0.5 ( , ), 1.0 ( , ), 1.5 ( ,
) and 2.0 (▽▼). The error bars indicate the standard deviation of the means

(each sample had 3 replicates).

Table 2
Variation of the y-axis intercept (a), the release constant (k/h), exponent (n),
and correlation coefficient (R2) of Tv released from ALG/(Ca+Tv) and CS/
(ALG/Ca+Tv)) at the initial calcium chloride concentration, ci(CaCl2)/mol
dm−3.

ci(CaCl2) a k n R2

ALG/(Ca+Tv)*

0.5 0.124 0.155 0.46 0.98
1.0 0.227 0.059 0.52 0.99
1.5 0.507 0.025 0.64 0.99
2.0 0.550 0.025 0.70 0.99
CS/(ALG/(Ca+Tv))
0.5 0.541 0.0035 0.80 0.98
1.0 0.597 0.0038 0.81 0.99
1.5 0.612 0.0032 0.85 0.99
2.0 0.620 0.0015 0.96 0.99

* Jurić et al. (2019).

Table 3
Variation of the release constant (k/h), exponent (n) and correlation coefficient
(R2) of calcium released from ALG/(Ca+Tv) microspheres and CS/(ALG/(Ca
+Tv)) microcapsules prepared at initial calcium chloride concentration,
ci(CaCl2)/mol dm−3.

ci(CaCl2) k n R2 k n R2

ALG/(Ca+Tv)* CS/(ALG/(Ca+Tv))

0.5 6.5× 10−4 0.07 0.99 3.1×10−4 0.07 0.98
1.0 6.1× 10−4 0.04 0.98 2.9×10−4 0.04 0.98
1.5 5.9× 10−4 0.03 0.99 2.5×10−4 0.05 0.99
2.0 5.2× 10−4 0.02 0.99 2.4×10−4 0.06 0.98

* Jurić et al. (2019).
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properties of a microparticle and kinetics and mechanisms controlling
the release of active agents enhances the ability to control their release
behavior and may aid in developing new microparticles with tailored
properties. Recently, we have applied variously designed microparticles
simultaneously loaded with chemical and biological agents on several
plants under greenhouse conditions and in an open field. After the
treatments, grapevine vine leaves reached a significant increase in
bioactive potential compared to the control (Vinceković et al., 2019).
The results obtained on the other plants (lettuce, tomato, strawberries,
tobacco) are very promising and their publication is under preparation.
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ABSTRACT
An overview of a research on Vitis vinifera plants treated with a chemical
(calcium and magnesium ions) and biological (Trichoderma viride) agents
simultaneously loaded in alginate microspheres was presented.
Microspheres were applied at two growth stages: before flowering and
berries pea-size. Physicochemical characteristics of leaves after the two
growth stages and grapes were measured in terms of bioactive compo-
nents content and antioxidant activity. After the treatments, vine leaves
reached a significant increase in almost all measured parameters (polyphe-
nols, antioxidant capacity, b-carotene, and chlorophyll) compared to the
control. The highest total chlorophyll content was found after the treat-
ment with microspheres containing Mg2þ/Ca2þ cations, and T. viride. The
treatments enhanced Vitis vinifera leaves in terms of bioactive potential
and can be further used as a functional food. As compared to the control,
somewhat elevated values of total polyphenols and antioxidant activity
were found on the grape samples.

ARTICLE HISTORY
Received 10 March 2018
Accepted 12 April 2018

KEYWORDS
microspheres; bioactive
potential; functional foods;
Vitis vinifera; Trichoderma
viride; calcium ions;
magnesium ions;
vine leaves

Introduction

The vine leaves are commonly used as an ingredient in Balkans and eastern world countries cuisine.
The leaves of Vitis Vinifera L. have been traditionally used as food in both fresh and brined forms
(Koşar et al. 2007). Traditionally, the vine leaves are also used in the treatment of diarrhea, hemor-
rhage, varicose veins as well as for eye treatments (Felicio, Santos, and Gonzalez 2001). Since the
beginning of the studies on French paradox (Renaud and Lorgeril 1992) Vitis vinifera grapes and its
products such as wine have been frequently researched (Santos-Buelga and Scalbert 2000;
Radovanovi�c, Radovanovi�c, and Souquet 2010) contrary to the vine leaves, which are less investi-
gated. Since leaves also have a great potential for their use in the food industry and production of
functional foods, investigation of its biological betterment and enhancement is an interesting topic.

Numerous studies have been published investigating the concentration of bioactive compo-
nents in grapes but much less with grape by-products, especially leaves (Schoedl, Schuhmacher,
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and Forneck 2012). Some of the recent research highlighted the potential of bioactive compounds
from plant materials such as Vitis vinifera L. leaves and the possibility to use them to improve
the quality, safety, and stability of food products during and after the food production
(Balasundram, Sundram, and Samman 2006; Balik et al. 2008; Albayrak et al. 2010). Vitis vinifera
leaves extracts are found to be high in contents of flavan-3-ols and flavonols, especially quercetin
and its derivatives. Also, compounds from the resveratrol family were found to be more in leaves
of white grapes, respectively. Further, the high polyphenol content and significant antioxidant
activity of leaf extracts can prevent oxidation and free radical formation. Antimicrobial activity of
investigated extracts was also found to be significant (Katalini�c et al. 2011). Some of the research
on Vitis vinifera leaf water extracts presents its characteristics to inhibit TNFa-induced IL-8
secretion and expression in human gastric epithelial cells, with that effect maintained throughout
and after the gastric digestion. Therefore, Vitis vinifera L. leaf water extracts could be useful to
inhibit/attenuate gastric inflammation inhibiting IL-8 secretion and expression through impair-
ment of the NF-jB pathway (Sangiovanni et al. 2015).

Balanced nutrition and fertilization are essential components of the growing technology in
vineyards in terms of achieving the required yields and quality of grapes. Calcium and magne-
sium are important macronutrients with a number of physiological functions in the plants
(Hawkesford et al. 2011). Calcium is an integral part of plant cell wall structure, regulates the
transport of other nutrients and is also involved in the activation of certain plant enzymes.
Additionally, calcium controls and modifies the uptake of nitrogen and magnesium ions (two
important components of the chlorophyll) from the ionic environment (Pal and Laloraya 1972).
Investigation of seasonal calcium uptake revealed the importance of applications timing
(Conradie 1981). The applications are especially efficient if carried out between fruit set and vera-
sion (Ciccarese et al. 2013).

Magnesium has a few different roles in the plant. The primary role of magnesium in the plant
is connected with photosynthesis. It is the central atom of chlorophyll and it activates enzymatic
processes. Magnesium deficiency reduces the content of chlorophyll in the leaves and changes the
chlorophyll a:b ratio in favor of chlorophyll b. Visually it is seen as chlorosis of leaves, especially
in older leaves and causes premature abscission. Magnesium is also important in the synthesis of
DNA and RNA (Salisbury and Ross 1992), activation of enzymes required for plant growth
(Mullins, Bouquet, and Williams 1992), the functioning of ATP, the plant’s cellular energy
source etc.

The genus Trichoderma comprises a great number of fungal species and strains that act as bio-
logical control agents. It was demonstrated that soil amendments and root drench treatments
with Trichoderma spp. resulted in better root development and healthier plants which would be
more tolerant to stress (Fourie et al. 2001). Some of the research on Trichoderma spp. have
revealed that this antagonist can be used against Botrytis cinerea in grapevines (Dubos, Jailloux,
and Bulit 1982). Trichoderma spp. can provide sustained protection of pruning wounds against a
complex of trunk disease pathogens (Halleen, Fourie, and Lombard 2010; Mutawila et al. 2011) in
most cases with an efficacy similar to or higher than that produced by a chemical compound like
benomyl (Kotze et al. 2011).

Trichoderma species acidify their surrounding environment by secreting organic acids and are
able to solubilize phosphates, micronutrients and mineral cations (Grondona et al. 1997).
Therefore, the addition of Trichoderma to soils where these cations are scarce results in biofertili-
zation by metal solubilization (Ben�ıtez et al. 2004). The activity against plant pathogens and its
effects on plant growth make Trichoderma spp. are a viable alternative to standard plant protec-
tion and nutrition technologies. T. viride is one of these fungi that has great potential for the
biological control of plant pathogenic fungi, as well as the influence on plant growth (Topolovec-
Pintari�c, �Zuti�c, and -Dermi�c 2013).
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In order to get a healthy plant rich in bioactive content, some protection should be applied as
well as a constant delivery system of nutrients. The efficient method to utilize that is the encapsu-
lation of plant growth regulators and essential nutrients. Encapsulated bioactive agents are pro-
tected from the environment, which prolongs their lifetime and allows their release A key
functionality that can be provided by encapsulation is controlled the release of a bioactive agent
at the right place and the right time. Natural and synthetic polymers are recognized as suitable
materials for delivery of bioactive compounds to the plants. Recent intensive investigations of
polymeric nanoparticles uptake by grapevine cells revealed their great potential to be used as car-
riers of bioactive compounds (Valletta et al. 2014, Palocci et al. 2017). The most common mater-
ial used for encapsulation is biopolymer, sodium alginate, which is also often used as plant
growth promoting substance in its gamma-irradiated form (Naeem et al. 2015).

The trends in encapsulation application in agriculture are focused on the preparation of com-
plex biopolymer-based systems, i.e. preparation of microcapsule formulations involving two active
agents. Despite the array of encapsulation methodologies for encapsulated chemical agents, there
is only a few data in the literature about simultaneous encapsulation and delivery of biological
and chemical agents. We have recently investigated simultaneous encapsulation of copper cations,
and microorganisms Trichoderma viride (Tv) in the alginate matrix (Vincekovi�c et al. 2016,
2017). It was shown that presence of both active agents in the same compartment did not inhibit
their activity. Until now, there was no research based on the application of microspheres loaded
with chemical and biological agents on the Vitis vinifera plants. Therefore, application of such
microspheres in the field is also not yet reported.

Since Vitis vinifera L. leaves are commonly used in food or beverage preparation, their bio-
active potential is of great interest and importance for human nutrition. The aim of this research
was to investigate the influence of calcium and magnesium ions, as well as T. viride spores loaded
in alginate microspheres on chemical composition and in vitro antioxidant activity of water
extracts from Vitis vinifera L. leaves and on grapes. Providing the plant with additional calcium
and magnesium cations and biologically active species as T. viride, could further enhance the bio-
active potential of plant leaves, thus fortifying its defense against pathogens as well as providing
safe and enhanced food for human nutrition. Accordingly, higher bioactive compound yield in
leaves could be useful in the production of functional foods.

Materials and methods

Low-viscosity sodium alginate (CAS Registry No.129 9005-38-3) was purchased from Sigma-
Aldrich (USA). Commercially available products, calcium chloride and magnesium chloride, were
used as calcium or magnesium-donating substances (Kemika, Croatia). All other chemicals
including standards for organic acids, DPPH, ABTS and Folin-Ciocaltau reagent were of analyt-
ical grade and used as received, without further purification (Sigma-Aldrich, Germany). An indi-
genous isolate of T. viride (STP) originating from parasitized sclerotia of Athelia rolfsii was used
in all experiments (Topolovec-Pintari�c, �Zuti�c, and -Dermi�c 2013). Details of T. viride isolates and
spore suspension preparation are presented in Supporting information.

Effect of calcium on Trichoderma viride sporulation

Sporulation ability of loaded T. viride was investigated by measuring changes of the spore number
per 1 g of the microsphere (NS/g) on freshly prepared microspheres and 1, 10 and 10 days after
loading. Samples for measurements were prepared by dissolving 10 g of microspheres in 100mL
of sodium bicarbonate (NaHCO3) (0.2mol dm�3) and Na2C6H5O7� 2H2O (0.06mol dm�3) mix-
ture and mixed for 30min at room temperature. Aseptic conditions were provided throughout
the assay. Five milliliters of the sample was filtered through the sterilized muslin cloth (Trinci
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1972). The number of spores were determined spectrophotometrically by the method of
Waghunde et al. (2010). Absorbance was measured at 550 nm using UV–VIS spectrophotometer
(Shimadzu, UV-1700; Shimadzu, Tokyo). Stock solution used for calibration curve was diluted
with sterilized water. The number of spores in stock solution was determined with a hemocytom-
eter, using Neubauer counting chambers.

Microsphere preparation

Microspheres loaded with calcium and magnesium cations, and T. viride were prepared by the
ionic gelation technique (Vincekovi�c et al. 2017). Four microsphere formulations were prepared:
loaded with: 1 – Ca2þ (ALG/Ca); 2 – Ca2þ and T. viride spores (ALG/(CaþTv); 3 – Ca2þ, Mg2þ

and T. viride spores (ALG/(CaþMgþTv); 4 – Ca2þ and Mg2þ (ALG/(CaþMg). Details on
microspheres preparation are presented in Supporting information.

Microscopy

Microspheres were investigated by confocal laser scanning microscope (CLSM, TCP SP2, Leica
Lasertechnik, Germany). The microscope was operated in transmitted and fluorescent mode at an
acceleration voltage of 80 kV. All sample preparations were performed at room temperature. T. viride
spores were labeled by dispersing in Rhodamine 123 solution (0.05%). After 30min dispersion was fil-
tered through the sterilized muslin cloth and used for ALG/(CaþTv) microsphere preparation.

Vineyard site and plant material

A one-year research (2016) was conducted on ‘Welschriesling’ cultivar at Experiment Station
Jazbina (University of Zagreb Faculty of Agriculture, long. 45�510N, lat. 16�00E), which is charac-
terized by moderately warm and rainy continental climate. The growing season average tempera-
ture, insolation and precipitation of observed vintage 2016 are listed in Table S1 (Supporting
information). Experimental vines were planted in 1997 with row spacing of 1.2 between vine-
s� 2m between rows (4167 vines ha�1), oriented east-west. Soil type was anthropogenic pseudog-
ley with clay texture.

Welschriesling vines (clone ISV-1) were grafted on SO4 rootstock. Vines were trained to dou-
ble Guyot, leaving 24 buds per vine. The fruit-bearing wire was set to 80 cm above ground, with
the addition of two sets of catch wires at 40 cm intervals from the fruit-bearing wire.

Soil analysis performed during winter period prior to experimental year showed a surface pH
(in KCl) of 4.18 (0 to 30 cm deep). The soil was very poor in organic matter, ranging from 1.11%
(30 to 60 cm deep) to 1.68% (0 to 30 cm deep). Available P was lower than 2mg of P2O5/100mg
soil. Nitrogen did not exceed 0.11%. The soil was moderately supplied with available K, ranging
from 12.2mg of K2O/100mg soil (0 to 30 cm deep) to 18.7mg of K2O/100mg soil (30 to 60 cm
deep). Viticultural practice during the season, usual for this viticultural area, was performed.
Application of glyphosate was used to keep the soil beneath the vine rows weed-free. Shoots
exceeding the height of the trellis were hedged to 20 cm above the last wire, 4 weeks before verai-
son. Vines were not subjected to irrigation treatment.

Treatments and experimental design-application of microspheres

The experiment was a randomized block design, with four treatments in three replications as pre-
sented in Figure 1. Each plot consisted of six continuous grapevines, so there were 18 grapevines in
each treatment. Four microsphere formulations and control were applied manually in the root zone
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(approx. 20 cm of depth) at two growth stages: before flowering and berries pea-size, which represents
stage 18 and 31 according to modified Eichorn and Lorenz system (Coombe 1995). The first applica-
tion contained 20 g microspheres per vine and the second one 10 g microspheres per vine.

Sampling, leaf preparation and analyses
Nine weeks after each microspheres application leaf samples were collected, consisting of ten
visually healthy opposite basal cluster leaves per each repetition, positioned between nodes 2 and
4. Leaves were collected according to the standard method for leaf diagnosis that recommends
the sampling of blades opposite the basal clusters, established by the International Organization
of Vine and Wine (OIV 1996). Leaf samples were put in the filter bags filled with silica gel and
were let to dry. After drying, leaves were grounded to a powder in a mortar with pestle.

Grape samples
Grapes were harvested at their full maturity when the total soluble solids (%SS) of 100 random-
ized collected berries remained constant for a few days, which was on 27th Sept. 2016. Each

Figure 1. Schematic presentation of microsphere application strategy in a vineyard.
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treatment and replicate were harvested and processed separately. Clusters were destemmed and
crushed for each experimental plot and submitted to juice analysis. Total soluble solids (%SS)
were measured using handheld refractometer (Atago, Matser – Oe, Japan). Titratable acidity (TA,
g L�1) was measured by titration with 0.1mol dm�3 NaOH according to OIV 2013 method.

Determination of organic acids
Mass concentrations of tartaric, malic and citric acid were determined by HPLC. Grape juices
were filtered by Phenex-PTFE 0.45lm syringe filters (Phenomenex, Torrance, USA) prior analysis
of organic acids. Agilent 1050 System (Agilent, Germany), equipped with an autosampler, column
thermostat, and UV-Vis detector were used. The separation of organic acids was performed on
Aminex HPX-87H (Biorad, CA, USA) column (300� 7.8mm, 9 lm) at 65 �C. The detection
wavelength was 210 nm. Injected sample volume was 20 lL. The mobile phase was 0.065% H3PO4

with isocratic elution at flow rate 0.6mL min�1 for determination of tartaric, malic and cit-
ric acid.

Vine leaves and vine grapes extracts
Extracts were prepared with Hielscher UP200St Ultrasonic Processor. 0.3000 g of finely grounded
leaf sample was poured with 50mL of distilled water. The power of extractor was set to 115W
and extraction time was carried for 3min and 6 s with the temperature rising over time to final
80 �C. All supernatants were recovered and filtered through Whatman No. 4 filter paper. Volume
was set accordingly. The final concentration of extract was 6 g of dry leaf per liter. The extraction
was carried out in triplicates.

Grapes were grounded to a homogenized matter and extracted by the same procedure as the
leaves, but 5 g of grapes homogenized fraction was used. The final concentration of grape extracts
was 100 g L�1. Obtained extracts were further used for phytochemical analyses. The extraction
was carried out in triplicates. Results of analyses are expressed as per dry weight (d.w.) for leaves
and per fresh weight (f.w.) for grapes, respectively.

