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Abstract: This work reviews the recent development of biopolymer-based delivery systems for ag-
ricultural application. Encapsulation into biopolymer microparticles ensures the protection and tar-
geted delivery of active agents while offering controlled release with higher efficiency and environ-
mental safety for ecological and sustainable plant production. Encapsulation of biological agents
provides protection and increases its survivability while providing an environment safe for growth.
The application of microparticles loaded with chemical and biological agents presents an innovative
way to stimulate plant metabolites synthesis. This enhances plants’ defense against pests and path-
ogens and results in the production of higher quality food (i.e., higher plant metabolites share). Ionic
gelation was presented as a sustainable method in developing biopolymeric microparticles based
on the next-generation biopolymers alginate and chitosan. Furthermore, this review highlights the
advantages and disadvantages of advanced formulations against conventional ones. The signifi-
cance of plant metabolites stimulation and their importance in functional food production is also
pointed out. This review offers guidelines in developing biopolymeric microparticles loaded with
chemical and biological agents and guidelines for the application in plant production, underlining
its effect on the plant metabolites synthesis.

Keywords: ionic gelation; sodium alginate; chitosan; plant secondary metabolites; functional foods;
sustainability

1. Introduction

One of the major problems in food production is the overuse of toxic agrochemicals
during the production of plants which has a serious negative impact on the environment,
food safety, and consequently, on human health. Researchers are increasingly turning to
natural ways of treating plants to abandon or at least limit the use of agrochemicals [1].
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 tar-
geted 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. Encap-
sulation into microparticles is an advanced, promising, and fast-developing technology
that has significant advantages over other agroformulations in terms of protecting 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 con-
trolled release, greater efficiency, and relatively beneficial impact on the environment [2].
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As a result of consumer needs and wishes, the production of high-quality, safe, and
functional food is becoming increasingly popular. The concept of functional foods refers
to 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 [3,4].

Plant secondary metabolites (PSM) are biologically active compounds often used in
healthy nutrition, traditional medicine, and in a wide array of industrial applications [5,6].
Plant secondary metabolites, such as polyphenols, are composed of several groups of
structurally distinct natural compounds biogenetically obtained by shikimate-phenylpro-
panoid-flavonoid biochemical pathways. Plants require these metabolites for pigmenta-
tion, growth, reproduction, resistance to pathogens, and many other biochemical pro-
cesses and functions, while these metabolites represent adaptive characteristics that un-
derwent natural selection during evolution. The effective defense mechanism of plants
can be attributed to the wide range of PSM they synthesize [7]. With a wide range of dif-
ferent PSMs, plants can respond to different stressors. Given that the production of spe-
cific plant protection features can be extremely costly, new ways of enhancing defense
need to be investigated and exploited. Methods involving increased expression of endog-
enous compounds (i.e., PSM) can significantly affect plant characteristics for resistance to
invaders [7]. A high proportion of PSM can also have an important impact on human
nutrition and health, by increasing the intake of antioxidants and nutrients [8]. 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 com-
mercial exploitation (e.g., functional ingredients). Various strategies, such as screening
and selecting high-performance cell lines, cell cultures from different parts of plants, met-
abolic engineering, media optimization, plant growth regulators, and others, have been
used so far to increase PSM production in plant cells [9], 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 [10]. Specifically, some studies show that mycorrhizal inoculation can increase
PSM content, such as polyphenols, and increase the antioxidant activity in plants [11], 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 the 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 promot-
ers, 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 [12]. Strong aggressiveness against plant
pathogens and high efficacy in promoting plant growth and defense mechanism have
made Trichoderma species an important biocontrol agent [13]. However, biological agents
are significantly influenced by detrimental external factors, such as pH, humidity, and
ultraviolet radiation, which all impair their action. With encapsulation, a protective bar-
rier around the biological control organism is provided, preserving its activity [14,15].