Determination of total polyphenols
A modified Folin Ciocalteu’s method was used to estimate the total polyphenol content
(Singleton, Orthofer, and Lamuela-Ravent�os 1999). The 0.1mL of Vitis vinifera leaf/grape extract,
7.9mL of distilled water and 0.5mL of Folin Ciocalteu’s reagent (diluted with distilled water in
1:2 ratio) were added to the test tube. The 1.5mL of 20% sodium carbonate was added and the
solution was vortexed in order for the reaction to occur. Samples were left for 2 hr at room tem-
perature, where after the absorbance was measured at 765 nm (Ough and Amerine 1988). The
extracts were made in triplicates and the measurements were performed in parallel. The blank
was made by using 0.1mL of distilled water. The calibration curve was plotted using standard gal-
lic acid. The data for the total polyphenol content of extracts were expressed as mg of gallic acid
equivalent weight (GAE) per g of dry weight.

Determination of antioxidant capacity of extracts via DPPH and ABTS assays
DPPH and ABTS assays were used to determine antioxidant capacity of leaves/grapes. The Trolox
equivalent antioxidant capacity was estimated by the DPPH (2,2-Diphenyl-1-picrylhydrazyl) rad-
ical scavenging assay (Brand-Williams, Cuvelier, and Berset 1995). A volume of 3.9mL of metha-
nolic DPPH� solution, c DPPH�ð Þ ¼ 0:094 mmol L�1, was added to 100 lL of sample in the test
tube. The free radical-scavenging capacity of the sample was determined by measuring the
absorbance decrease at 517 nm after 30min of incubation in dark, compared to the blank sample
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(methanol instead of the sample). The results, obtained from triplicate analyses, were expressed as
Trolox equivalents and derived from a calibration curve determined for Trolox (100–1000 lM).
The Trolox equivalent antioxidant capacity was estimated with the ABTS (2,20-Azino-bis(3-ethyl-
benzothiazoline-6-sulfonic acid)) assay (Re et al. 1999). Exactly 40lL of sample was added to
4mL of the ABTS� radical solution, and the absorbance readings were taken after 6min (in the
dark) against the appropriate reagent blank. The results, obtained from triplicate analyses, were
expressed as Trolox equivalents and derived from a calibration curve determined for
Trolox (100–1000 lM).

Determination of b-carotene in vine leaves extracts
b-carotene was determined according to the method of Nagata and Yamashita (1992). The meth-
anolic extract (100mg of dry leaf) was vigorously shaken with 10mL of the acetone-hexane mix-
ture (4:6) for 1min and filtered through Whatman No. 4 filter paper. The volume was set to
10mL. The solvent was used as a blank. The absorbance of the filtrate was measured at 453, 505
and 663 nm. The content of b-carotene was calculated according to the following equation:

b� carotene mg � 100 mL�1
� � ¼ 0:216 � A663 � 0:304 � A505 þ 0:452 � A453

The results were expressed as mg of b-carotene per g of dry weight.

Determination of total chlorophyll in vine leaves
The 0.1000 g of the dry leaves was extracted with 25mL of 80% (v/v) acetone and vortexed for 2min
then filtered through Whatman No. 4 filter paper. The volume was set to 25mL by addition of 80%
acetone. The solvent was used as a blank. The absorbance of the extract was determined spectro-
photometrically at a wavelength of 663nm (chlorophyll a) and 645nm (chlorophyll b), respectively.
Chlorophyll content was calculated according to the following formulas (Huang et al. 2007),

Chlorophyll a ¼ 12:7 � A663 � 2:995 � A645;

Chlorophyll b ¼ 22:95 � A645 � 4:67 � A663;

Chlorophyll a; b mg � g�1
� � ¼ Chorophyll a; b mg � L�1

� � � 25 mL
� �

sample weight � 1000ð Þ
Total chlorophyll mg � g�1

� � ¼ Chlorophyll aþ Chlorophyll b:

Statistical analysis

Analysis of variance (ANOVA) was performed using Wolfram Mathematica (4.0.1). Results were
considered significantly different if the associated p-value was below 0.05. Tukey’s test was
applied for mean comparisons. Mean values of parameters and their standard deviations were cal-
culated from the three replicates.

Results and discussion

The effect of cations on Trichoderma viride sporulation

T. viride is living organisms and hence their efficacy is dependent on the storage conditions and
application methods. When selecting the concentration of cations for microspheres preparation, it
should be borne in mind that the presence of chemical and biologically active substances in the
same compartment does not diminish their activity. We have examined the effect of calcium
chloride concentration on the number of spores in microspheres after 1, 10 and 20 days of
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encapsulation (Figure 2). There was no significant change in the number of T. viride spores
between freshly and 1 day stored microspheres. During storage for 10 days, the number of T. vir-
ide spores significantly increased and after 20 days decreased, but remained still higher than the
number of spores in freshly prepared microspheres. Experiments showed the best spore yield in
the microspheres prepared at 1mol dm�3 of initial calcium chloride concentration. CLSM cross-
section of microspheres prepared with labeled T. viride spores showing numerous spores and for-
mation of germ tubes inside the matrix (Figure 3a,b) confirmed microspheres provide an envir-
onment supportive of T. viride germination.

It is known that vegetative growth and sporulation of Trichoderma species are influenced by
the interplay of various environmental conditions among which the environmental calcium and
magnesium play an important role (Steyaert et al. 2010). T. viride belongs to a group of organ-
isms that can survive in high concentrations of different cations which have the potential to

Figure 2. Effect of calcium chloride concentration, c(CaCl2), on the number of T. viride spores, NS, in ALG/(Caþ Tv) microspheres
1, 10 and 20 days after encapsulation. The error bars indicate the standard deviation of the means.

Figure 3. (a) CLSM images of T. viride spores and hyphae inside ALG/(Caþ Tv) microsphere prepared at calcium chloride
(c(CaCl2) ¼ 1mol dm–3) in fluorescence (a). (b) CLSM images of T. viride spores and hyphae inside ALG/(Caþ Tv) microsphere
prepared at calcium chloride (c(CaCl2) ¼ 1mol dm–3) in transmitted mode (b). Scale bar ¼ 25 mm.
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induce vegetative growth and sporulation. The presence of Ca2þ and Mg2þ was found to increase
the number of T. viride spores in the submerged (�Simkovi�c et al. 2008) and solid (Kry�stofova,
Vare�cka, and Betina 1996) media in concentration and time-dependent manner. Both, Ca2þ and
Mg2þ favor sporulation, but the efficiency of Mg2þ is lower by almost three orders of magnitude
(Kry�stofova, Vare�cka, and Betina 1996). Magnesium increased the growth of T. viride but at very
high concentration it appeared to inhibit it. This inhibition is counteracted by calcium addition
(Mandels and Reese 1957). Addition of Mg2þ to spore suspension inhibited Ca2þ uptake but did
not inhibit vegetative growth and sporulation.

According to the results obtained and literary data as well in order to deliver a sufficient
amount and continuous flow of calcium and magnesium ions to the root environment, the
selected concentrations of calcium chloride for the preparation of the microspheres were
1mol dm�3 and magnesium chloride 1.5mol dm�3, respectively.

Application of microspheres

Vitis vinifera ‘Welschriesling’ plants were treated with a various combination of microencapsu-
lated chemical (Ca2þ, Mg2þ) and biological (T. viride) agents. Microspheres were applied at two
growth stages: before flowering and berries pea-size. Physicochemical characteristics of leaves after
the two stages and grapes were measured in terms of bioactive components content and antioxi-
dant activity.

Vine leaves

The effect of applied microspheres on the total polyphenols (TPC), antioxidant activity (DPPH
and ABTS) are presented in Table 1, and b-carotene and chlorophyll content in vine leaves are
presented in Table 2. It should be noted that in most cases (generally on the vine leaves), the
treatment with microsphere formulations gives an increase (Tukey test p< .05) in meas-
ured values.

Total polyphenol content and antioxidant activity of vine leave extracts

Plant phenolics are generally involved in defense against ultraviolet radiation or aggression by
pathogens. Results listed in Table 1 show that the total polyphenol content in vine leaves varied
from 32.20 to 52.31mg GAE�g�1. Comparison to the control revealed the highest TPC results
were obtained after application of ALG/Ca formulation in both growth stages (þ7.4% (Round I)

Table 1. The total polyphenol content (TPC/mg GAE�g–1), antioxidant activity (DPPH/lmol TE�g–1 and ABTS/lmol TE�g–1) in
vine leaves from Welschriesling at two growth stages (Round 1 and Round 2) treated with microspheres.

Microsphere TPC dw (%) DPPH dw (%) ABTS dw (%)

Round 1
ALG/Ca 52.31 ± 1.15a þ7.4 228.87 ± 12.10a þ16.9 248.87 ± 18.78b þ20.6
ALG/(CaþTv) 51.04 ± 7.23a þ4.7 234.57 ± 18.19a þ19.9 272.87 ± 25.88a þ32.3
ALG/(CaþMgþTv) 46.01 ± 4.07b –5.6 225.94 ± 17.42a þ15.4 239.60 ± 20.42b þ16.2
ALG/(CaþMg) 43.36 ± 3.96c –11.0 228.65 ± 16.40a þ16.8 226.54 ± 24.50b þ9.8
Control 48.73 ± 3.23b � 195.72 ± 13.12b � 206.28 ± 18.79c �
Round 2
ALG/Ca 44.82 ± 2.91a þ39.3 251.29 ± 3.34a þ15.5 284.15 ± 24.77a þ17.1
ALG/(CaþTv) 35.55 ± 2.59c þ10.4 236.37 ± 17.33b þ8.7 274.43 ± 32.57b þ13.1
ALG/(CaþMgþTv) 39.38 ± 4.30b þ22.3 230.50 ± 22.86b þ6.0 242.38 ± 25.22c –0.1
ALG/(CaþMg) 33.04 ± 1.72c þ39.2 240.75 ± 15.70a þ10.7 240.76 ± 24.61c –0.1
Control 32.20 ± 4.27c � 217.50 ± 26.27c � 242.75 ± 21.49c �
�Represents the change (%) compared to the control in the same column. Values with different superscript letters in the
same column are significantly different according to the Tukey test (p< .05).
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and þ39.2% (Round 2)). Koşar et al. (2007) spectrophotometrically measured total phenolic con-
tent in fresh leaves of 152.06mg GAE�g�1 of dry weight, but authors extracted fresh frozen leaves
with water under the reflux for 8 hr. Higher values can not only be attributed to that, but also to
the fact that different type of vine was used. Enhanced amount of total polyphenols in vine leave
extracts indicated positive influence of calcium ions on the synthesis of polyphenols and some-
what lower values in the presence of magnesium ions, which is consistent with other studies on
the other plant cultures (Perucka and Olsz�owka 2012).

Antioxidants are defined as compounds that delay, inhibit, or prevent the oxidation of oxidiz-
able materials by scavenging free radicals and diminishing oxidative stress. The assessment of
antioxidant activity of plant extract is very important for its nutritional value (Jung et al. 2006).
Polyphenols have been considered as powerful antioxidants in vitro and proved to be more potent
antioxidants than Vitamin C and E, and carotenoids. Vine leaves also contain hydroxycinnamic
acid derivatives (via caffeic and chlorogenic acids) and flavonoids (via quercetin and its deriva-
tives) which are the main compounds responsible for antioxidant activity. Vine leaves extracts
were also found to have strong activity in inhibiting linoleic acid peroxidation in vitro tests
(Felicio, Santos, and Gonzalez 2001; Park and Cha 2003; Koşar et al. 2007).

The DPPH and ABTS radical scavenging capacity of vine leaves expressed as lmol�L�1 of
Trolox were determined. The results showed the increase in antioxidant activity in all samples
treated with microspheres for both rounds. In Round I, the highest results were obtained after
application of ALG/(CaþTv) microspheres (þ19.9% DPPH and þ32.3% ABTS, compared to con-
trol) confirming the synergistic action of the chemical and biological bioactive agents. In Round
II application of microsphere ALG/Ca produced the highest increase of þ15.5% with DPPH and
þ36.0% with ABTS assay.

b-Carotene and total chlorophyll content in vine leaves

The well-studied role performed by chlorophylls and carotenoids during light harvesting is only
one of a number of conserved functions these photosynthetic pigments perform in plants. In
leaves (the primary photosynthetic organs), the carotenoids are associated with the chlorophylls
and serve as both an accessory to the light harvesting pigments and as photoprotectants during
highlight conditions. Carotenoids also serve as precursors to the plant hormone abscisic acid
(ABA), formed from the cleavage of neoxanthin (Rock and Zeevaart 1991). The carotenoid bio-
synthetic pathway is regulated and highly sensitive to the influence of abiotic and biotic stress
(Hugueney et al. 1996). The concentration of carotenoids and chlorophylls provide information

Table 2. b-carotene (lg g–1) and total chlorophyll content (TCC/lg g–1) in vine leaves from Welschriesling at two growth
stages (Round 1 and Round 2) treated with microspheres.

Microsphere b-carotene dw (%) TCC dw (%)

Round 1
ALG/Ca 508.66 ± 42.17b þ24.2 1294.72 ± 147.33c þ2.9
ALG/(CaþTv) 663.74 ± 83.28a þ62.1 1350.01 ± 79.49b þ7.3
ALG/(CaþMgþTv) 463.52 ± 69.46c þ13.2 1584.52 ± 215.25a þ26.0
ALG/(CaþMg) 471.36 ± 130.31b þ15.1 1506.59 ± 180.43a þ19.8
Control 409.47 ± 49.04d � 1257.67 ± 160.54c �
Round 2
ALG/Ca 345.22 ± 37.71a þ20.4 528.02 ± 74.01b þ17.6
ALG/(CaþTv) 294.29 ± 35.33b þ2.6 540.47 ± 78.10b þ9.2
ALG/(CaþMgþTv) 304.54 ± 35.75b þ6.2 609.38 ± 74.32a þ23.1
ALG/(CaþMg) 258.61 ± 23.56c –9.8 523.21 ± 78.93b þ5.7
Control 286.72 ± 27.37b � 495.06 ± 44.04c �
�Represents the change (%) compared to the control in the same column. Values with different superscript letters in the
same column are significantly different according to the Tukey test (p< .05).
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about the level of stress the plant is experiencing as well as its ability to endure these stresses
(Strzalka, Kostecka-Gugala, and Latowski 2003).

b-carotene content in the first growth stage increased in all samples treated with microspheres,
from 409.36 lg g�1 in control samples to 663.74 lg g�1 in samples treated with ALG/(CaþTv)
microspheres (þ62.1%, compared to control) (Table 2). In the second stage (Round II) b-caro-
tene content increased (þ20.4% compared to control) in samples applied with ALG/Ca micro-
spheres. Only, samples applied with ALG/(CaþMg) microspheres exhibited somewhat lower
value in comparison with the control sample. In the first stage (Round I), b-carotene was found
to be significantly higher than in the second one (Round II). b-carotene showed gradual decrease
throughout the growing season in Vitis vinifera L. with the lowest levels at harvest (Young et al.
2012). This increase in b-carotene can be attributed to the unmasking of the carotenoids follow-
ing chlorophyll degradation during the harvest of Vitis vinifera L. leaves. Similar findings have
been observed in products such as mangoes and passion fruits (Makwana, Polara, and Viradia
2014; Yumbya et al. 2014). In addition, the increase in the amount of b-carotene in the leaves of
Vitis vinifera L. can be explained by the occurrence of reduction of abiotic and biotic stress dur-
ing vegetative development and plant growth by the use of prepared microspheres.

Chlorophyll is a natural bright green pigment found in all photosynthetic plants, allowing
them to absorb energy from light (H€ortensteiner and Kr€autler 2011). Forms a and b are the
major types of chlorophyll that predominate in the chloroplasts of all higher plants (Willows
2003; Raven, Andrews, and Quigg 2005). In both stages, the highest chlorophyll content (þ26.0%
and þ23.1% compared to control) was found in samples treated with ALG/(CaþMgþTv) (Table
2). The lowest level of chlorophyll was reported in control samples. The levels of chlorophyll
were statistically higher for the first stage of growth than the second one. Chlorophyll was found
to be dominant pigment in all of the treatments.

When discussing measured values of TPC, DPPH, ABTS, carotenoids and chlorophyll in
leaves, in terms of applied microsphere formulations, one can conclude that the best results were
obtained by using the formulation with Ca2þ cations (ALG/Ca) giving the highest increase in val-
ues of TPC, DPPH, ABTS and carotenoids in Round II. In Round I, the formulation with both
CaCl2 and T. viride spores (ALG/(CaþTv) gave the best increase in values of TPC, DPPH, ABTS
and carotenoids. The present results indicate that there was a consistent correlation between the
amounts of phenolic compounds in the leaves extracts and antioxidant capacities, also there was
a correlation between the amounts of carotenoids and chlorophyll in Vitis vinifera L. leaves after
applying of microspheres formulation.

On the other hand, when discussing the chlorophyll content in leaves, the highest increase was
obtained by applying the formulation with Ca2þ, Mg2þ cations and T. viride (ALG/
(CaþMgþTv) which gave the highest increase in both rounds. Since Mg2þ ion is part of the
chlorophyll molecule, such result is expected.

The increase in the amount of chlorophyll in the leaves of Vitis vinifera L. can be explained by
the synergistic action of Ca2þ and T. viride on Mg2þ input by the plant during the whole vegeta-
tive development and growth. The average values of Mg and Ca in dry grapevine leaves of
Welshriesling are shown in Table S2 (Supporting information). Comparison of treated and con-
trol samples showed that the greatest values were in samples ALG/(CaþMgþTv), and control
samples had the smallest values. Thus, the distribution of Ca and Mg in leaves of Vitis vinifera
depends on exogenous Ca and Mg supply supported by Trichoderma viride. It is known, however,
that calcium controls and modifies the uptake of nitrogen and magnesium ions, two important
components of the chlorophyll from the ionic environment (Pal and Laloraya 1972). Using the
prepared microspheres formulation, it is possible to eliminate the competition between Mg2þ and
Ca2þ, thereby increasing the availability of Mg2þ for plants and at the same time preventing the
occurrence of chlorosis, necrotic spots on the leaves, and droop. Increased availability of Mg2þ
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increased the amount of chlorophyll in the leaves of the plant and decreased the level of abiotic
and biotic stress of the plant.

Increased chlorophyll content could be important in the treatment of some human diseases.
The antimutagenic effect of chlorophyll and its derivatives has been well documented. Given the
importance of antimutagenic/anticarcinogenic activities coupled with selective accumulation in
tumor tissue and cytostatic/cytotoxic effects against tumor cells, chlorophyll derivatives may play
a significant role in the cancer prevention (Chernomorsky, Segelman, and Poretz 1999).
Increasing the amount of chlorophyll, beta-carotene, polyphenols and antioxidant activity contrib-
utes to the quality of functional food for animals and humans.

Physicochemical analyses of fresh grape juices after the treatment

The results of standard physicochemical analyses of grape juices are presented in Table 3. There were
no statistical differences between treatments in sugar content. Only the sample treated with ALG/Ca
exhibited slightly higher sugar content when compared to the other treatments. However, obtained
differences are negligible regarding grapes and wine production technology. These results confirm
earlier reports suggesting that uptake or the ability of the soil to provide those mineral nutrients did
not appear to exert a significant influence on fruit quality (Poni et al. 2018). The soil chemical proper-
ties are considered to be less influential provided that the nutrient supply is well balanced.

The same could be stated for titratable acidity content since there were no statistical differen-
ces between treatments. Generally, titratable acidity was quite low in all samples, especially in
control and ALG/Ca samples. There were no significant differences between treatments in the
content of organic acids in grape juice samples.

The general variation observed in chemical composition in grapevine parts during different
stages of maturation could be attributed to climatic variation and environmental impact during the
season (van Leeuwen et al. 2004). Results obtained indicate favorable climatic conditions for grape
ripening since grapes grown in warmer regions (conditions) mature earlier and have lower titratable
acidity content at the same soluble solids concentration when compared to fruit grown in a cooler
climate. A characteristic of cooler growing regions is lower daily temperature fluctuations during
the late stages of fruit ripening, an important contributor to acid retention (Gladstone 2011).

Total polyphenols and antioxidant activity of grape extracts

The influence of applied microspheres on the total phenols content in grape samples is presented
in Table 4. Total polyphenol content in grape samples varied from 1.30 to 1.42mg GAE�g�1 f.w.
Although the content of total phenols between treatments was not significantly different some-
what higher values in comparison with control (10.8%) was observed after applying ALG/
(CaþMgþTv) microspheres. The antioxidant capacity results of the grape extracts measured by
the two analytical assays, DPPH and ABTS, are set out in Table 4. The antioxidant activity
between treatments was not significantly different, but the ALG/(CaþMg) microspheres exhib-
ited higher values for both assays (þ40.6% DPPH, þ25.2% ABTS). It seems that Ca2þ and T.

Table 3. The chemical composition of grape juice: sugars/�Oe, titrable acidity/g L–1, citric acid/g L–1, tartaric acid/g L–1 and
malic acid/g L–1.

Microsphere Sugars Titrable acidity� Citric acid Tartaric acid Malic acid

ALG/Ca 101.3 ± 3.5a 5.0 ± 0.5a 0.02 ± 0.01a 4.07 ± 0.78a 2.40 ± 0.47a

ALG/(CaþTv) 97.3 ± 2.1a 5.3 ± 0.9a 0.04 ± 0.01a 3.84 ± 0.84a 2.65 ± 0.81a

ALG/(CaþMgþTv) 96.7 ± 2.9a 5.3 ± 0.2a 0.05 ± 0.03a 3.25 ± 0.29a 2.44 ± 0.25a

ALG/(CaþMg) 99.3 ± 1.2a 5.3 ± 0.8a 0.04 ± 0.01a 3.96 ± 0.79a 1.94 ± 0.18a

Control 98.0 ± 2.6a 5.0 ± 1.9a 0.05 ± 0.02a 4.21 ± 0.29a 1.92 ± 0.68a

Values with different superscript letters in the same column are significantly different according to the Tukey test (p< .05).
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viride allowed better absorption of magnesium cations, thus achieving a better synthesis of poly-
phenolic compounds in grapes. Protection of the plant is also achieved by reducing abiotic and
biotic stress. The results show the correlation between the total amount of polyphenols and anti-
oxidant activity, but also the positive influence of the synergistic activity of calcium, magnesium
cations and T. viride in the grape growing process and production of functional food.

Conclusion

The present investigation showed that the application of microspheres loaded chemical and biological
agents to Vitis vinifera resulted with a statistically significant increase amount of total polyphenols,
antioxidant activity, chlorophyll and carotenoids in vine leaves with no significant impact on grapes.

Simultaneous investigation of main terroir important factors on vine development and grape
composition revealed the greater impact of soil and climate than that of cultivar (van Leeuwen
et al. 2004). The importance of soil reaction is reflected in the solubility and plant availability of
calcium and magnesium cations which may be reduced both on acid and on alkaline soils. Direct
application of alginate microspheres and releasing of calcium and magnesium cations in the root
zone enhanced their uptake to the plant.

Besides importance for plant growth, development and increasing resistance to some patho-
gens, Trichoderma species participate in biofertilization by metal solubilization. Additionally, the
coexistence of calcium and magnesium ions with T. viride in the microsphere has a positive effect
on T. viride activity. The results indicated that treatments with microspheres loaded with chem-
ical and biological agents are an interesting tool for enhancement of bioactive component content
and antioxidant activity of Vitis vinifera leaves. Therefore, new agrochemical formulations are
useful to stimulate synthesis of bioactive components in grapevine leaves, but also for the plant
protection and nutrition in ecological agriculture.
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the enhancement of plant 
secondary metabolites content in 
Lactuca sativa L. by encapsulated 
bioactive agents
Slaven Jurić1, Katarina Sopko Stracenski1, Żaneta Król-Kilińska2, ivanka Žutić3, 
Sanja fabek Uher3, edyta Đermić4, Snježana topolovec-pintarić4 & Marko Vinceković1*

encapsulated bioactive agents applied to the Lactuca sativa L. present an innovative approach to 
stimulate the production of plant secondary metabolites increasing its nutritive value. calcium and 
copper ions were encapsulated in biopolymeric microparticles (microspheres and microcapsules) 
either as single agents or in combination with biocontrol agents, Trichoderma viride spores, a fungal 
plant growth mediator. Both, calcium and copper ions are directly involved in the synthesis of plant 
secondary metabolites and alongside, Trichoderma viride can provide indirect stimulation and higher 
uptake of nutrients. All treatments with microparticles had a positive effect on the enhancement 
of plant secondary metabolites content in Lactuca sativa L. the highest increase of chlorophylls, 
antioxidant activity and phenolic was obtained by calcium-based microparticles in both, conventionally 
and hydroponically grown lettuces. non-encapsulated fungus Trichoderma viride enhanced the 
synthesis of plant secondary metabolites only in hydroponics cultivation signifying the importance of 
its encapsulation. encapsulation proved to be simple, sustainable and environmentally favorable for 
the production of lettuce with increased nutritional quality, which is lettuce fortified with important 
bioactive compounds.

Plant secondary metabolites (PSM) are natural sources of biologically active compounds used for a healthy diet, 
in traditional medicine and in a wide range of industrial applications1. The interest in enhancing PSM production 
is focused to obtain high yields suitable for commercial exploitation. Plant content of secondary plant metabolites 
is affected by genetic, environmental, and agronomic factors2. A variety of strategies (screening and selection of 
high-yielding cell lines, the culture of cells from various plant parts, suspension culture, induction by elicitors, 
metabolic engineering, optimizing media, plant growth regulators, etc.)3 as well as treatments with microspheres 
loaded with chemical and biological agents4 were used for enhancing PSM production in plant cell culture.

PSM such as polyphenols encompasses several classes of structurally diverse natural products biogenetically 
arising from the shikimate-phenylpropanoids-flavonoids pathways. Plants require these compounds for pigmen-
tation, growth, reproduction, resistance to pathogens and for many other functions and they represent the adap-
tive characteristics that were subjected to the natural selection during evolution. In comparison to the animals, 
plants synthesize a broader spectrum of PSM because of the immobility and impossibility to escape predators, 
thus they evolved such a chemically based defense against predators5. The number of plant secondary metabolites 
in fresh lettuce can be improved with the addition of desirable compounds during the growth which is readily 
available for the plant root uptake. Higher PSM share would also have an important impact on human health by 
improving the antioxidant and nutrient intake through the human diet6,7.

With the broad spectrum of different secondary metabolites, plants can respond to diverse enemies and 
stressors. Since the production of the specific resistance traits can be extremely costly, new ways of defense 

1University of Zagreb, Faculty of Agriculture, Department of Chemistry, Zagreb, Croatia. 2Wrocław University of 
Environmental and Life Sciences, Faculty of Biotechnology and Food Sciences, Department of Functional Food 
Products Development, Wrocław, Poland. 3University of Zagreb, Faculty of Agriculture, Department of Vegetable 
Crops, Zagreb, Croatia. 4University of Zagreb, Faculty of Agriculture, Department of Plant Pathology, Zagreb, 
Croatia. *email: mvincekovic@agr.hr

open

https://doi.org/10.1038/s41598-020-60690-3
mailto:mvincekovic@agr.hr


2Scientific RepoRtS |         (2020) 10:3737  | https://doi.org/10.1038/s41598-020-60690-3

www.nature.com/scientificreportswww.nature.com/scientificreports/

enhancements should be employed. Methods involving increasing the expression of endogenous compounds 
could greatly influence plant resistance characteristics against plant attackers5.

Living microorganisms can be applied to the seeds, plant surfaces, or in the soil, in order to colonize the rhiz-
osphere or the interior of the plant and promote growth by increasing the supply or availability of primary nutri-
ents to the host plant8. Inoculation with Arbuscular mycorrhizal fungi enhances phenolics content and increases 
the antioxidant activity of lettuce leaves9, but efficient formulation demands a carrier material for living microor-
ganism which must keep its functional properties after application.

One of the ways for site-specific delivery of living microorganisms is their encapsulation. Encapsulation is 
always developing technology that is superior to the other formulations in terms of living microorganisms pro-
tection from the harsh environment, with improved viability and the possibility of controlled and targeted release 
into the field10. Studies showed that Trichoderma species may induce changes in the microbiota composition of 
roots, enhance nutrient uptake, stabilize soil nutrients, promote root development, and increase root hair for-
mation11. The dual roles of antagonistic activity against plant pathogens and the promotion of soil fertility make 
Trichoderma species a promising alternative to standard plant protection and nutrition methods.

Calcium ions are an essential part that plays an important role in the structure and permeability of cell mem-
branes, plant cell division and elongation, carbohydrate translocation and N-metabolism12,13. Calcium cations 
also play a regulatory role in signal transduction and in the absorption of nutrients across the cell membranes13–15. 
Ca2+ has a role in signaling and helps in the upregulation of respective genes for polyphenols biosynthesis16. Ca2+ 
binds to the membrane phospholipids thus stabilizing the lipid bilayer and providing the structural integrity17,18 
and is exhibited by the reduced malondialdehyde content in the plants treated with Ca2+ 14,19,20. Ca2+ is gener-
ally found in soil but it is relatively insoluble (e.g. CaCO3) in prevalent form. Trichoderma species acidify their 
surrounding environment by secreting organic acids and are able to solubilize phosphates, micronutrients and 
mineral cations21. From the other side, the simultaneous addition of calcium cations together with biocontrol 
agents improves the activity of biocontrol agents, that is, through a synergistic act22.

Copper ions show a stimulatory effect on the production of secondary metabolites in plants. They can induce 
synthesis of PSM with a positive effect on alkaloid production, synthesis of shikonin23,24, the production of dig-
italin25 and betalains26. Even though Cu2+ is a micro-constituent of growth media and is known to be essential 
for several biochemical and physiological pathways27 at higher concentrations it becomes toxic28. Therefore it is 
important to control the dosage of copper ions over the plant maturation time and to minimize the release into 
the environment which can be achieved by encapsulation.

Encapsulation results with more efficient use of chemicals and a convenient way of nutrients delivery for eco-
logical and sustainable plant production29–33. Optimization of the encapsulation process is important to obtain 
microparticles with desirable traits. In our previous work, we have prepared microparticles for further applica-
tions29–33. This research introduces the application of optimized microparticles for the strategic delivery of active 
compounds to the plant (in this case lettuce) throughout the whole period of maturation. Not only with the inten-
tion to increase PSM to repel predators and pathogens but, consequently, also to obtain functional foods, lettuce 
fortified with important bioactive compounds.

Materials and Methods
Materials. Low-viscosity sodium alginate (CAS Registry No. 9005-38-3; A1112, Brookfield viscosity 4−12 
cPs (1% in H2O at 25 °C)) and low molecular weight chitosan (CAS Registry No. 9012-76-4; 448869, molecular 
weight 100,000−300,000) were purchased from Sigma Aldrich (USA). All other chemicals were of analytical 
grade and used as received without further purification.

An indigenous isolate of T. viride originated from parasitized sclerotia of Sclerotinia sclerotiorum was used 
in all experiments34. To obtain spore suspensions, the fungus Trichoderma viride was grown in potato dextrose 
broth. Preparation of T. viride suspension was previously described29. Supplementary Fig. S1 presents macro-
photograph of T. viride growing in a Petri dish (a), and microphotographs of T. viride mycelium (b) and spores 
suspension (c) taken under CLSM microscope29,30.

preparation of microparticles, application in the field and growth conditions. A two-year 
research (2017 and 2018) on the ground field (conventional cultivation - CC) and a parallel one year research 
(2018) in the hydroponic type of cultivation (HC) of green lettuce (Lactuca sativa L. var. crispa cv. ‘Melina’) 
have been investigated with regards to the application of microparticles loaded with different active compounds. 
Our preliminary trial (2017) revealed no significant influence on the morphology of treated lettuces but signif-
icant influences on the chlorophyll’s content. The same procedure was repeated in 2018 and additionally, paral-
lel research in hydroponics was performed to observe influence in two different environments under different 
conditions.

In accordance with our previous research29–33 after the optimization, eight different types of microparticles 
(microspheres and microcapsules) have been prepared and used in this research. Microspheres (Fig. 1) were 
prepared by dripping 1.5% sodium alginate (carrier) or a mixture of sodium alginate and T. viride spores into 
a cross-linking solution of 1% CaCl2 or CuSO4 × 5H2O. The production of microspheres was achieved with 
Encapsulator (Büchi-B390, BÜCHI Labortechnik AG, Switzerland) with the flow rate of carrier solution of 30 to 
40 mL min−1 (determined by using encapsulator nozzle size of 1000 μm) at the vibration frequency of 40 Hz and 
the pressure of 0.3 bar. Microspheres were formed in the cross-linking solution under mechanical stirring, then 
washed several times with distilled water and filtered through Büchner funnel.

Microcapsules (Fig. 1) were prepared by dispersing microspheres in chitosan solution (0.5% chitosan in 1.0% 
CH3COOH) under constant stirring for 30 minutes. Obtained microcapsules were filtered, washed with distilled 
water and saline buffer. Microparticles were used the next day in the field. Suspension of T. viride spores in 
saline solution (0.85%) was used as side control (non-encapsulated), with control as non-treated samples. Two 
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different types of cultivation were used, conventional in soil and in hydroponics, in order to compare the differ-
ences between cultivation type and to observe the influence on the same sample in different types of cultivation. 
Alginate-based microspheres containing either only chemical (Ca2+ or Cu2+) or both chemical and biological 
agents (T. viride spores - Tv) and microcapsules containing the aforementioned but with the addition of chitosan 
layer (suffix -c) are labeled and treatment samples are listed in Table 1.

The application was performed as weighing a 4 g of prepared microparticles and applying them directly near 
the root of a lettuce plant just before planting. Figure 2 shows the procedure and maturing time for two differ-
ent types of cultivations. For the CC planting was performed at the Department of Vegetable Crops, Faculty of 
Agronomy, University of Zagreb during two years, 2017 and 2018. A single-factor assay with Melina lettuce was 
placed randomly in a block schedule in three repetitions (total of 540 seedlings). Field ground chemical analysis 
on the experimental area revealed: pH H2O – 7.5, nKCl – 6.86, Humus was 2.22%, N 0.2%, P2O5–41.1 and K2O – 
25.5 as Al-mg/100 g. The distance between the seedlings in the row was 30 cm, while the spacing between the rows 
was also 30 cm. By planting the lettuces on these spaces, there was a complex of 11 plants × m−2 (18 plants per 
parcel). According to the available meteorological data from the Maksimir meteorological station, in the period 
from April to June, the average monthly air temperature ranged from 11.2–19.4 °C, which is optimal for outdoor 
lettuce growing. In all three months, 13 days were rainy and the average monthly precipitation was in the range 
from 61.5 mm in April to 96.8 mm in June.

Hydroponic cultivation of lettuce was carried out in 2018, in a protected area unsupplied with cooling system 
and energy curtains. The mono-factorial experiment was set up by the method of randomized complete block 
layout with four replications. Transplants of cv. ‘Melina’ with four developed leaves were planted on May 30 in 
growing pots filled with the inert substrate (perlite, 20 L per pot). During the planting, the microparticles were 
applied in the root-zone of transplants. Three transplants per pot were planted at a distance of 30 cm, and four 
pots per treatment were used. Growing pots were placed in pools tanked with a nutrient solution in composition 
recommended for leafy vegetables35. The nutrient solution was oxygen-enriched daily, but not supplemented or 
corrected. During the vegetation period, the abiotic parameters of the nutrient solution (temperature, pH and EC 
value, dissolved oxygen concentration) and air (minimum and maximum temperature and humidity) were mon-
itored daily. Lettuce was harvested on July 9, and measurements carried out were: mass before and after primary 
finishing (g per rosette), diameter and height of rosette (cm), marketable yield (kg m−2).

plant measurements, moisture determination and preparation of extracts. Plants were har-
vested after 44 days in conventional and after 41 days in hydroponics cultivation and morphological parameters 
were taken (total head weight, diameter, height and marketable yield). Fresh lettuce was cut in quarters, washed 
with tap water to remove the soil/insects and then with distilled water. Washed lettuce was blotted with the paper 
towels to remove adherent water. Root tip was completely removed with the precise knife, and fresh lettuce quar-
ters were chopped to the size of 4–6 mm in FOSS homogenizer 2094 (Hillerød, Denmark). Homogenized lettuce 
(4–6 mm) was subjected to dry matter/water content determination. Briefly, 5.00 g of fresh homogenized lettuce 
was subjected to the drying in PMB 202 Moisture Analyzer (Adam Equipment Company, United Kingdom) at 
130 °C until completely dried.

Further, 30 g of freshly homogenized lettuce sample was taken in 100 mL of 96% ethanol for further extraction 
with a laboratory mixer and was homogenized for 30 s. Suspensions were filtered through the Whatman No. 4 fil-
ter and the volume of extracts were adjusted to 100 mL with the addition of solvent. Extraction was performed in 
triplicates and all of the chemical analyses following were performed in duplicates or triplicates (per one sample, 
6–9 analyses were performed for each method, respectively).

chlorophylls analyses. The chlorophyll content was determined by extracting 1.0000 g of freshly homog-
enized lettuce with 25 mL of 80% (v/v) acetone by vortexing it for 2 minutes and filtering through the Whatman 
No. 4 filter paper. The final volume was set to 25 mL with the solvent. Absorbance was measured at 663 nm and 
645 nm, and the chlorophylls content was calculated36. Results are expressed as mg of chlorophyll per dry weight 
of lettuce (µg/g d.w.).