Compatibility of Trichoderma viride spores with divalent ions, like Cu?, Ca?, Mg
makes it pragmatic for simultaneous encapsulation into microparticles, that is, simultane-
ous delivery of chemical and biological agents to a plant. Calcium ions are essential mac-
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ronutrients, and they have an important function in cell membrane structure and perme-
ability, plant cell division and elongation, carbohydrate translocation, and nitrogen me-
tabolism [16,17]. Ca?* plays a regulatory role in signal transduction and absorption of nu-
trients through the cell membrane [17-19]. Ca?* also signals the regulation of genes re-
sponsible for polyphenol biosynthesis [20], and binds to the phospholipid membrane, sta-
bilizing the lipid bilayer and maintaining the structure [21]. Furthermore, it was found
that in Ca?-treated plants, malondialdehyde content decreases [18,22,23]. Although the
soil is known to be rich in calcium, plants often lack calcium, due to their form and relative
insolubility (e.g., CaCOs). In addition to Ca?, copper ions (Cu?*), as well as magnesium
ions (Mg?"), also show a stimulating effect on PSM synthesis. They can stimulate PSM
synthesis with a positive effect on alkaloid production, shikonin synthesis [24], digitalin
production [25], and betaine [26]. Magnesium ion's primary role in plants relates to pho-
tosynthesis. Mg?* is an integral part of chlorophyll; it activates some enzymatic processes
required for plant growth [27], participates in synthesizing DNA and RNA molecules [28],
and is utilized in the plant's cellular energy source—ATP [27]. Cu?* plays key roles in pho-
tosynthetic and respiratory electron transport chains, on ethylene sensing, cell wall me-
tabolism, oxidative stress protection, and biogenesis of the molybdenum cofactor [29].
Although Cu? is an integral part of growth media and is known to be essential for several
biochemical and physiological pathways [30], it becomes relatively toxic at high concen-
trations [31]. Therefore, it is important to control the dose through plant growth and de-
velopment 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 [32]. To obtain suitable microparticles (delivery system),
effective for simultaneous encapsulation of multiple active agents with appropriate con-
trolled release, it is important to optimize the parameters during their preparation. Suita-
ble selection of formulation variables assists in the design of microparticles with the de-
sired release of biological and chemical for plant nutrition/protection [33,34]. This review
involves the procedures of 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 pred-
ators 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 review aims to point to the guidelines for developing biodegradable micropar-
ticles simultaneously loaded with a biological agent, specifically a plant growth promoter,
Trichoderma viride, and chemical agents (Cu?, Ca?, Mg?). The development, characteriza-
tion, and optimization of the preparation process are necessary to produce this biotech-
nological product (microparticles) for plant nutrition/protection in conventional/hydro-
ponic cultivation. Finally, guidelines and tips on the application of biopolymer-based mi-
croparticles are highlighted. Recommendations aim to help scientists and the agri-food
sector develop procedures and application of microparticles for various purposes. Fur-
thermore, the direction of future research is highlighted. The general discussion of this
review gives valuable information on the whole process, from the compatibility of a chem-
ical and biological agent, through the microparticles development and characterization,
ending by applying microparticles on model plants with resulting outcomes.

2. Biopolymeric Microparticles—Carrier System Composed of Alginate and Chitosan

Nowadays, research is more focused on developing natural products like, for exam-
ple, natural carriers for different active agents. The most used biodegradable polymers in
the process of producing microparticles are next-generation biopolymers sodium alginate
and chitosan. Biodegradable polymers are used to prepare microparticles and are of main
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interest because they are safe for the environment and are generally non-toxic [35]. En-
capsulation 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 microparti-
cles are usually spherical, but may have some deviations. The appearance of microparti-
cles varies in size, shape, and composition mainly because of the influence of encapsulated
material, biopolymer, and the method used for its preparation [36]. Many microparticle
classifications can be found in the literature [37-42], while here in Figure 1, a representa-
tion of microparticles relevant to this review is presented wherein matrix microsphere, an
encapsulated material is homogenized through the biopolymeric matrix (including sur-
face), while shell-matrix particles combine the features of both the matrix and shell mate-
rials, where encapsulated material is not found on the particle surface, respectively.