Figure 1. Schematic presentation of a microsphere and a microcapsule.
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Determination of total polyphenolic content (tpc). The modified Folin Ciocalteu’s method37 was 
used to determine total polyphenolic content (TPC). Ethanolic lettuce extract (0.1 mL) was mixed with 7.9 mL 
distilled water and 0.5 mL Folin Ciocalteu’s reagent (diluted with distilled water in 1:2 ratio) and 1.5 mL 20% 
sodium carbonate. The suspension was vortexed and left for 2 h to react. Absorbance was measured at 765 nm, 
and the data are expressed as gallic acid equivalents per g of dry weight (mg GAE/g d.w.).

The total flavonoids (TF). Total flavonoids content was determined by the modified spectrophotometric 
method38. Briefly, 1 mL of ethanolic lettuce extract was added in a 10 mL volumetric flask containing 4 mL of dis-
tilled water. Then, 300 μL of NaNO2 (0.5 g/L) solution was added. After 5 minutes, 300 μL of AlCl3 (1 g/L) solution 
was added and 6 minutes later, 2 mL of NaOH (1 mol/L) was added to the mixture. The final volume was set to 
10 mL with the addition of distilled water. The solution was mixed and the absorbance was measured at 360 nm. 
Quercetin was selected as the standard and a seven-point standard calibration curve was plotted. The data are 
expressed as mg quercetin equivalents per dry weight of lettuce (mg QE/g d.w.).

Antioxidant potential measurements – ABtS and DppH methods. The antioxidant potential of 
the ethanolic lettuce extracts was determined with the 2,2-diphenyl-1-picrylhydrazyl (DPPH) and 2,2′-azino-bis 
(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) reagent, according to the known procedures39,40. The data 
obtained are expressed as μmol Trolox equivalents per g of dry weight (μmol TE/g d.w.).

Statistical analysis. Statistical analysis was performed using Excel XLSTAT and IBM SPSS Statistics v22 
software. One way ANOVA was performed and significant differences were observed based on the posthoc Tukey 

Treatment labels (Conventional/
Hydroponics)

Chitosan 
coating

Gelling cation/ 
chemical agent

Chemical agent share in 
4 g of microparticles

Biocontrol 
agent (T. viride)

Number of T. viride spores 
in 4 g of microparticles

Ca
− Ca2+ 9.87 ± 0.41 mg − −

H-Ca

Cu
− Cu2+ 8.44 ± 0.24 mg − −

H-Cu

Ca/Tv
− Ca2+ 10.08 ± 0.65 mg + 8.8 × 104

H-Ca/Tv

Cu/Tv
− Cu2+ 8.73 ± 0.36 mg + 2.6 × 104

H-Cu/Tv

Ca-c
+ Ca2+ 9.98 ± 0.46 mg − −

H-Ca-c

Cu-c
+ Cu2+ 8.53 ± 0.55 mg − −

H-Cu-c

Ca/Tv-c
+ Ca2+ 10.11 ± 0.64 mg + 1.1 × 105

H-Ca/Tv-c

Cu/Tv-c
+ Cu2+ 8.87 ± 0.18 mg + 3.2 × 104

H-Cu/Tv-c

Tv (T. viride spore suspension)
− − − + *1.4 × 106 mL−1

H-Tv

C (control)
− − − − −

H-C

Table 1. Treatment labels for conventional and hydroponic cultivation, used chemical agents (gelling 
cations), presence of biological agent (T. viride) in microparticles. *Number of T. viride spores suspended in 
a saline solution (0.85%). Ca – conventional/calcium-alginate microspheres; H-Ca – hydroponics/calcium-
alginate microspheres; Cu – conventional/copper-alginate microspheres; H-Cu – hydroponics/copper-
alginate microspheres; Ca/Tv – conventional/calcium-alginate microspheres with T. viride spores; H-Ca/
Tv – hydroponics/calcium-alginate microspheres with T. viride spores; Cu/Tv – conventional/copper-alginate 
microspheres with T. viride spores; H-Cu/Tv – hydroponics/copper-alginate microspheres with T. viride spores; 
Ca-c – conventional/calcium-alginate microcapsules-chitosan coated; H-Ca-c – hydroponics/calcium-alginate 
microcapsules-chitosan coated; Cu-c – conventional/copper-alginate microcapsules-chitosan coated; H-Cu-c –  
hydroponics/copper-alginate microcapsules-chitosan coated; Ca/Tv-c – conventional/ calcium-alginate 
microcapsules with T. viride spores-chitosan coated; H-Ca/Tv-c – conventional/calcium-alginate microcapsules 
with T. viride spores-chitosan coated; Cu/Tv-c – conventional/copper-alginate microcapsules with T. viride 
spores-chitosan coated; H-Cu/Tv-c – conventional/copper-alginate microcapsules with T. viride spores-
chitosan coated; Tv – conventional/T. viride spore suspension in saline solution; H-Tv – hydroponics/T. viride 
spore suspension in saline solution; C – conventional/control; H-C – hydroponics/control. **Abbreviations 
in general: Ca or Cu is regarded to gelling cation which was used in the formation of alginate microbeads; Tv 
denotes the presence of T. viride spores in microparticles; large H- denotes hydroponics type of cultivation (HC) 
opposite of no denotation which is conventional cultivation (CC); small -c is regarded as alginate microbeads 
coated with chitosan.
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HSD test (p < 0.05). Principal component analysis (PCA) and agglomerative hierarchical clustering (AHC) were 
also performed. PCA type was set to Pearson (n) with filter factors a maximum number of 5. Bartlett’s test of sphe-
ricity was used to compare the correlation matrix with the matrix of zero correlations (significance level % was set 
to 5) The risk for the rejection of the null hypothesis H0, while it is true was <0.01%. Alpha was set to 0.05, and 
the p-value was <0.0001. The Keiser-Meyer-Olkin (KMO) measure of sampling adequacy was performed prior 
to the analysis. Further, Agglomerative hierarchical clustering (AHC) with Euclidean distance Dissimilarity and 
Agglomeration Ward’s method was performed.

Results and Discussion
Due to the simpler results presentation in Figs. 3 and 4 and in Tables 1 to 4, the prefix CC denoting conventional 
cultivation is excluded, and for hydroponic cultivation, the prefix is denoted as H instead of HC.

With regards to the morphological parameters (total head weight, diameter, height and marketable yield) 
there were no statistically significant differences found after the treatment with microparticles or T. viride spores 
suspended in saline solution when compared to the control or the treatments according to the posthoc Tukey 
HSD test. There was no significant influence (p < 0.05) of treatments with microparticles on the moisture content 
of the lettuces either. Even though somewhat lower percentage of water content was observed in the samples 
cultivated in hydroponics (lowest in H-Cu-c with 92.1% and highest for H-Cu samples with 92.9%) compared to 
the conventional (lowest for the Tv treatment with 92.9% and highest for the Cu/Tv-c treated sample with 94.3%), 
the results are in accordance with the literature where about 93% of water content was found in Batavia species41. 
No statistically significant changes reveal there was no effect of the treatments on the lettuce moisture content or 
morphology.

Figure 2. Schematic overview of the application and maturation of lettuces in two different types of cultivation 
(conventional vs. hydroponics).

Figure 3. Principal component analysis Scree plot of the components (a) and plot of Factor 1 and Factor 2, with 
variables correlations (red lines). Abbreviations of investigated types of microparticles are presented in Table 1 
and Principal component analysis summary statistics are in supplementary Table S1.
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changes in chlorophylls content. When comparing the cultivation type of lettuce, as conventional cul-
tivation (CC) and hydroponics (HC), samples cultivated conventionally had a significantly higher content of 
chlorophylls (compared to the equal treatments in HC) which can be explained by the fact that hydroponically 
grown lettuces were in the greenhouse (Table 2), since more light directly affects photosynthesis, the production 
of more chlorophylls outside the greenhouse is expected. Light and heath conditions are the main factors affecting 

Figure 4. Agglomerative hierarchical clustering (AHC) dendrogram of dissimilarities and main cluster 
formations (a) and dendrogram formation of clusters after the microparticles treatments and analysis (b). 
Abbreviations of investigated types of microparticles are presented in Table 1.

Treatment
Chlorophyll a 
(µg/g d.w.)

*Relative 
change 
(%)

Chlorophyll b 
(µg/g d.w.)

*Relative 
change 
(%)

Total Chlorophylls 
(µg/g d.w.)

*Relative 
change 
(%)

Chlorophyll 
a:b ratio

CC

Ca 1418.0 ± 119.7a-c +45.0 530.7 ± 40.5a,b +46.0 1948.7 ± 159.7a-c +45.3 2.7

Cu 1201.9 ± 27.5 +22.9 492.9 ± 67.8c +35.6 1694.8 ± 57.4d +26.3 2.4

Ca/Tv 1247.2 ± 140.8 +27.5 478.6 ± 48.4 +31.7 1725.9 ± 134.1e +28.7 2.6

Cu/Tv 1273.0 ± 105.3d +30.2 479.7 ± 32.7 +32.0 1752.7 ± 135.2f,g +30.7 2.7

Ca-c 1396.8 ± 138.5e-g +42.8 527.1 ± 39.4d +45.0 1923.9 ± 177.6h-j +43.4 2.7

Cu-c 1098.0 ± 38.2a,e +12.3 388.1 ± 49.1a,d,e +6.7 1486.0 ± 72.5a,h,k +10.8 2.8

Ca/Tv-c 1292.3 ± 108.5h,i +32.2 470,2 ± 28.9 +29.3 1762.5 ± 137.4l,m +31.4 2.7

Cu/Tv-c 1325.2 ± 69.3j,k +35.5 528.5 ± 68.2e,f +45.4 1853.7 ± 70.4k,n,o +38.2 2.5

Tv 1010.9 ± 80.9b,f,h,j +3.4 405.7 ± 32.6 +11.6 1416.6 ± 64.7b,f,i,l,n +5.6 2.5

Control 977.9 ± 62.5c,d,g,i,k 363.6 ± 21.5b-d,f 1341.5 ± 83.6c-e,g,j,m,o 2.7

HC

H-Ca 957.9 ± 53.0a-i +76.2 391.8 ± 28.0a-h +74.8 1349.7 ± 79.4a-i +75.8 2.4

H-Cu 713.1 ± 79.2a,j,k +31.2 296.5 ± 41.5a,i,j +32.3 1009.6 ± 118.0a,j,k +31.5 2.4

H-Ca/Tv 691.6 ± 30.3b,l +27.2 307.8 ± 8.6b,k,l +37.4 999.4 ± 26.4b,l,m +30.2 2.2

H-Cu/Tv 696.4 ± 74.2c,m +28.1 284.2 ± 29.8c +26.8 980.6 ± 99.6c,n +27.7 2.5

H-Ca-c 784.8 ± 75.1d,n,o,p +44.4 337.1 ± 9.6m-o,p +50.4 1121.9 ± 83.8d,o-s +46.1 2.3

H-Cu-c 663.2 ± 98.9e +22.0 274.9 ± 41.6d +22.7 938.1 ± 140.3e +22.2 2.4

H-Ca/Tv-c 593.5 ± 56.9f,n +9.2 251.5 ± 23.6e,m +12.2 845.0 ± 80.3f,o +10.1 2.4

H-Cu/Tv-c 622.4 ± 49.6g +14.5 252.8 ± 15.8f,n +12.8 875.3 ± 65.2g,p +14.0 2.5

H-Tv 501.5 ± 31.2h,j,l,m,o −7.7 221.4 ± 22.9g,i,k,o −1.2 723.0 ± 49.5h,j,l,n,r −5.8 2.3

H-Control 543.6 ± 59.3i,k,p 224.1 ± 20.8h,j,l,p 767.7 ± 79.8i,k,m,s 2.4

Table 2. Chlorophyll analysis of treated lettuce both in conventional (CC) and hydroponic (HC) cultivation 
with relative change respectively to the control. *Relative change (%) with respect to the control treatment. 
Values superscripted with the same letter within a column are significantly different according to the posthoc 
Tukey HSD test (p < 0.05). **Abbreviations: Ca or Cu is regarded to gelling cation which was used in the 
formation of alginate microbeads; Tv denotes the presence of T. viride spores in microparticles; large H- denotes 
hydroponics type of cultivation (HC) opposite of no denotation which is conventional cultivation (CC); small -c 
is regarded as alginate microbeads coated with chitosan.
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the plant physiology with the direct effect on the photosynthesis mechanisms. Exposure to the light determinates 
the quantity and quality of the energy available to the photosynthesis machinery to conduct its normal metabolic 
activities42.

When comparing CC and HC with different microparticles or Tv treatments, a high correlation can be 
observed (rTotalChlorophylls = 0.75) which verifies the repeatability and feasibility of this experiment (since the same 
experiment is replicated in two different types of cultivation). Interestingly, statistically significant and the most 
pronounced effect on the lettuce treatment (in terms of chlorophylls) had microparticles containing Ca2+ ions, 
without the Tv presence. Additionally, calcium-based microcapsules had less effect than microspheres on the let-
tuces chlorophylls production due to the slower release of the ions and the lower cations availability to a plant. The 
least feasible effect on the production of the chlorophylls in the lettuces had the treatments with only a suspension 
of Tv (this is with the respect to the appropriate controls). This may be explained by the lower survivability of 
the non-encapsulated Tv, as well as the need for this fungus to uptake some of the nutrients from the surround-
ing media (ground) in order to survive (thus, the same or even negative impact on the plant). Respectively, the 
treatments with microparticles containing both chemical agents and Tv spores had a similar or lower effect on 
the production of chlorophylls in the lettuces compared to the same microparticles without the Tv. Similarly, we 
have previously found higher content of chlorophylls in the leaves of the Vitis vinifera L. plants treated with Ca2+ 
loaded microspheres as well as with the combination of Ca2+/Mg2+ loaded microspheres4. This can be ascribed 
to the electrostatic binding of the cations to negatively charged Tv spores which we confirmed in our previous 
research30–32.

Furthermore, the relative change in the total chlorophylls content was up to 45.3% for the CC and 75.8% for 
the HC treatments with Ca2+ microparticles, suggesting that the same microparticles can stimulate the produc-
tion of more chlorophylls even with the less available light. The availability to uptake calcium ions is due to the 
fact that in the microparticles, calcium remains in the Ca2+ form, which is passively uptaken by the plant through 
the root system43. Our results are in accordance with the research with15 where they observed higher values of 
chlorophyll a, b and total chlorophylls in chickpea leaves supplemented with Ca2+. Even more, the pronounced 
effect was observed in the cadmium stressed plants where the application of Ca2+ improved synthesis and protec-
tion of the photosynthetic pigments. Furthermore, Ca2+ serves as a secondary messenger for cytokinin action in 
improving the synthesis of chlorophylls44.

Ca2+ ions are free to enter roots passively but the transfer to the shoots is limited by a metabolic barrier. 
Some of the metabolic inhibitors can stop the long-distance transport of Ca2+ to the shoots but cannot inhibit 
the uptake of the roots. Since Mg2+ and many other trace metals result in phytotoxicity when Ca2+ share is low, 

Treatment
Total flavonoids (mg 
QE/g d.w.)

*Relative 
change (%)

Total polyphenols 
(mg GAE/g d.w.)

*Relative 
change (%)

CC

Ca 9.6 ± 0.2a-d +15.2 4.4 ± 0.4a,b +15.5

Cu 9.2 ± 0.3e,f +10.8 4.2 ± 0.3c +10.2

Ca/Tv 8.8 ± 0.5g +6.5 4.2 ± 0.5d +9.3

Cu/Tv 8.2 ± 0.3a,h −0.8 3.7 ± 0.1a −4.4

Ca-c 9.2 ± 0.4i,j +11.3 4.4 ± 0.0e +14.1

Cu-c 8.1 ± 0.2b,e,i,k,l −3.1 3.8 ± 0.1 −1.0

Ca/Tv-c 9.3 ± 0.1h,k,m +12.2 4.0 ± 0.3 +4.0

Cu/Tv-c 9.3 ± 0.8l,n +11.5 4.1 ± 0.3 +6.5

Tv 7.3 ± 0.3c,f,g,j,m,n −11.6 3.4 ± 0.2b-e −11.1

Control 8.3 ± 0.2d 3.8 ± 0.1

HC

H-Ca 9.7 ± 0.2ab +39.0 4.2 ± 0.4 +26.6

H-Cu 8.6 ± 0.3c +23.1 4.0 ± 0.8 +19.9

H-Ca/Tv 8.4 ± 0.1d +19.4 3.9 ± 0.2 +18.1

H-Cu/Tv 8.3 ± 0.7e +19.1 3.7 ± 0.6 +11.2

H-Ca-c 8.9 ± 0.9f +26.5 4.1 ± 0.2 +22.2

H-Cu-c 8.0 ± 0.1ag +13.9 3.5 ± 0.1a +5.2

H-Ca/Tv-c 10.0 ± 0.7d,e,g,h +42.2 4.9 ± 0.6a-c +47.6

H-Cu/Tv-c 8.9 ± 0.1i +26.4 3.4 ± 0.6b +1.8

H-Tv 9.0 ± 0.8j +28.6 4.3 ± 0.2 +28.1

H-Control 7.0 ± 0.9b,c,f,h-j 3.3 ± 0.1c

Table 3. Share of bioactive compounds of treated lettuce both in conventional (CC) and hydroponic (HC) 
cultivation with relative change respectively to the control. *Relative change (%) with respect to the control 
treatment. Values superscripted with the same letter within a column are significantly different according to 
the posthoc Tukey HSD test (p < 0.05). **Abbreviations: Ca or Cu is regarded to gelling cation which was used 
in the formation of alginate microbeads; Tv denotes the presence of T. viride spores in microparticles; large H- 
denotes hydroponics type of cultivation (HC) opposite of no denotation which is conventional cultivation (CC); 
small -c is regarded as alginate microbeads coated with chitosan.
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evidently the supply and availability of Ca2+ ions are important. When Ca2+ concentrations in the plants are 
low, phytotoxicities from trace metals are very common and even Mg2+ ions become extremely phytotoxic43,45. 
Since microparticles containing the Ca2+ ions are present throughout the period of the plant maturation, this 
has proved to be an efficient delivery system with a direct influence on the chlorophylls and the photosynthesis 
machine. Ca2+ ions control and modify the uptake of available Mg2+ and nitrogen, which are both important 
components of the chlorophyll structure46. Moreover, using the calcium-based microparticles, it is possible to 
eliminate the competition between magnesium and calcium ions thus increasing the availability of Mg2+ for 
plant uptake and at the same time preventing the occurrence of negative metabolic changes of the plant leaves. 
Accordingly, by increasing the number of magnesium ions to the plant, synthesis of more chlorophylls can be 
achieved in the leaves of the plant and thus decrease in the level of abiotic and biotic stress of the plant can occur.

Even though the chlorophyll a:b ratio was somewhat higher in the conventionally cultivated lettuces, there 
were no statistically significant differences found between the cultivation types under the different light condi-
tions (the chlorophyll a:b ratio behaved similarly). The slightly higher chlorophyll a:b ratio in the conventional 
cultivation (average for CC 2.63 vs. average for HC 2.38) is in correlation with the literature, where an increase of 
the ratio is correlated with the available light. The ratio is physiologically flexible, and it is least influenced by the 
soil status or the water availability and is dissociated from patterns imposed by changes in leaf density47.

Total polyphenolic content (TPC) and total flavonoids (TF). When comparing the “basic” metab-
olism, which comprises of anabolic/catabolic processes which are required for the cell maintenance and pro-
liferation, PSM refers to the compounds that are present in the specialized cells which are not directly essential 
for the basic metabolism but are required for plant survival in the environment. PSM was considered simply 
as waste products of primary metabolism which accumulates in the plant cells because of the absence of an 
efficient excretion48–50, but that idea is not valid. Plant secondary metabolites (i.e. polyphenols) act as a defense 
(against herbivores, microbes, viruses or competing plants) and also as signal compounds (to attract pollinating 
or seed-dispersing animals) and they offer protection to the plants against ultraviolet radiation and oxidation 
processes51,52. These metabolites can, therefore, be acknowledged as adaptive characters that have been subjected 
to natural selection during the evolution. Compared to the animals, plants cannot escape from their biotic and 
abiotic stressors by being linked to the ground via their root system, thus because they are static the protection 
must be commenced in another way. Phytochemicals that they produce are to deter or kill pests and pathogens 
and this represents one point of self-protection5. Since polyphenols and flavonoids have high antioxidant activity 
and are electron-donating compounds53, they can scavenge reactive oxygen species. Polyphenolic compounds are 

Treatment
ABTS (µmol TE/g 
d.w.)

*Relative change 
(%)

DPPH (µmol TE/g 
d.w.)

*Relative change 
(%)

CC

Ca 21.5 ± 1.0a-g +29.7 17.1 ± 1.0a-d +32.4

Cu 18.3 ± 1.3h +10.3 16.5 ± 0.4e-g +27.9

Ca/Tv 17.6 ± 0.4a +6.3 15.7 ± 0.7h,i +21.8

Cu/Tv 17.7 ± 1.7b +6.7 14.0 ± 0.7a,e +8.4

Ca-c 17.0 ± 0.7c +2.6 15.3 ± 0.6j +18.2

Cu-c 16.9 ± 1.6d +1.8 14.8 ± 0.7 +14.2

Ca/Tv-c 18.8 ± 1.8i +13.7 15.4 ± 1.8k,l +19.0

Cu/Tv-c 15.7 ± 1.5e −5.0 14.3 ± 0.8b +10.4

Tv 14.6 ± 0.1f,h,i −12.0 12.6 ± 0.7c,f,h,j,k −2.4

Control 16.6 ± 0.8g 12.9 ± 0.6d,g,i,l

HC

H-Ca 18.5 ± 1.7a +37.7 17.0 ± 2.4a +48.5

H-Cu 17.3 ± 1.1 +28.3 13.8 ± 0.2b +20.8

H-Ca/Tv 18.0 ± 0.7 +33.6 15.1 ± 0.8 +31.8

H-Cu/Tv 18.1 ± 0.1 +34.3 16.1 ± 2.0 +40.6

H-Ca-c 19.8 ± 1.9b +47.3 17.8 ± 0.4c,d +56.1

H-Cu-c 16.7 ± 0.1c +24.3 12.6 ± 0.4c,e,f +10.7

H-Ca/Tv-c 22.1 ± 2.3c,d,e +63.9 19.3 ± 1.8b,e,g,h +69.0

H-Cu/Tv-c 15.8 ± 2.7d +17.7 13.1 ± 0.3g +14.8

H-Tv 19.0 ± 1.7f +41.3 17.9 ± 1.8f,i +56.6

H-Control 13.4 ± 2.3a,b,e,f 11.4 ± 1.2a,d,h,i

Table 4. Antioxidant activity of treated lettuce both in conventional (CC) and hydroponic (HC) cultivation 
with relative change respectively to the control. *Relative change (%) with respect to the control treatment. 
Values superscripted with the same letter within a column are significantly different according to the posthoc 
Tukey HSD test (p < 0.05). **Abbreviations: Ca or Cu is regarded to gelling cation which was used in the 
formation of alginate microbeads; Tv denotes the presence of T. viride spores in microparticles; large H- denotes 
hydroponics type of cultivation (HC) opposite of no denotation which is conventional cultivation (CC); small -c 
is regarded as alginate microbeads coated with chitosan.
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generally synthesized through the signaling processes54,55. The role of Ca2+ in polyphenolic metabolism has been 
described by various authors and starting with a paper by56 demonstrated the direct role of Ca2+ in the synthesis 
of polyphenolic compounds. The application of Ca2+ increased phenylalanine ammonia-lyase activity, which 
ended with the accumulation of polyphenols and thus increasing the resistance to the infection by the specific 
fungus. Furthermore, Ca2+ indirectly activates peroxidase, as this cation induces the cross-linking of polygalac-
turonan chains into a structure that can be recognized by isoperoxidase57.

Different cultivation types did not significantly affect the accumulation of TPC in lettuces but the higher 
relative change was observed in the treatment of HC lettuces, respectively. Due to the fact that hydroponics is a 
more controlled environment (compared to conventional cultivation) the influence of the treatments was more 
clear. TPC of the treated samples was higher in H-Ca/Tv-c treated lettuces with the significant influence and the 
relative change of 47.6% compared to the control. From Table 3 it can be observed that treatments with Ca2+ 
based microparticles had a somewhat stronger effect on the synthesis of polyphenolic compounds compared to 
Cu2+ based microparticles.

The significant effect on the TF accumulation with the microparticles treatments can be observed on the 
samples cultivated in hydroponics, where microparticles based on calcium-alginate (loaded with Ca2+ ions with 
or without T. viride spores) achieved an increase from 19.4% (H-Ca/Tv) to 42.2% (H-Ca/Tv-c). In this case, it 
seems that chitosan coating prevents the burst release of the Ca2+ (which is in accordance with our in vitro tests33) 
so the uptake to the root was slower (rate controlled) than those lettuces treated with microspheres. Due to the 
preparation conditions (to achieve the necessary solubility of the chitosan) microcapsules are more acidic. There 
is some literature dealing with the influence of the lower pH on the production of TF, where there was found a 
high correlation between the low pH and higher TF content in leaves. By this, the pH of the surrounding media 
strongly affects the accumulation of PSM which can lead to a significant enhancement in the productivity of flavo-
noids58. In both types of cultivation (CC and HC) calcium-alginate microparticles (Ca and H-Ca) treatment had 
the most pronounced effect and statistically significantly influenced, compared to the respective controls with the 
relative change of 15.2% for the CC and 39.0% for the HC. In general, somewhat lower changes were observed in 
CC compared to the HC, but this can be explained by the lower values of TF for the control in HC (7.0 mg QE/g 
d.w.) compared to the control from the CC (8.3 mg QE/g d.w.). Recently was proved that flavonoids in sprouts 
were accumulated more under light irradiation than under dark59. Therefore, CC is evidently more favorable for 
the production of lettuces with higher TF. Results of the influence on TPC are in correlation with regards to the 
TF content, but with no statistically significant changes against the control, except in the case of HC for the H-Ca/
Tv-c treatment (relative change – 47.6%).

Tv spore suspension in HC had a significantly higher influence on the synthesis of TPC and TF with the high 
antioxidant activity of lettuces. Due to the fact that in CC Tv suspension was injected into the soil, which is already 
contaminated with other microorganisms, non-encapsulated Tv had no effect or somewhat negative effect on the 
production of PSM. Also, non-encapsulated Tv had no significant effect on the production of chlorophylls, in 
both types of cultivation, but significantly increased TPC and TF in HC. This can be explained because in hydro-
ponics, when planting, the cleaner environment was achieved, with no competition for T. viride, thus it could 
thrive. The results of60 indicated that some Trichoderma sp. were able to increase the total amount of polyphenols 
and antioxidant activity in the grapes (Vitis vinifera L.). In our experiment, the treatment with non-encapsulated 
T. viride achieved significant influence, with the relative change of 28.1% compared to the control4.

Influence of the treatments on the antioxidant activity (AA). Ahmad et al.15 show that supplemen-
tation with Ca2+ boosts antioxidant activity in plants. Again, as shown in Table 4, in CC and HC, Ca2+ micropar-
ticles had a significant effect on the antioxidant activity of lettuce. In general, Cu2+ based microparticles, with or 
without T. viride, had a lower effect on AA compared to the Ca2+ based, but this can be explained by lowering 
the activity of antioxidant enzymes. In higher concentrations, Cu2+ can indirectly act as pro-oxidants. This may 
increase free radical-mediated lipid peroxidation in plants. Since moderate-high dosages of Cu2+ may activate 
zymogen or trigger the defensive system by ROS, antioxidant enzymes activity decreases, thus limiting the elim-
ination of ROS. Alongside, MDA concentration can get higher in plants exposed to moderate-high Cu2+ con-
centrations thus indirectly produce superoxide radicals, resulting in increased lipid peroxidative products and 
oxidative stress61,62. This might be partly the explanation of why Cu2+ based microparticles had less influence on 
the lettuces AA, even though compared to the control the AA was higher.

Accordingly, to the results of TPC and TF, Tv had a significant influence on the AA of lettuces grown in 
HC, whereas there was no significant effect on lettuces grown in CC. The results are in correlation, and with 
the increased TPC and TF, antioxidant activity is higher, suggesting that T. viride in the right conditions plays a 
significant role in the synthesis of polyphenols, probably indirectly by enhancing the nutrient availability and by 
inducing the plant resistance via activating or priming induced systemic resistance mechanism60.

pearson correlations, principal component analysis (pcA) and agglomerative hierarchical  
clustering (AHc) analyses. High correlations with regards to the comparison of CC and HC for all of the 
methods with the highest correlation between the TF in CC and HC lettuces (r 0 87)TF CC HC( / ) = .  were found. The 
high correlation between the antioxidant activity methods was also observed ( = .r 0 92)ABTS DPPH/ ) . Furthermore, 
when observing the methods, high correlations were found for TPC, TF and antioxidant activity (r > 0.80) and 
chlorophylls content (r > 0.99). No correlation was found in the relationship between chlorophylls content and 
TPC/TF/AA.

PCA was used to indicate multivariate dependence between the selected variables. The weighting of the results 
was made for the moisture content, chlorophyll a:b, total chlorophylls, TPC, TF, ABTS, and DPPH. For Bartlett’s 
Sphericity test, the risk for the rejection of the null hypothesis H0 while it was true was <0.01%. Alpha was set to 
0.05, and the p-value was <0.0001. The Kaiser-Meyer-Olkin (KMO) measure of sampling adequacy gave a value 
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of 0.734. High factor loading scores mean a tighter association with the same principal component (Table S1). 
PCA revealed the two significant components which explain altogether 88.08% of the total variance between the 
studied variables (Fig. 3a). Factor 1 (F1) describes 50.60% of the total variance and was tightly associated with the 
TPC, TF, ABTS, and DPPH whereas Factor 2 (F2) was associated with moisture content, chlorophyll a:b and total 
chlorophylls content. Figure 3b presents the distribution of the data for F1 and F2 and the correlation between 
the measured variables. There was no correlation found between F1 (TPC, TF, ABTS, DPPH) and F2 (moisture 
content, chlorophyll a:b, and total chlorophylls).

The dendrogram (Fig. 4a) was obtained based on the same variables as PCA, and it can be seen that three main 
clusters were formed (green, pink and red). HC lettuce treatments were separated in 2 closely related clusters 
(pink and red) where Tv from CC was also involved. Based on the obtained results (Fig. 4b), Tv from had the 
least influence on the CC treatments compared to the other treatments and was similar to the control of the latter, 
but because of the lower values of investigated PSM, it clustered with the control of HC. In general, Cu2+ based 
microparticles in CC are closely related to the control. In the first cluster (green) it can be observed that H-Ca 
treatment is more similar to the values of the CC type, and this is explained by the fact that Ca2+ microparticles in 
HC had the significant and highest influence on the plant secondary metabolites. Biplot (Fig. 3b) reveals similar 
results, where CC lettuces were divided from HC.

Ca (top right quadrant) and H-Ca/Tv-c (bottom right quadrant) treatments can be seen as extremes on the 
right side of the biplot (Fig. 3b), and Tv alongside H-control on the left side. In both cases, control is significantly 
distanced from the Ca and H-Ca/Tv-c treatments, signifying the influence of these treatments on the lettuces 
development of PSM. Cu2+ microparticles formulations are in general grouped together (respectively to the 
appropriate type of cultivation). It seems that Ca/Tv-c, Ca-c and Ca/Tv had a somewhat similar and significant 
effect on the synthesis of PSM, and Cu/Tv-c, Cu/Tv and Cu-c are more closely related to the control. This is in 
correlation to the HC where H-Cu/Tv, H-Cu-c, H-Cu and H-Cu/Tv are closer to the control, compared to their 
Ca2+ counterparts microparticles, H-Ca/Tv, H-Ca, H-Ca-c and H-Ca/Tv-c. The only exception in two cases of 
cultivation types is Tv, where Tv in CC had no significant influence, but H-Tv in HC had a significant influence on 
the TPC, TF, ABTS and DPPH and is closely related to the extreme in HC (H-Ca/Tv-c). PCA and AHC revealed 
the significant influence of some treatments (i.e. Ca2+ based microparticles) on lettuces in both conventional and 
hydroponic cultivation.

conclusions
Delivery of biological and chemical agents by means of encapsulation presents an innovative approach to stimu-
late the production of PSM. This way, it is possible to fortify the plants’ defense system against pests and increase 
the resistance to harsh environmental conditions.

Results revealed that microparticles treatments significantly stimulated the synthesis of PSM without a 
significant impact on the lettuce morphology and moisture content. The controlled release was achieved and 
the plant can uptake ions passively through the root system during the whole period of maturation. Evidently, 
non-encapsulated T. viride spores had significantly less influence on the lettuces compared to the encapsulated 
ones. Ca2+ based microparticles had a higher effect on the synthesis of PSM compared to their counterparts Cu2+ 
based microparticles, even though significant changes occurred in all treatment types, respectively.

The final product (microparticles) is commercially very affordable and further is necessary only to upscale 
the production process. Bioencapsulation proved to be an efficient way to deliver both chemical and biological 
agents for plant nutrition/protection and the production of functional foods. Our method may be applied in the 
production of plants (in this case lettuce) with improved nutritional quality and as a potential dietary source of 
natural phenolic antioxidants.
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1. Guidelines on the development of biopolymeric microparticles 

1.1. Effect of chemical agents on the growth and viability of biological agent T. viride  

Regarding the encapsulation methods, the focus should be put into adapting already 

existing methods for the production of encapsulated chemical and biological agents. The clever 

approach in the design of microparticles should include already existing methods and gelation 

principles to solve some of the main problems regarding the use of biological agents, like shelf 

life and targeted delivery (Vemmer and Patel, 2013). The development of guidelines for the 

delivery of chemical and biological agents starts before the encapsulation procedure, focusing 

first on the compatibility of encapsulation material with the material which will be 

encapsulated.  

The first part (Publication No. 1, Publication No. 2 and Publication No. 3) comprises the 

preparation of microparticles (microspheres and microcapsules) and finds, respectively, optimal 

conditions for further application on plants (i.e. Vitis vinifera L. and Lactuca sativa L.). The 

development of microparticles loaded both with chemical and biological agents present a 

challenge to determine conditions of preparation. The focus is thus aimed to first observe the 

influence of each mutual compound used in the encapsulation process. The nature of biological 

agents is to interact with its environment, thus molecular interactions with chemical agents, as 

well as biopolymers used for encapsulation are important to determine. In the paper of 

Vinceković et al. (2016), it is discussed how Trichoderma viride can survive in the presence of 

different metals and have the ability to bind them. In Publication No. 1, it can be observed that 

Trichoderma viride survives in the presence of Cu2+, and even at the higher concentrations, the 

growth was promoted. Encapsulation of more than one component presents a significant 

problem, mainly because encapsulated material can interact with each other, which may result 

in a change of its activity and even termination of cells (biological agent). This problem was 

thoroughly investigated and it was proved that not only the presence of cations like Cu2+ and 

Ca2+ inhibits the activity of T. viride, but increases it. 

Scanning electron images revealed that T. viride spores appear similar in size (around 3.6 μm) 

and shape to Penicillium (Ye et al. 2002) and Aspergillus (Kwon-Chung and Sugui 2013) spores 

(Publication No. 2 – Fig. 1-A). The fungal cell has a very complex chemical composition 

(Gruber and Seidl-Seiboth, 2012) and is composed of polysaccharides, from which up to 90% 

fall on glucan and chitin. It is also composed of glycoproteins and lipids as major components 



Chapter 7 - General discussion 

 

97 | P a g e  
 

and other minor compounds like pigments and inorganic salts. Melanin can be found on the 

spore wall of Trichoderma species while chitin was found in mycelial cell walls. The functional 

groups detected in the FTIR spectrum relate well with the chemical structure of the cell wall 

from the literature (Vinceković et al., 2016). The inverse relationship between cell surface 

electrostatic charge and cell surface hydrophobicity was found and less hydrophobic cell 

surfaces were more negatively charged. Detailed information on molecular interactions (FTIR 

spectra) between Cu2+ or Ca2+ and T. viride spores as well as between T. viride spores and 

sodium alginate is well explained in Publication No. 2 as well as in the publication of 

Vinceković et al. (2016; 2017b). Briefly, the presence of Cu2+ in the alginate matrix causes 

significant changes in the alginate functional groups region (hydroxyl, ether, and carboxylate). 

With a higher concentration of Cu2+, intensities of main alginate peaks change and are shifted, 

implying changes in intensities of hydrogen bonding and Cu2+ interaction with T. viride spores. 

Respectively, the intensity of hydrogen bonding is weakest with higher Cu2+ concentration. 