Matrix-microspherey| Shell-matrix-microcapsuleq

Figure 1. Representation of microparticles relevant to this review paper, a matrix microsphere, and a coated shell-matrix

microcapsule.

Biopolymeric microparticles have an advantage, due to their controlled and targeted
release, but 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 control of the dispersity of the
particles. The above-mentioned disadvantages can negatively influence the efficiency of
active agent delivery [43]. Even though, biopolymers are considered as great materials to
use in the production of microparticles, mainly due to their abundance and affordability
alongside their stability and durability throughout the process of encapsulation. Biopoly-
mers 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
[44]. Biopolymers may vary in composition and physicochemical properties, and because
of that, their utilization is often dependent exclusively on them. To achieve successful en-
capsulation, it is necessary to understand the structure of used biopolymers.

Sodium alginate is negatively charged, due to the presence of carboxyl groups from
the uronic acid residues [45]. It is composed of two repeating carboxylated monosaccha-
ride units (mannuronic and guluronic acids), and the ratio between them influences the
properties of the biopolymer. Chitosan is a partially deacetylated polymer of N-acetylglu-
cosamine obtained after alkaline deacetylation of chitin. The N-deacetylation is seldom
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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 aque-
ous acidic solutions (pH < 6.0) and is called chitosan [46]. The electrostatic attraction be-
tween the cationic amino groups of chitosan and the carboxylic groups of the alginate
leads to the formation of the polyelectrolyte complexes of various structures. By control-
ling the degree of association among the functional groups, the structure and physico-
chemical properties of these complexes may be adjusted [47]. Immobilization and the sus-
tained release of encapsulated agents are achievable by applying chitosan and alginate
complexes in the micro/nanocapsule form [1,45,48,49].

3. A Cost-Efficient Method to Produce Microparticles—Ionic Gelation

Plenty of different techniques may be used for encapsulation in biopolymeric matri-
ces. Hudson and Margaritis [50] comprehensively reviewed biopolymeric particles pro-
duction, and divided the methods as: (i) Ionotropic gelation or external gelation, (ii) emul-
sification and internal gelation, (iii) the reverse microemulsion technique, (iv) emulsion
crosslinking method, (v) emulsion-solvent extraction, (vi) the emulsification solvent dif-
fusion 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) nano-
particle albumin-bound (nab) technology, (xvi) self-assembly, (xvii) desolvation method,
(xviii) methods involving hydrophobized pullulan derivatives, (xix) reverse micelle syn-
thesis 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 micro-
particles mainly because it uses mild conditions throughout the encapsulation process
and economical production costs [51,52]. Sodium alginate is a common biopolymer used
to prepare 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 so-
dium alginate for divalent cations mainly depends on its composition. Guluronic acid-
based alginate will be more prone to ion binding compared to mannuronic acid-based
alginate. The affinity for the metals follows order: Mg? < Mn? < Ca? < Sr?* < Ba* < Cu? <
Pb?* [53-55]. These cations diffuse in sodium alginate solution forming a gel matrix, due
to the cation-binding crosslinks with alginate. Crosslinking density is mainly determined
as per the concentration of the cation solution [56]. The binding of the cations 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. The model is based
on the steric configuration of the guluronic acid blocks residues [57,58]. This model de-
scribes the gel formation via sodium cation swap with calcium cation from two adjacent
guluronic acid blocks and forming a single ion bridge between the chains. Ca? ions hold
the alginate chains together, and with more bonds, the nature of biopolymer binds more
Ca? in a stable form. Guluronic groups of alginate correctly distance coordination of Ca?*
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) [56]. Kinetics of gelling kinetics are
fast and adaptable, but also depend on polymer and cation type and their respective con-
centrations. With the use of a microdroplet generator (Figure 2) dripping in cation solu-
tion, microparticles can be easily prepared. A Microdroplet generator is used for the drop-
wise addition of sodium alginate into the bath containing divalent cations, where gelling
occurs, and spheres are formed (more detail on the process can be found in section 7.2.).
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Conveniently, Ca?* has been widely used as a gelling cation, since it is chemical versatile
and safe [56,59].

Figure 2. An example of a microdroplet generator used to prepare microparticles, Encapsulator
Biichi-B390, BUCHI Labortechnik AG, Switzerland.

Generally, sodium alginate produces rigid, but relatively porous hydrogels with
weak physical and mechanical properties, which are important in delivering active agents
[51,60]. Chitosan utilization is limited, due to its limited chain flexibility and poor me-
chanical strength, but its application has high prospects when coupled with other biopol-
ymers [61]. Properties of these biopolymers (polyelectrolytes) may be amended by com-
bining them, thus, improving their chemical stability and achieving microparticles with
improved controlled release of encapsulated material [62]. The coating of alginate micro-
spheres can be achieved with chitosan via polyelectrolyte complexation. The polyelectro-
lyte complex is dependent on the electrostatic interactions between the two oppositely
charged biopolymers. It has to be noted that research on biopolymeric microparticle pro-
duction 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 [63].

4. Conventional Formulations vs. Advanced Formulations— A Necessity for Advanced
Carrier Systems

Conventional biofertilizers are used in plant applications as powder, liquid, or gran-
ulated forms [2]. Inoculants are generally commercialized in solid and liquid forms—
while liquid forms are applied to the seeds, granular inoculants are applied to the soil [64].
There are limitations in the use of conventionally immobilized biological agents for agri-
cultural 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 [65]. For
example, live Trichoderma spores must be stored under refrigeration and applied at tem-
peratures 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 [38,66].

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 storage and
application. A significant problem of peat-based products is their negative environmental
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impact. Even though peat is a good carrier for microorganisms, interests in developing
new formulations are of main interest [67]. 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 [68].

Alternative formulations are always developing, mainly to achieve the advantage of
long shelf life and easy transportation while reducing the overall cost of preparation. En-
capsulation of microorganisms into biopolymer-based particles mainly tries to enhance
efficiency, achieve effective storage and transportation. Encapsulated microorganisms have
enhanced survival and controlled release with prolonged effect with the higher perfor-
mance during storage and applications [2]. Increasing the bioavailability of biological con-
trol agents in the field is also possible with the use of encapsulation into biopolymeric mi-
croparticles. Especially, since biopolymeric microparticles are high in water content, in-
stantly resolving the problem with the necessity of high relative humidity. Advanced carrier
systems would be made via the simple and economic process, using biodegradable and safe
material for delivering more than one active ingredient (chemical/biological), with tunable
release properties and greater shelf-life compared to the conventional formulations.

Biopolymeric microparticles can engulf microorganisms and protect them with their
predefined and fixed microenvironment for the cells’ survival. Thus, the cell metabolic
activity can 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 [65,69]. It must be noted that when choosing a
relevant biopolymer, its characteristics need to be considered to achieve successful bio-
logical control. Important physicochemical parameters to consider when using a biopoly-
mer 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 considered. Safety, quality, and source of bi-
opolymers are also important factors to be considered, as well as degradability and ap-
proval from relevant agencies (European Union Commission Regulation, Food and Drug
Administration, etc.) [38].

What modern encapsulation science makes advanced is that it considers 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 to formulate several active ingredients in one formulation, such
as a biological agent and a chemical agent, enhancing the efficiency of encapsulated ma-
terial and having a synergistic effect on the plant [38]. According to John et al. [2], it is
expected that microencapsulated formulations will dominate marked for ecological and
efficient agricultural production, providing all necessary protection of encapsulated
agents, while reducing the negative effect of non-degradable conventional chemical pol-
lutants on the environment.