Similarily, Cu2+ influences the asymmetric and symmetric COO- stretching indicating complex 

interactions between all of the components necessary to prepare Cu-alginate microparticle. It 

was further revealed that an increase in Ca2+ concentration causes significant changes in the 

alginate functional groups region. Regarding the spectrum of T. viride and Ca2+, it is suggested 

that carboxylate and at least hydroxyl groups are involved in interactions as previously observed 

for interactions between T. viride and Cu2+. FTIR spectrum of T. viride spores and alginate 

mixture revealed intermolecular hydrogen bonds. There are indications of at least interactions 

with hydroxyl, amino, carboxylate, and C-O groups. FTIR spectra of components (gelling 

cations, sodium alginate, chitosan, and biological agent) can give important information and 

predictions on how the release from the microparticle will occur. Stronger interactions will slow 

down the release kinetics, while weaker interactions will have less influence on the diffusion. 

In the paper of Vinceković et al. (2016) via electron microscopy and cell fractionation studies 

it can be observed that Cu2+ is located on the cell wall of T. viride spores, indicating the place 

of interaction. Zeta potential measurements performed on T. viride spores revealed a negative 

zeta potential of –35.1 mV which points to the fact that interactions between Cu2+ are primarily 

due to the electrostatic attractions. The negative charge of T. viride spores indicates prevailing 

spore surface hydrophilicity (Singh et al., 2004). Negative charge arrises from functional groups 

as carboxyl, hydroxyl, amine, and phosphate (Gruber and Seidl-Seiboth, 2012). It was found 

that the increase in copper cations concentration resulted in less negatively charged spore 

surface (Publication No. 1 – Figure 2) and consequently aggregation (Publication No. 1 – 
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Figure 1b), indicating thus that electrostatic interactions do occur. FTIR spectrum of T. viride 

spores and Cu2+ suggest that amine, hydroxyl, carbonyl, and amide bonds are the major sites 

for cations binding. Cu2+ binding to T. viride is beside electrostatic interactions also associated 

with possible ion exchange and some physicochemical interactions (Vinceković et al., 2016). 

Similarly to the Cu2+, an increase in Ca2+ concentration results with less negatively charged T. 

viride spores due to the electrostatic binding of calcium cations (Publication No. 2 – Fig. 2-A). 

Also, the diminishing of electrostatic repulsions between spores led to their aggregation 

(Publication No. 2 – Fig. 1-C). With higher concentrations of Ca2+, a reversal of charge occurs, 

which suggests that besides the electrostatic interactions some other mechanisms, like in the 

case of Cu2+ ions, which are responsible for the binding. This is probably due to the ion 

exchange and/or other physicochemical reactions between cations and functional groups found 

in the cell walls. Our preliminary tests with Mg2+ and Zn2+ ions reveal the same behavior when 

introducing cations to the suspension with T. viride spores. Furthermore, some of our tests with 

the spraying of different solutions containing Cu2+, Ca2+, Mg2+, or Zn2+ revealed a significant 

increase in the sporulation of T. viride. Also, the presence of Ca2+ in lower concentration does 

not significantly change aggregate size (Publication No. 2 – Fig. 2-B) and an increase in 

concentration resulted in less negatively charged spore surface (based on the average zeta 

potential and the mean hydrodynamic diameter). The diminishing of electrostatic repulsions 

between spores led to the creation of bigger aggregates (Publication No. 2 – Fig. 1-C). 

Compared to the Cu2+, the presence of higher concentrations of Ca2+ results in somewhat slower 

sporulation but still it was not prevented, but results are dose-dependent. These results may aid 

in the prediction of kinetics and release mechanisms of encapsulated agents from various 

microparticles. 
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1.2. Recommended guidelines in the preparation of microparticles loaded with chemical and 

biological agents 

This section brings some important aspects in the preparation of microparticles, not only 

for agro-industrial purposes but also for other fields as food engineering or pharmaceutical 

science. Sodium alginate is used as a carrier biopolymer and when a solution of the latter comes 

into contact with divalent or trivalent cations, a rapid, strong, and irreversible formation of the 

gel matrix occurs, respectively. Residues from sodium alginate blocks react cooperatively with 

cations forming a gel network. Because of the rapid and irreversible reaction, controlled 

conditions of preparation should be achieved (Daly and Knorr, 1988; Irmanida et al., 2012). 

The procedure of microparticles preparation vary and the essential need is to achieve high 

encapsulation efficiency, loading capacity, alongside chemical stability. It is also important to 

achieve good swelling properties, smooth/rough surface, and core morphology, all of which 

influence the controlled release of encapsulated agents (Fig 4.). Nevertheless, with regards to 

the preparation of biopolymer-based microparticles, universal microparticles for any purpose 

do not exist. It is important to tailor microparticles based on the intended use and therefore, 

appropriate procedures need to be developed.  
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Figure 4. Recommended observations when tailoring microparticles for specific purposes, a 

case of chemical and biological agents. 

 

To achieve desirable microparticles efficient for the prolonged release of chemical and 

biological agents, it is important to choose sodium alginate with a higher content of guluronic 

acid residues. High guluronic acid content results with more rigid and porous gels and can 

maintain their integrity for longer periods. One of the most important things to consider when 

tailoring microparticles is choosing a proper concentration of gelling cation alongside a used 

biopolymer (Vinceković et al., 2016). The ratio between gelling cations and sodium alginate 

determines the kinetics of gelation and in the end, physicochemical characteristics of the formed 

gel-matrix (Selimoglu and Elibol, 2010). Research reveals that the decrease in sodium alginate 

concentration increases mechanical stability, but when the concentration is too low, mechanical 

stability starts to decrease (Daly and Knorr, 1988; Rodrigues and Lagoa, 2006; Selimoglu and 

Elibol, 2010). The sodium alginate solution is viscous, depending on the concentration. The 

minimum viscosity of sodium alginate solution to form microspheres via the ionic gelation 

method is 0.03 Pa·s (Goosen et al., 1987). Spherical microparticles may be obtained over a 

wide range of viscosity of the latter solution. Usually, the viscosity of aqueous sodium alginate 
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solution does not go over 1 Pa·s (Vinceković et al., 2016). Microparticle size mainly depends 

on the polymer concentration. An increase in the particle size is in correlation with the higher 

initial concentrations of biopolymers, because of the functional groups' proportions. It should 

be noted that encapsulation efficiency decreases with an increase in polymer concentration, 

which ends with less space for encapsulated material (Motwani et al., 2008). The concentration 

of both sodium alginate and gelling cation significantly affects cation binding and kinetics of 

gel-matrix formation. 

This dissertation looks at the impact of Cu2+ or Ca2+ cations in different concentration on the 

physicochemical characteristics of formed microparticles with regards to the constant 

concentration of sodium alginate (1.5% w/v). Respectively, the preparation procedure of 

microparticles consists of two steps. The first step being ionic gelation, where sodium alginate 

interacts with cation to form a gel network – microspheres, and the second step involving the 

additional coating of microspheres with chitosan via polyelectrolyte complexation (Gasseröd 

et al., 1998). 

The process of preparation starts with the addition of a biological agent (T. viride) to the sodium 

alginate solution and homogenization of the suspension. Filtration through the muslin cloth is 

recommended to filter out only spores (in order not to clog the machine used in the process of 

preparation – mentioned later in the discussion). The first stage involves the dropwise addition 

of sodium alginate either with or without biological agent into the bath containing cations (Cu2+, 

Ca2+, or a mixture of e.g. Ca2+/Mg2+, since reaction with Mg2+, does not occur instantly as with 

the abovementioned cations. It is recommended to combine Mg2+ with other divalent cations 

that react fast and form a strong gel, like Cu2+, Ca2+, or Zn2+. Since donor solutions always 

contain anions, like e.g. CuSO4x5H2O or CaCl2, the inclusion of the anion into the 

microparticles also occurs. During the encapsulation process, anions diffuse through the 

microparticle into the solution and thus the encapsulation efficiency for anions is significantly 

lesser when comparing to the cations involved in the gelling process, which binds irreversibly. 

After the dropwise addition of sodium alginate into the bath containing divalent cations, gelling 

occurs and spheres are formed. Throughout the preparation process in this dissertation, for the 

dropwise addition of carrier solution (sodium alginate), Büchi-B390 Encapsulator (BÜCHI 

Labortechnik AG, Switzerland), a microdroplet generator was used. Concerning the size of the 

nozzle, which was used for the dropwise addition, the pressure, frequency of vibration 

(amplitude), and temperature should be taken into the account. Higher temperatures decrease 

the viscosity of sodium alginate solutions, and smaller spheres may be formed via the usage of 
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nozzles with a small diameter (e.g. 80 µm). When using the bigger nozzle (1000 µm) lower 

frequency is necessary to separate the droplets in dropwise flow, while the opposite is valid for 

smaller nozzles. Of course, a smaller nozzle means the need for higher pressure to eject already 

highly viscosity solution like sodium alginate. Fig. 5 shows a schematic representation of the 

preparation procedure. As can be seen, in the first stage, a simple method was used for the 

preparation of microspheres (gel-matrix), while for the second stage of preparation coating of 

microspheres, i.e. microcapsules, with chitosan can be observed. Via the polyelectrolyte 

complexation, microspheres are dispersed in the acidic chitosan solution where chitosan rapidly 

binds onto the surface of alginate-based microspheres by electrostatic interactions between 

protonated amino groups on chitosan and ionized carboxylic groups on alginate-based 

microspheres (Mi et al., 2002). The main goal of the second step is to reduce the porosity of the 

gel-matrix, improve its stability and efficiency by delaying the release of encapsulated agents. 

It is well documented in the literature that electrostatic interaction between chitosan and 

alginate tightens and stabilizes the surface of the microparticle (Shi et al., 2008; Vinceković et 

al., 2016). When chitosan binds to the microsphere, competing ions like H+ or Na+ have an 

insignificant influence on the stability of the polyelectrolyte complex (Gasseröd et al., 1999), 

and chitosan diffusion to the inner part of microparticles is very limited (Draget et al., 2005). 

This can be observed in Publication No. 3 Fig. 3-A as well as in the paper of Vinceković et al. 

(2016) where distinct chitosan layer is formed on the surface of the microspheres, i.e. 

microcapsule. 
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Figure 5. Schematic representation of calcium-alginate microparticles preparation (microspheres and microcapsules) in two steps: i) ionic gelation 

and ii) polyelectrolyte complexation. 
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1.3. Characterization of microparticles loaded with chemical and biological agents 

1.3.1. Morphological characteristics – Microscopical observations 

After the suggested preliminary tests necessary to observe basic interactions between 

encapsulated material and material which will be used for encapsulation, and after the proper 

selection of the encapsulation procedure, characterization of microparticles may commence.  

Primarily, to observe the success of encapsulation, microscopic observations give a lot of useful 

information. Not only about the size of microparticles, but the surface texture, proof of chitosan 

binding, the thickness of the membrane and can even reveal the presence of biological agents 

either on the surface or in the core. For example, basic optical microscopic observations can 

also reveal the percentage of shrinkage of microparticle after drying to the constant mass as 

well as the collapse of the matrix and even loss of sphericity can be noticed (Vinceković et al., 

2016). In Publication No. 3 a decrease in the size of the microcapsule can be observed with the 

increase in the Ca2+ ions used in the encapsulation procedure. This is in correlation with other 

literature data which revealed the formation of smaller particles with higher Ca2+ concentration 

due to the lower percentage of water retention and formation of tougher gel-matrix (Daemi and 

Barikani, 2012). 

Confocal laser scanning microscopy (CLSM) may reveal interesting data with regards to the 

observed microparticle. Vinceković et al. (2016) reveal data on chitosan binding over Cu-

alginate microparticles. Microphotographs were taken under CLSM in fluorescence mode and 

transmitted light mode which clearly shows the existence of the chitosan layer (stained with 

0.01% Eosin Y, xanthene dye) on the surface of the microparticle. Eosin dye binds to the amino 

groups of chitosan and is, therefore, possible to observe the thickness of the coating layer. In 

this case, the thickness was about 7 μm in case of the microparticles loaded with an only 

chemical agent (Cu2+), and in the case of microparticles loaded with Cu2+ and T. viride spores, 

a layer was about 11 μm thick. 

The different size in layer thickness over microparticles without T. viride spores was explained 

as a lower extent of reaction between chitosan and alginate matrix. Electrostatic interactions 

between protonated amino groups on chitosan and ionized carboxylic acid groups on alginate 

are enhanced due to the binding of T. viride on the matrix. Similarly, in Publication No. 3 (Fig. 

3-A), a clear existence of a thin chitosan layer on the surface of Ca-alginate microparticles was 

observed. 
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Optical microscopy and CLSM may reveal data on microparticle size, general morphology, 

presence of biological agent (even protruding of hyphae from the microparticles – Publication 

No. 2 – Fig. 4-D), or chitosan layer, but scanning electron microscope (SEM) can shed a light 

on even more details. In Publication No. 2, in Fig. 8-D dried microsphere, irregular wrinkles 

can be observed as a consequence of biopolymer strain-relaxation processes which are generally 

associated with water/humidity loss. Furthermore, SEM images can reveal pores and anomalies 

on the surfaces. For example, from Fig. 8-E (Publication No. 2) we can observe a highly porous 

surface (size of the pore is about 0.169 μm) while in Fig. 8-F (Publication No. 2) numerous 

spherical blebs (T. viride spores) are visible as entangled into the matrix of a microsphere. 

Furthermore, this was confirmed in Publication No. 3 (Fig. 4a-f), where the surface of 

microspheres without T. viride spores are highly porous (Fig. 4a), and where numerous blebs 

are found on microspheres prepared with T. viride spores (Fig. 3b). The microcapsule has 

fibrous and striped surfaces because of the presence of the chitosan layer (Fig. 3c) and also 

reduced porosity on the surface was confirmed. Microcapsules with T. viride spores have a 

sleeker surface with the appearances of numerous dimples (protruding hyphae) (Fig. 4d). Fig. 

4e,f reveals structures of assembled holes from which germ tubes penetrate out of the 

microparticles. 

Atomic force microscopy (AFM) can give important data on the texture of microparticles. 

Publication No. 3 covers AFM investigation where we can observe the average size and mean 

diameters of grains on both surfaces and cross-sections of microparticles, as well as the surface 

roughness (Fig. 6, Publication No. 3 – Fig. 5A-D; Table 1).  
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Fig. 6. 2D- and 3D-topographic images of height data and topographic images of amplitude 

data of Ca-alginate microspheres (A, B, C, D, E, F); Ca-alginate microspheres with a biological 

agent (Ca2+/T. viride spores) (G, H, I); Ca-alginate microcapsules (chitosan-coated) (J, K, L, 

M, N, O) and Ca-alginate microcapsules loaded with a biological agent (Ca2+/T. viride spores)) 

(P, Q, R, S, T, U). Microparticles were prepared at initial calcium chloride concentration, ci 

(CaCl2) = 0.5 mol dm-3 (Publication No. 3 - Supplementary material available at 

https://doi.org/10.1016/j.carbpol.2019.04.096.). 

 

Results from AFM confirms the change in morphology with a change in the composition of 

microparticles. Highly porous morphology is detected for microspheres with grainy surface 

https://doi.org/10.1016/j.carbpol.2019.04.096
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texture and microroughness. Chitosan layer increases surface roughness, but the addition of 

biological agents (T. viride) reduces the roughness of both microspheres and microcapsules 

(Fig. 7). 

 

 

Figure 7. Influence of microsphere and microcapsule surface roughness on chemical and 

biological agents release mechanisms.  

 

The abovementioned methods for microparticles morphology characterization are important 

parameters when discussing mechanisms and kinetics of chemical and/or biological agent 

release. Preparation method, type of active agent, microparticle size, gelling cation type and 

concentration, additional layers (i.e. chitosan), and the presence of a biological agent 

significantly affect surface morphology and structure of microparticles and consequently 

release behavior. All of the mentioned factors have a combinatorial effect on the final 

microparticle composition. 
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1.3.2. Molecular interactions between components in microparticles 

Data on molecular interactions in prepared microparticles can also be obtained using 

FTIR. FTIR spectra of microparticles prepared with cations of variable concentrations revealed 

that functional groups of all components interact with each other and this is well explained in 

Vinceković et al. (2016; 2017b), and in Publication No. 2, Publication No. 3. Briefly, complex 

intermolecular interactions can be seen which include mainly electrostatic interactions and 

hydrogen bonds. An increase in the cation concentration increases the crosslinking degree of 

microparticles, and the presence of T. viride spores diminishes it because of mechanical 

interactions and electrostatic repulsions between negatively charged T. viride spores and free 

alginate chains. Herein was reported that changes in FTIR spectra show structural differences 

in microspheres prepared with and without biological agents. FTIR data on microparticles is in 

agreement with X-ray diffraction evidence and the proposed so-called „egg-box“ model 

(Papageorgiou et al., 2010). In the metal-alginate complexes, Papageorgiou et al. proposed a 

„pseudo bridge“ unidentate coordination with intermolecular hydrogen bonds in polyguluronic 

regions and the bidentate bridging coordination in the polymannuronic region. Both 

microspheres and microcapsules show that alginate asymmetric and symmetric carboxylate 

peaks became broader exhibiting gradual intensity increasing and shifting of carboxylate ions 

stretching vibrations (asymmetric to a lower and symmetric carboxylate vibrational peak to 

higher wavenumbers) with increasing cation concentrations. Also, confirmation of chitosan 

binding to the alginate is presented where some peaks disappear from becoming weaker because 

of the electrostatic interactions between superposition (two oppositely charged 

polyelectrolytes) of the functional groups. It is already well known that the (COO-) groups 

interact with the amino (NH3
+) groups of chitosan forming a polyelectrolyte complex. Changes 

in the FTIR spectra of microspheres and microcapsules reveal that the presence of the chitosan 

layer with an increase in cation concentration differently influences the structure of 

microparticles. FTIR spectra can give interesting information on the behavior of components 

which are microparticles made from. This information can help in the prediction of 

encapsulated agents release behavior which is of crucial importance when preparing 

microparticles for various applications. 
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1.3.3. Encapsulation efficiency, loading capacity, and swelling degree 

From the results given by this dissertation, it can be concluded that the increase in cation 

concentration decreases the encapsulation efficiency, but loading with T. viride spores 

somewhat increases it. This increase is a result of the interaction of negatively charged T. viride 

with positive ions like Cu2+ or Ca2+. Results for encapsulation efficiency are in correlation with 

the values of loading capacity (Publication No. 1 – Figures S1a,b, and Figures S2a-c and 

Publication No. 2 – Table 1 and Table 2) and this data can be related to the investigation of 

Vinceković et al. (2016; 2017b). The decrease in encapsulation efficiency with higher cation 

concentration is because maximum loading capacity is reached, so lower concentrations are 

recommended when preparing microparticles for various applications. If higher values of 

cations are necessary, this can be achieved with the addition of biological agents. When 

observing the loading capacity, the presence of T. viride spores decreases free cations due to 

the binding, and thus final results may appear somewhat lower. Bespalova et al. (2002) also 

found that T. viride may decrease the amount of Cu2+ bound to organic matter by 1.1 – 1.2. fold.  