5. Plant Metabolites (Biologically Active Compounds) and Their Importance in
Functional Food Production

Plants produce many 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 [70,71]. Plant metabolites are generally classified into primary and secondary. Plant
primary metabolites are indispensable for plant growth and development. But plant sec-
ondary 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 [72]. Plant secondary metabolites also possess bio-
cidal properties making them crucial in the control of various pests and pathogens [73].



Appl. Sci. 2021, 11, 4061

8 of 34

Polyphenolic compounds have a photoprotective function, structural support, and
protection against attackers, and other significant roles crucial to the plant's metabolism
and survival [74,75]. They are also responsible for the pigmentation and some of the or-
ganoleptic characteristics, such as flavor and color [76,77]. Numerous studies confirm the
benefits of polyphenolic compound ingestion on human health [78,79]. Antioxidant activ-
ity is one of the most important properties of these compounds, since they are efficient
proton donors. By accepting electrons, polyphenolic groups form stable radicals [73].

When discussing the content of pigments in plants, such as carotenoids and chloro-
phylls, their concentration gives us valuable information on the level of stress a plant is
experiencing, as well as the extension of stress endurance [80]. The health-beneficial prop-
erties of carotenoids are well known, and they are claimed to prevent human diseases like
cancer [81-83], osteoporosis, neurodegenerative disorders [84], lung diseases [85], cardio-
vascular diseases, and age-related disorders [86]. 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 [87,88]. More details on the
health benefits of different carotenoids can be found in a review paper by Juri¢ et al. [89].
Chlorophyll has a similar structure to hemoglobin and may regenerate or act as a substi-
tution for hemoglobin in hemoglobin deficiency conditions. It is important to mention
some of the known health benefits of higher chlorophyll intake. Chlorophylls are im-
portant 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 micro-
biota [90], and they exhibit antioxidant and antimicrobial properties [91]. Some studies
revealed that chlorophylls act antimutagenic [92] and antigenotoxic [93], while some stud-
ies reveal in vivo [94] and in vitro [95] chemo-preventive effects in humans [96]. The use of
chlorophyll-rich juices is recommended for the treatment of thalassemia and hemolytic
anemia [97], and has important anticancer functions [98,99]. 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 [100,101].

Plant metabolites are often utilized to increase the functionality of foods [102,103].
The term functional foods refer to foods with a relatively higher content of biologically
active compounds, 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 rela-
tively higher content of bioactive compounds do provide additional benefits to human
health [3,4]. Also, some plant metabolites are utilized as colorings in foods. European Un-
ion 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)
[104]. European legislation also permits the use of chlorophyll derivatives in foods, which
are labeled E140 and E141 [105].

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.

6. 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., Ca>, Cu?*, Mg?) are essential plant nutrients and play im-
portant roles in many biochemical pathways. They are essential in the structure and per-
meability of cell membranes, plant cell division, and elongation. They act as signaling ions
in the regulation of biochemical cascades [17]. For example, Ca? has a signaling role in the
upregulation of genes responsible for synthesizing polyphenolic compounds [20]. On the
other hand, Ca? is often found in soil, but the biggest problem is, its prevalent form is
relatively insoluble, like CaCOs. Cu? also show a stimulating effect on the production of
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plant secondary metabolites and is essential for some biochemical and physiological path-
ways, but the problem is that at higher concentration becomes toxic [31]. Mg? is tightly
connected to the photosynthesis process as it is the central atom of the chlorophyll mole-
cule. Mg? becomes extremely phytotoxic when concentrations of Ca? in plants are low
[106,107] because Ca?* ions control and modify the uptake of available Mg? [108]. 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 (Figure 3) is a biological control agent used in agriculture as bi-
ostimulants and against phytopathogens. Generally, Trichoderma spp. are used in agricul-
ture because of their ability to produce a relatively high quantity of specific enzymes [109],
and secondary metabolites to control phytopathogens [110]. Mycoparasitic Trichoderma
spp. produce antimicrobial compounds [111], has antibiosis activity, and induces re-
sistance of the host plant [111,112]. As mentioned above, Trichoderma spp. produces hy-
drolytic enzyme complex, which is made of chitinases, $-glucanases, cellulases, and pro-
teases. These enzymes, especially chitinases, which are the most effective, help in the de-
composition of the cell walls of phytopathogens, allowing Trichoderma spp. hyphae pene-
tration, colonization, and mycoparasitic activity to occur [110,113,114]. Trichoderma species
are also known to acidify their surrounding environment via the secretion of organic acids
and can solubilize some chemical agents [115].