Furthermore, regarding the size of microparticles or chitosan presence, respectively there was 

no significant effect on changes either on encapsulation efficiency or loading capacity. Some 

significant decrease in the loading capacity of chitosan-coated microparticles may be observed 

at lower cation concentrations. This can be explained by the fact that during the addition of the 

chitosan coat (second step of microparticles preparation), some of the cations from 

microspheres diffuse into the surrounding solution. Also, it has to be noted that the mass of 

microparticles changes with an additional layer, lowering the values presented as per weight 

(g) of microparticles. Using higher cation concentrations during the preparation of 

microparticles solves this problem. Regarding the encapsulation efficiency of T. viride spores, 

they are suspended in a viscous solution (sodium alginate) and are dripped in cation containing 

solution. During the formation of spheres, immediate diffusion happens for smaller molecules, 

but larger particles are being immobilized into the gel matrix. Thus, there were no observed T. 

viride spores in the filtrate after the encapsulation procedure, revealing the ~100% 

encapsulation efficiency. The same was noticed in the investigation of Mancera-López et al. 

(2019) where they reveal 100% encapsulation efficiency for Trichoderma harzianum using the 

ionic gelation method. 

Loading capacity may be used as a method to investigate the storage capabilities of 

microparticles. Publication No. 2 (Fig. 5) and Publication No. 3 (Fig. 2) reveal stimulated 

germination inside of microparticles during the storage period at room temperature. No 
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significant changes in the number of spores were observed after 20 days of storage (based on 

our experiments even after 6 months – unpublished data) and this further confirmed that 

alginate-based microparticles provide an environment that is supportive to the T. viride 

sporulation. This is in correlation with the literature data (Chapter 1.5. – Table 1) where, for 

example, investigation of Mancera-López et al. (2019) reveals preserved viability of 

encapsulated Trichoderma spp. of above 70% even after 2 years of storage. The shelf life of a 

product is one of the most important factors which is considered when aiming for agricultural 

application. 

When discussing hydrophilic microparticles, one of the most important properties is a swelling 

degree (Siepmann and Siepmann, 2012). When hydrophilic microparticles come in contact with 

water, they swell, influencing the rate-controlling release mechanism of encapsulated agents. 

Chitosan coated microparticles have a higher swelling degree because of the hydrophilic nature 

of the formed polyelectrolyte complex (Lee et al., 1997; Rajendran and Basu, 2009; Vinceković 

et al., 2016). The swelling degree of the complex is associated with electrostatic interactions 

between functional groups and since both alginate and chitosan are weak polyelectrolytes the 

degree of dissociation depends on the pH of the solution. The swelling degree of the chitosan 

layer is lower in low pH media because of the strong interactions between protonated amino 

groups of chitosan and carboxylate anions of alginate. An increase in pH results with more 

ionization of the functional groups and close to pH 6.5 chitosan becomes deprotonated reducing 

the complexation disrupting the integrity of the structure, allowing a higher swelling degree 

(Liu et al., 2004). In vitro investigation of microcapsules in deionized water (pH ∼6) reveals 

swelling of the particle and the decrease in pH due to the ionization of carboxylic groups (Shi 

et al., 2008). Respectively, data from Publication No. 1 (Fig. 3), Publication No. 2 (Fig. 7) and 

Publication No. 3 (Fig. 6) reveal that microparticles prepared at lower cation concentration 

result with a higher swelling degree. while with higher cation concentration swelling degree 

decreases. This is as reported in literature data where higher Ca2+ concentration reduces the 

swelling degree of Ca-alginate microparticles (Liu et al. 2004; Davidovich-Pinhas and Bianco-

Peled 2010; Vinceković et al., 2017). The swelling degree significantly depends on the cation 

concentration as well as the presence of the chitosan layer. Higher swelling of chitosan-coated 

microparticles can be ascribed to its capabilities to uptake more water (Bhattarai et al., 2010). 

More available cations affect the structure and properties of the alginate gel matrix, and more 

specifically, the size of cavities which can accommodate water (Rodrigues and Lagoa, 2006) 

causing the formation of a denser network which swells less (Bajpai and Sharma, 2004). 
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Formation of Cu-alginate or Ca-alginate microparticles with the use of high starting 

concentration of cations form much faster and thus are smaller and stiffer mainly because of 

higher reticulation degree and lower retention of water in the matrix. Lower concentrations 

mean relatively slower gelation and matrix with compromised integrity. When preparing 

microparticles, the swelling degree is an important measure for the prediction of rate-

controlling release mechanisms of encapsulated agents and should be always part of 

microparticles properties characterization. The difference in microparticles size also may 

significantly influence the swelling degree. With the increase in microparticles size, the 

chitosan layer gets thinner (Bartkowiak and Hunkeler, 2000), and larger surface area makes 

bigger microparticles have a higher swelling degree (Publication No. 1 – Fig. 3). T. viride 

spores in microparticles somewhat decrease crosslinking degree which can be ascribed to the 

mechanical interactions as well as to the change in matrix structure because of the electrostatic 

repulsions between negatively charged spores and negative alginate groups. According to 

Rokstad et al. (2014), the zeta potential of Ca-alginate gel-matrix is –10 V. Limitation of 

hydrogels swelling degree may be ascribed to the crosslinks and may be used as a measure of 

crosslinking extent (Roger et al. 2006). 
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1.3.4. In vitro release of chemical and biological agents 

One of the most important features of microparticles is the release of encapsulated 

agents. Their physicochemical characteristics determine the release behavior and with regards 

to that, the preparation method is a crucial step. The main factors which determine the properties 

of microparticles are characteristics of biopolymer (sodium alginate), its concentration and 

type, and concentration of cross-linking cation (Loh et al., 2012). With this in mind, it is 

possible to tailor microparticles with desirable release capabilities which are important when 

applying them in ecological agriculture.  

Some mechanisms need to be considered when observing the release of an active agent from 

biopolymer-based microparticles. These include (i) surface wetting, (ii) glassy-to-rubbery-

phase transition of polymers, (iii) penetration of water molecules into the core of microparticles, 

(iv) diffusion of agents through the matrix and surface layers, (v) desorption from the surface 

of the microparticle, (vi) disintegration and (vii) dissolution and/or erosion of microparticle 

structure (Vinceković et al., 2017b). Kinetics and mechanisms of chemical and biological 

agents released from biopolymer-based microparticles (microspheres and microcapsules) 

mainly depend on the characteristics of microparticles composition and the type of active agent. 

The most important rate-controlling release mechanisms from hydrophilic microparticles are 

diffusion, erosion, and swelling (Siepmann and Siepmann, 2012). For optimal development of 

microparticles, knowledge on mechanisms involved in the release of encapsulated material is 

crucial. The range of cation concentration used in the preparation of microparticles throughout 

this dissertation was selected based on preliminary trials on the behavior of T. viride spores 

(where the positive effect on the growth and behavior of T. viride was observed).  

Respectively, cation release from microparticles shows rapid initial release followed by slower 

release obeying the power-law equation. From the results in Publication No. 1, the amount of 

released cations depends on microparticle size and loaded agent. When microparticles are 

prepared under the same conditions but with a variation in size, the thickness of the matrix will 

be different. With this in mind, it is possible to correlate microparticle release properties with 

microparticle surface-to-volume ratio (Bartkowiak and Hunkeler, 2000). As discussed above in 

the previous section, with the increase in microparticles diameter, the chitosan layer gets thinner 

causing changes in the mechanical and permeability properties of particles. In general, the 

release of cations from larger microparticles is somewhat slower when comparing to the smaller 

microparticles. This may be attributed to the fact that cations in the core need more time to 

diffuse through the matrix and to the surface of the particle. Results (Publication No. 1 – Table 
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1; Table 2) indicate that the release process of cations is controlled by the diffusion through the 

microparticle.  

When discussing microspheres loaded with T. viride spores, the fraction of released Cu2+ is 

diminished (Publication No. 1 – Fig. 5). The fraction of released biological agents (T. viride 

spores) was higher than the chemical agent. Keeping in mind the interactions between alginate 

gel-matrix and T. viride spores as well as physical entanglement of spores in the matrix release 

of spores should be slower. But, because of the supportive environment, T. viride sporulates 

and growth can be observed (released fraction is detected to be well above 1). An increase in 

the fraction of spores may be ascribed to the two facts, i) the release from microparticles and 

germination of T. viride and ii) the formation of germ tube biomass in the surrounding medium. 

With regards to the Cu-alginate microspheres, the amount of released Cu2+ from microparticles 

prepared with low Cu2+ concentration was somewhat insufficient to stimulate germination. 

Generally speaking, chitosan-coated microparticles (microcapsules) have a slower release rate 

of both cations and T. viride spores (Publication No. 1 – Table 2; Fig. 6; Fig. 7). Microcapsules 

without T. viride spores had rapid initial release followed by slower release, obeying the power-

law equation. Microcapsules with T. viride spores had initial lag time which is the time 

equivalent to the time required for the microcapsule to hydrate and reach equilibrium before 

active agents start to release. There are a couple of processes involved during this lag phase: i) 

penetration of water molecules, ii) transport of active agents through the gel-matrix, iii) binding 

of water molecules on chitosan pores without the transport into the surrounding media. 

Respectively, the release kinetics of active agents from microcapsules is slower in comparison 

to the microspheres and with an increase in cation concentration release kinetics are faster. The 

release of Cu2+ is controlled by classical Fickian diffusion, both for small (450 µm) and large 

microcapsules (2.000 µm). Release of T. viride spores from small microcapsules (Chitosan/Cu-

alginate) was found to be Fickian diffusion and release from the large microcapsules a 

combination of diffusion and the polymer swelling-relaxation. Faster release of T. viride spores 

from smaller microparticles may be ascribed to the less force necessary to penetrate out of the 

gel-matrix. Faster release of T. viride spores from microparticles prepared at higher cation 

concentration may be ascribed to the formation of less uniform microcapsules with poorer 

mechanical properties. The presence of the chitosan layer improved the mechanical properties 

of microcapsules but restricted the release properties when comparing them to microspheres. 

The observed parameters are of crucial concern and should be considered when preparing 

microparticles for desirable applications.  
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1.3.5. Statistical analysis - principal component analysis and agglomerative hierarchical 

clustering 

To get a better insight into the relationship between the properties of the microparticles 

and release kinetics and mechanisms, the principal component analysis (PCA) was used to 

indicate multivariate dependence between the selected variables. The principal component 

weighting of the results was made for investigated attributes like encapsulation efficiency, 

loading capacity, swelling degree, release kinetics, and mechanisms constants. Varimax 

rotation was used to clarify the relationship among factors. The adjustment, or rotation, is 

intended to maximize the variance shared among items. Before the respective analyses, 

Bartlett’s Sphericity test and The Kaiser-Meyer-Olkin (KMO) measure of sampling adequacy 

was also tested and obtained values were well above acceptable for the PCA analysis. 

Agglomerative hierarchical clustering (AHC) with Euclidean distance Dissimilarity and 

Agglomeration Ward's method was also performed to strengthen the data analysis.  

From the statistical analysis  (Fig. 8 and Publication No. 1 – Fig. 8), a clear influence of variable 

cation concentration, biological agent, and chitosan coating on physicochemical properties can 

be observed. There is no clear separation based on the size of microparticles, making this 

parameter in the preparation less important, of course, the desired application (i.e. foliar 

application) can make this parameter of high importance. Respectively, from the obtained plots, 

there is a distinction between microparticles prepared at high and low cation concentrations. 

Also, microcapsules with T. viride spores are prepared at higher cation concentrations, separate 

from other types. These particles are characterized by a lower encapsulation efficiency, swelling 

degree and they have distinctive release profiles. A clear separation of microparticles without 

the biological control agent can also be observed. The disparity of microcapsules and 

microspheres is visible due to the significant difference in particle morphology and other 

physicochemical properties. Dendrogram further confirms separations and the formation of 

clusters between similar preparation conditions. Microparticles with T. viride spores have 

separated in clusters, revealing that the presence of spores significantly affects physicochemical 

properties and release profiles of these particles. 
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Figure 8. Principal component analysis (a-c) and Agglomerative hierarchical clustering (d) 

plots of a) Factor 1 and Factor 2; b) Factor 2 and Factor 3; c) biplot after Varimax rotation; and 

d) dendrogram with dissimilarities between clusters of the differently formulated microparticles 

loaded with Ca2+ and/or T. viride, with and without chitosan coating (Publication No. 3 - 

Supplementary material available at https://doi.org/10.1016/j.carbpol.2019.04.096.).
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2. Application of biopolymeric microparticles and proposed guidelines 

With the results from the first part of the dissertation, conclusions may apply to diverse 

possibilities regarding the microparticles application. It is also possible to extrapolate results 

with regards to the used models and extend them to almost any type of plant, keeping in mind 

its needs, maturation time, and harvests. 

Encapsulation of chemical and biological agents in biopolymeric microparticles and its 

application to the plants present an innovative approach to stimulate the production of plant 

secondary metabolites. This way it is possible to protect the plant while increasing its nutritive 

value. Encapsulated agents are protected from the environment, prolonging their lifespan as 

well as timely release. Natural polymers have a great advantage when considering its 

application in food production, where they pose no threat either to the consumer or the 

environment. The benefits of the micro-delivery systems developed using encapsulation 

technology are controlled-release (at a specific target), longer retention time, biosafety (soil 

friendly), cost-effectiveness (less usage), better stability (against harsh environmental 

conditions), and easier physical handling (Vejan et al., 2019b). The application of 

microparticles presented in this dissertation is novel and there is no similar literature data 

reported yet, respectively. 

When regarding the application of microparticles in agricultural systems, a couple of things 

need to be considered. The application may be achieved foliar or directly near the root of plants. 

There are some technical difficulties when applying foliar, where the size of microparticles 

plays a crucial role. The foliar application requires smaller particles (ideally nano-sized 

particles), which should be able to pass through the spray nozzle. Clogging of the systems is a 

significant problem when considering the application of microparticles this way.  

Application near the root either in some later period of plant maturity or when planting is 

feasible and relatively easy to achieve. In Publication No. 4, an explanation of how 

microspheres were applied to mature Vitis vinifera L. ('Welschriesling' cultivar) plants is 

presented (Fig. 9). Briefly, microsphere application was performed manually near the root of a 

plant, at approximately 20 cm of depth. Plants were treated with microspheres loaded with 

chemical (Ca2+/Mg2+) and biological (T. viride) agents. Various compositions of microspheres 

were prepared to test the influence of chemical agents and the synergistic effect of a chemical 

and biological agent.  
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Figure 9. Schematic representation of application and main idea for chemical and biological 

agents released near the root of the vine (Vitis vinifera L.) plant. 

 

In Publication No. 5, microparticles (microspheres or microcapsules) were applied in the 

planting procedure of lettuce (Lactuca sativa L.) both in conventional (Fig. 10) and hydroponic 

types of cultivation. Alginate-based microspheres containing either only chemical (Ca2+ or 

Cu2+) or both chemical and biological agents (T. viride spores) and microcapsules containing 

the aforementioned were prepared and their full composition is listed in Table 1  of Publication 

No. 5. As a side control, suspension of T. viride spores in saline solution was used to observe 

non-encapsulated vs. encapsulated biological agent influence on plant metabolites synthesis. 
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Figure 10. Example of copper-alginate microparticles (note the blue color) application during 

the lettuce seedling planting (Authors photograph). 

 

Microparticles for the application were prepared based on the results from the Publication No. 

1, Publication No. 2, Publication No. 3, and Vinceković et al. (2016, 2017b) fitting the 

formulation as to the proposed models. Respectively, microparticles were prepared with regards 

to the needs of a plant and economic viability, while keeping in mind the release kinetics and 

physicochemical properties of microparticles. For a mature vine plant, higher concentrations of 

cations were used, whilst for lettuce, lower concentrations of cations were used in the 

preparation of microparticles. With this in mind, microparticle composition, as well as the final 

amount, was determined based on the plant needs (Publication No. 5 – Table 1). Furthermore, 

it is very important to control the dosage of copper ions over the plant maturation time and to 

minimize its release into the environment. Fine tunning microparticles for different applications 

may result in a commercially very approachable product. Concerning this dissertation topic, 

variables for the preparation of microparticles consisted of changes in cation type, its 
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combination, presence of T. viride and chitosan coat as well as the microparticles weight 

depending on the treated plant type.  

The degradability of biopolymers in the soil is also an important factor when considering its 

application. In the case of this research, preliminary trials revealed that microcapsules degrade 

slowly over time (Ca-alginate based microparticles are visible for at least 3 months), gradually 

losing volume. A drop in volume is primarily connected to the water loss, but with constant 

rehydration, microparticles swell, achieving a constant supply (which may be correlated to the 

release of in vitro conditions) of the encapsulated material. Also, it is important to note that this 

investigation revealed mycelium growth and sporulation in the soil where vine, lettuce, and 

tomato plants were used in the experiment. These experiments revealed that sporulation does 

occur in the soil and that T. viride is present on the root of a plant.  

Of course, the degradability of biopolymeric microparticles depends on its physicochemical 

parameters. Studies on biodegradation processes of polymers, when applied in agriculture, are 

scarce, and only a few can be found in the literature (Puoci et al., 2008; Vroman and Tighzert, 

2009). Research of Ratajska and Boryniec (1999) revealed that biodegradability of film 

polymers in soil and water depends on the dimensions of the particles as well as their 

distribution in the film. Biopolymers with low degradability in the soil will result in longer 

protection of encapsulated agents, providing its timely release (Vemmer and Patel, 2013). The 

main problem with these types of research is often connected to the fact that soil is of complex 

composition. The presence of other chemical and biological agents easily omit the predictability 

of how biopolymeric microparticles will behave. This is the area of interest that still has a lot 

of potentials to be investigated. 
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3. Influence of microparticles treatments on the synthesis of plant metabolites 

It is well known that Ca2+ controls and modifies plant uptake of Mg2+ and increases its 

availability preventing the negative occurrences of metabolic changes on the plant leaves (Pal 

and Laloraya, 1972). Microspheres loaded with Ca2+ ions had the most pronounced effect on 

the synthesis of total polyphenols in vine leaves (up to 39%) (Publication No. 4 – Table 1). 

Furthermore, it was revealed that Ca2+/Mg2+ loaded microspheres had lower values of total 

polyphenols which may be due to the presence of Mg2+. Microspheres treatments on the vine 

(Vitis vinifera L.), had a significant increase in the antioxidant activity of vine leaves (up to 

32%). Ca-alginate microspheres with T. viride spores had the most pronounced effect on 

antioxidant activity, signifying the synergistic action of chemical and biological agents. 

A significant increase in total carotenoids content can be achieved with microspheres 

treatments. Ca-alginate microspheres loaded with T. viride spores treatment on Vitis vinifera L. 

leaves resulted in an impressive 62% increase in total carotenoids content, respectively to the 

control samples (untreated). Furthermore, Ca-microspheres (without T. viride spores) had 

significantly influenced vine leaves with a 24% increase in total carotenoids content. It has to 

be noted that with several harvests, the content of biologically active compounds in plants 

changes. With time, a gradual decrease in carotenoids content in leaves can be seen (Young et 

al. 2012). Still, after the second harvest, the positive effect on carotenoid retention is significant 

with the highest values achieved with Ca-microspheres treatment (Publication No. 4 – Table 

2). 

During both harvests of vine leaves, significantly highest chlorophyll content (up to 26%, 

respectively to the control) was found in vines treated with Ca/Mg-alginate microspheres with 

T. viride spores (Publication No. 4 – Table 2). An increase in the number of total chlorophylls 

in leaves is due to the synergistic action of Ca2+ and T. viride spores on Mg2+ uptake during the 

whole plant growth period. Distribution of Ca2+ and Mg2+ in leaves highly depends on the 

exogenous supply, with support of T. viride. It is known that Ca2+ influences the uptake of Mg2+ 

(an important component of the chlorophyll molecule) (Pal and Laloraya, 1972), and treatment 

with these microspheres eliminates possible competition between Mg2+ and Ca2+ increasing 

thus the uptake of Mg2+ by the plants. Increased availability of Mg2+ for plants prevents the 

occurrence of chlorosis, necrotic spots on the leaves, and droop as well as decreases the level 

of abiotic and biotic stress.  
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There was no statistically significant change found in treatments of vine plants on grapes. It 

should be noted that somewhat higher values (11%) were observed with Ca/Mg-alginate 

microspheres (with T. viride spores) treatment (Publication No. 4 – Table 4). Again, antioxidant 

activity in treated grapes was found to be non-significant. Even though, an increase of 41% 

(DPPH) and 25% (ABTS) in antioxidant activity was observed on grapes treated with Ca/Mg-

alginate microspheres. These results reveal that Ca2+ and T. viride do allow better absorption of 

Mg2+, stimulating the synthesis of polyphenolic compounds. The positive influence of 

treatments with microparticles is promising in the grape growing process and production of 

higher quality foods. Future research should be focused on treatments with increased amounts 

of chemical and biological agents to achieve higher stimulation in grapes.   

Treatments on lettuce (Lactuca sativa L.) had significantly stimulated the synthesis of plant 

metabolites, without significant impact on the lettuce morphology. The controlled release was 

achieved and passive uptake of ions through the root system was active during the whole period 

of maturation. Using two types of cultivations (conventional and hydroponics) revealed 

interesting data. Generally, all treatments had a significant influence on plant metabolites 

synthesis, relative to the controls. Compared to the Cu-alginate microparticles, Ca-alginate 

microparticles had a significantly higher effect on the synthesis of plant metabolites. Equal 

treatments in conventional and hydroponics cultivation yielded results with high correlation, 

which verifies the repeatability and feasibility of the experiment. 

Treatment with Ca-alginate microparticles resulted in the highest yield of total chlorophylls in 

conventional cultivation of lettuce, with up to an impressive 76% relative to the control 

(Publication No. 5 – Table 2). Ca2+ is known to serve as a secondary messenger for cytokinin 

action in improving the synthesis of chlorophylls (Lechowski and Bialczyk, 1993). These 

results are in correlation with research on supplementation with Ca2+ where also higher 

chlorophyll values were observed in chickpea leaves (Ahmad et al., 2016).  

Treated lettuce resulted in an increase of up to 48% in total polyphenols content (Publication 

No. 5 – Table 3). Generally, Ca-alginate based microparticles had a stronger effect on the 

synthesis of polyphenolic compounds when comparing them to Cu-alginate based. Ca-alginate 

microparticles (with and without T. viride spores) treatments also resulted in significantly 

higher accumulation of total flavonoids with an increase of up to 42%. Ca2+ has an important 

role in polyphenolic metabolism (Casteneda and Perez, 1996). Application of Ca2+ increases 

the phenylalanine ammonia-lyase activity and higher accumulation of polyphenolic compounds 
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occur. This can significantly increase the plants' resistance to the infections caused by the 

pathogens (Penel et al., 1999). Regarding the antioxidant activity in treated lettuce plants, Ca-

alginate based microparticles again had the most pronounced effect (Publication No. 5 – Table 

4). Previously, Ahmad et al. (2016) revealed that supplementation with Ca2+ significantly 

boosts antioxidant activity in plants. Cu-based microparticles had a lower effect but some 

treatments in hydroponic cultivation were significant. More data on this can be seen in 

Publication No 5. – Table 4. 

In conventional cultivation, non-encapsulated T. viride spores (suspension) had less or even 

negative influence on the plant metabolites synthesis when compared to the encapsulated ones. 

Equal treatment in hydroponic cultivation revealed significant influence, and this can be 

explained by the fact that this type of cultivation (hydroponic) is sterile compared to the 

conventional (soil). Furthermore, due to the lower survivability as well as the need for the 

organism to uptake some of the nutrients from the surrounding media to survive, there will be 

less available nutrients for the plant. Also, temperatures on the open field and closed 

hydroponics system are not the same. These facts highlight the importance of biological agent 

encapsulation since its survivability increases significantly in an environment that is perhaps 

not favorable when inoculating the latter.  

Increasing the number of plant metabolites as chlorophylls, carotenoids, polyphenols and an 

overall increase in antioxidant activity contributes to the quality of food for both humans and 

animals. Future investigation should focus on the precise agriculture and metabolomics aspect 

to determine which mechanisms are responsible for synthesis stimulation and to quantify plant 

needs more precisely. Metabolomics is one of the fastest developing methods for identification 

and quantification of changes happening in a sample based on a set of metabolites with low 

molecular mass (Fiehn, 2002). Plant metabolomics aims to investigate plant systems on a 

molecular level, focusing on a pool of metabolites that respond to different environmental 

factors (Fiehn, 2002; Hall et al., 2002; Hall, 2006). Plant secondary metabolites are synthesized 

as a response of plant with the environment and from one side they may represent to be final 

products of gene expression but also a regulatory system that acts in the organism (Heyman and 

Dubery, 2016). An increase in the synthesis of plant metabolites via encapsulated chemical and 

the biological agent is promising and coupled with plant metabolomics could shed light on 

complex interactions between plants and stimulants. This can further improve the precision and 

tailoring of microparticles concerning the plant's needs. 
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4. Statistical analysis – Pearson correlation, principal component analysis, and 

agglomerative hierarchical clustering 

One way ANOVA was performed and significant differences were observed based on 

the posthoc Tukey HSD test (p < 0.05). The relative change (%) was calculated using the simple 

formula:  

𝑅𝑐 (%) =
𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡 − 𝑐𝑜𝑛𝑡𝑟𝑜𝑙

𝑐𝑜𝑛𝑡𝑟𝑜𝑙
× 100 

 

Pearson's correlation coefficient test was used in the determination of the correlation between 

cultivation types (conventional vs. hydroponic) and methods for chemical analysis. Principal 

component analysis (PCA) and Agglomerative hierarchical clustering (AHC) was used to 

observe differences in treatments. The principal component weighting of the results was made 

for investigated attributes like total polyphenols, total flavonoids, chlorophylls, antioxidant 

activity, and moisture content. Before the respective analyses, Bartlett’s Sphericity test and The 

Kaiser-Meyer-Olkin (KMO) measure of sampling adequacy was also tested and obtained values 

were well above acceptable for the PCA analysis.  

Lettuce treatments (Publication No. 5) revealed high correlations for all of the methods when 

comparing two types of cultivation (conventional vs. hydroponics). It has to be noted that there 

was no relationship found between chlorophylls and plant secondary metabolites (total 

polyphenols, total flavonoids) or antioxidant activity. PCA and AHC plots are presented in Fig. 

3 and Fig. 4 of Publication No. 5. Briefly, both conventional and hydroponic cultivation control 

is distanced from the treatments with Ca2+ or Ca2+/T. viride spores. Cu-alginate microparticles 

were found to be grouped, respectively. Ca-microspheres with T. viride spores, Ca-

microcapsules (chitosan-coated), and Ca-microcapsules (chitosan-coated) with T. viride spores 

had a similar effect on the synthesis of plant metabolites. Cu-alginate microspheres with T. 

viride spores, Cu-microcapsules (chitosan-coated) with and without  T. viride spores were 

found to be closer to the control, compared to their counterparts Ca-alginate microparticles 

(microspheres/microcapsules). There was one exception found when comparing cultivation 

types. Results from AHC further reveal the clustering of Cu-based microparticles with control. 

Conventional and hydroponic types of cultivation are separated, except in the case of Ca-

alginate microspheres from hydroponics treatments where they clustered with conventional 

treatments, and these microspheres are characterized as the ones with the most pronounced 
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effect on the plant metabolites synthesis (75.8% increase in total polyphenols, 39.0% in total 

flavonoids,  26.6% in total polyphenols, 37.7% and 48.5% increase in antioxidant activity 

(ABTS and DPPH methods)).  
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5. Application of microparticles in the cultivation of other plants – unpublished data  

Using the guidelines provided in the previous sections, microparticle treatments on 

tomatoes and strawberries resulted in success. A total of 120 tomato plants (Solanum 

lycopersicum L.) (4 different cultivars) were treated in conventional and 120 in hydroponic 

cultivation. Ca2+ content in Ca-microspheres was from 2.53-2.73 mg g-1 while in Cu-alginate 

microspheres, Cu2+ content ranged from 2.32-2.50 mg g-1 of microspheres depending on the 

type of prepared microparticles. The number of T. viride spores was ~104 per gram of 

microspheres. Tomatoes treated with Ca-alginate microspheres in hydroponic cultivation 

yielded impressive 230% higher lycopene content (cultivar Vasanta) while conventional 

cultivation with the same microsphere type had an increase in lycopene content up to 99%, 

relative to the control (untreated). An increase of up to 164% in lycopene content was observed 

in the hydroponic cultivation of tomatoes (cultivar Vasanta) after the second harvest. The 

somewhat lesser influence was observed on other cultivars, e.g. treatments with Ca-alginate 

microspheres without the T. viride spores on Abellus cultivar had an increase of up to 90% in 

hydroponic cultivation. The same treatment yielded a significant 63% higher lycopene content 

in conventional cultivation. Cu-based microspheres had a somewhat lower influence on the 

synthesis of carotenoids, but still, some treatments were significantly (post-hoc t-tests with 

Bonferroni correction (p<0.05)) higher when compared to the control samples. Also, it should 

be noted that Ca-microparticles loaded with T. viride spores had a significant influence on the 

synthesis of polyphenols. Generally, relative to the Ca-based microparticles, treatments with 

Cu-based microparticles had a somewhat lesser influence on the synthesis of lycopene, total 

polyphenols, and antioxidant activity.  

Treatments with Zn-alginate microparticles in hydroponic cultivation of strawberries (Fragaria 

× ananassa Duchesne) on two different cultivars (San Andreas and Albion) revealed significant 

(post-hoc t-tests with Bonferroni correction (p<0.05)) changes in plant secondary metabolites. 

A total of 180 plants were used in this research, and the application of 4 grams of microparticles 

corresponded to 33.64 mg of Zn2+. Prepared Zn-alginate microparticles were spherical with no 

deformities noticed, with about 1830 μm in size (Fig. 11). No significant changes in size and 

shape were observed in chitosan-coated microparticles (microcapsules). When comparing the 

microcapsules and microspheres, uncoated Zn-alginate microspheres had a higher impact on 

the synthesis, probably due to the burst initial release, followed by a slow continuous release of 

active agents. Relatively to the control, total polyphenolic content (26%), total flavonoid 
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content (21%), antioxidant activity (27%), total anthocyanins (20%), and flavan-3-ols (17%) 

were significantly increased. Treatments with only chemical agents (Zn2+) result in a 

significantly higher quality product. 

 

 

Figure 11. Zn-alginate microsphere under the light microscope in phase-contrast mode. The 

scale bar is indicated (500μm). 

 

Except for Zn-alginate microparticles, treatments with the combination of Zn/Fe-alginate 

microparticles revealed similar trends. Different varieties of strawberries in conventional 

cultivation were used as a model for the treatment. Treatment with Zn/Fe-alginate 

microparticles had a significant influence on the increase of total polyphenols (12%), total 

flavonoids (17%), total anthocyanins (16%) as well as antioxidant activity (11%). Chitosan 

coated Zn/Fe-alginate microcapsules did not significantly affect the synthesis of plant 

secondary metabolites, probably due to the significantly slower release. 

The abovementioned research on tomatoes and strawberries treated with tailored microparticles 

are to be published. 
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There are still a lot of opportunities in this area to be investigated. The importance of biological 

agent encapsulation to protect it from negative environmental factors is evident. Tailoring 

microparticles coupled with plant metabolomics may result in precise measurements of plants' 

needs. As reported, treatments with microparticles loaded with chemical and biological have a 

significant effect on the synthesis of plant metabolites. With an increased number in plant 

metabolites and antioxidant activity, the quality of food is higher and this could be exploited 

either to be labeled as functional or as a source of functional components in the production of 

functional foods.  
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The initial carrier system setup determines the chemical and biological agent (T. viride 

spores) release rates and patterns. By adopting a systematic formulation approach, optimal 

release can be achieved for prolonged protection and nutritional benefits on the plants via 

continuous release over an extended period. 

Knowledge of the molecular interactions between encapsulated agents and delivery systems 

and mechanisms controlling its release aids in the preparation of microparticles with 

specifically tailored properties and controllable release kinetics. Simultaneous encapsulation of 

chemical and biological agents (T. viride spores) was achieved. Intermolecular interactions 

between components from which microparticles are comprised of reveal complex interactions. 

Release from alginate-based microparticles can be controlled by tuning the concentration of 

cations and with an additional layer, as well as with the presence of a biological agent. This 

way, a wide array of application of microparticles with desirable properties, depending on the 

needs of a plant, is attainable. 

The increase in cation concentration decreases the encapsulation efficiency, but loading with T. 

viride spores increases it. Results for encapsulation efficiency are in correlation with the values 

of loading capacity. The decrease in encapsulation efficiency with higher cation concentration 

is because maximum loading capacity is reached, so lower concentrations are recommended 

when preparing microparticles for various applications. A significant decrease in the loading 

capacity of chitosan-coated microparticles may be observed at lower cation concentrations 

without a significant effect on encapsulation efficiency. Stimulated germination inside of 

microparticles during the storage period at room temperature was achieved. No significant 

changes in the T. viride spore number were observed after storage. Chitosan coated 

microparticles have a higher swelling degree. The swelling degree of the complex is associated 

with electrostatic interactions between functional groups. The swelling degree of microparticles 

significantly depends on the cation concentration as well as the presence of the chitosan layer.  

Release profiles from microspheres show a rapid initial release of chemical agents followed 

with a slow and constant release. The concentration of cations and the addition of the chitosan 

layer significantly influence kinetics and mechanisms of biological agent release. An increase 

in cation concentration promotes the release biological agent while the chitosan layer inhibits 

it. The mechanism for T. viride spores release and Cu2+ from Cu-alginate microspheres was 

found to be Fickian diffusion. Release from respectively larger and coated microparticles 

(microcapsules) was found to be controlled with a combination of diffusion and polymer 
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swelling/relaxation. Release behavior from Ca-alginate microspheres was ascribed to the 

changes in the microsphere structure. The release mechanism for T. viride spores was found to 

be anomalous transport kinetics (a combination of two diffusion mechanisms and the Type II 

transport - polymer swelling and relaxation of the polymeric matrix) and for the release of Ca2+, 

the rate-controlling mechanism is Fickian diffusion. 

Microparticles may be tailored to deliver chemical and biological agents to the plants for a 

prolonged time by choosing the appropriate concentration of cations, additional coat, and 

microparticles size. Proposed preparation methods are applicable for various types of 

encapsulated cations as well as biological agents. One should follow the same methodology to 

successfully characterize microparticles, or predict their release behavior over time. 

Presented guidelines can be universally used for any type of biopolymeric microparticles 

preparation using the ionic gelation method, regardless of the loaded components. Tips and 

suggestions based on the dissertation examples may help biotechnologists for further 

development of suggested microparticles. Furthermore, the application procedure helps food 

and agriculture scientists in the development of functional foods and can be extrapolated to any 

type of plant. 

Application guidelines should be followed when applying microparticles for agricultural 

purposes. Finding optimal conditions for cohabitating the encapsulated biological and chemical 

agents and tailoring microparticles for applications with an estimated time release, dependently 

of the environment, greatly improve the importance to encapsulate biological agents in 

agriculture. 

Treatments with prepared microparticles loaded with chemical and biological agents have 

shown a significant influence on the synthesis of plant metabolites. Furthermore, it should be 

noted that there was no significant influence of treatments found with regards to the 

morphological characteristics of the final products (harvested plants, i.e. Vitis vinifera L. and 

Lactuca sativa L.).  

Tailoring microparticles to suit the plant's needs and to stimulate plant secondary metabolites 

synthesis is challenging. This area is relatively new and opportunities are vast. In the future, it 

can be expected that biopolymer-based formulations will dominate the market since they can 

contribute to the plant protection and nutrition in ecological production. These formulations are 

useful in the stimulation of bioactive compounds which ends in improved nutritional quality 

and potential dietary source of natural polyphenolic antioxidants. 
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Microparticles preparation and application methods presented in this dissertation are simple 

and reliable, friendly to the environment, and economically favorable. More in-depth research 

on the influence of chemical and biological agents on plant metabolites could be of great 

interest. Future investigation should focus on the precise agriculture and metabolomics aspect 

to determine which mechanisms are responsible for synthesis stimulation and to quantify plant 

needs more precisely with respect to the tailored microparticles. 

Our society is concerned due to the excessive use of agrochemicals, and this is pushing the 

development of efficient and sustainable products, and their utilization in agricultural food 

production will continue future research in that direction.  
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