=

Figure 3. Macro photograph of Trichoderma viride in a standard Petri dish and microphotograph
(optical/fluorescence microscope) of Trichoderma viride stained with Rhodamine 123 mitochondria-
specific fluorescent dye.

Recently authors [110] 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. [69] report a simple and innovative way
to encapsulate Bacillus salmalaya, a plant growth-promoting rhizobacteria. Successful pro-
tection of bacteria was achieved with encapsulation in degradable chitosan/alginate mi-
croparticles. The bioactivity of bacteria was maintained in samples that were encapsu-
lated. The application of alginate/chitosan-based particles in agriculture is becoming more
popular because of their abundance, relatively low price, and because they are rich in
amino and hydroxyl groups. For example, chitosan has been successfully utilized for de-
livering fertilizers, pesticides, and nutrients, and it found its application as an adsorbent
in wastewater treatment [61,116-118]. Alginate-based microparticles are lately becoming
increasingly popular, and in Table 1, the most recent examples of fungal biocontrol agents
encapsulation are presented.



Appl. Sci. 2021, 11, 4061

10 of 34

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
Tri i ing the shelf life of
ggﬁ{;;?g:?:ﬁg&m = calcium-alginate beads = ionic gelation = fresh beads and freeze-dried = freeze-drying and cold storage lmpfj(i)z)]:(l)ittroi Z int neo
and = size after freeze-drying was * 2% sodium alginate beads at 8 °C and in an oven at 25 maintains the viability of « to fight plant disiases and [120]
. . 2.5+0.2 mm = 0.2 mol dm= CaCl and 35 °C for 120 days biocontrol agent §ntp
microsclerotia promote plant growth
Metarhizium brunneum = calcium alginate/starch + ionic eelation = calcium-alginate beads
Ca8ll, Cb15III, beads o . 8 . . . - .., function as microfermenter for = entomopathogenic fungi in
. * 2% sodium alginate, 10% native = drying and storage stability still .. ) .
Cb16lll and Cb16IV = supplemented with yeast o e Metarhizium spp. blastospores  attract-and-kill formulation
. granular corn starch, 1% inactivated needs to be ) . [121]
blastospores and = bead size unknown and eround veast determined = encapsulated blastospores strategies as an option
Metarhizium pemphigi  (syringe diameter 2.1 x 0.8 . 2g 0% Ca(}lll maintained virulence against for arthropod pest control
Xlc blastospores mm) e : tick (Ixodes ricinus nymphs)
= porous honeycomb structure
= calcium on thfe surface of the beads = the beads based on the semi-
. L . = sustainable and controllable . .
alginate/starch/poly(N- = ionic gelation release with ood interpenetrating network
. isopropylacrylamide . b sodium alginate, b starch, . rogel wit
isopropylacrylamid 2-4% sodium alginate, 10% starch, & hydrogel with
Aspergillus flavus H4-5 . . . . . thermosensitivity of beads . .
hydrogel beads 1% poly(N-isopropylacrylamide), 1- = no shelf-life was investigated . . kaolin could serve as carriers of ~ [122]
spores . . o . = kaolin supplementation results .
= supplemented with kaolin 3% kaolin . biocontrol agents in the early
. in a slow-release before peanut .
= dry bead diameter 1.93 + = 2% CaCl2 . . flowering stage of the peanut
0.08 0 2.63 + 012 mm flowering and rapid release of
’ D biocontrol agents after
flowering begins
= improved the resistance of the
= calcium-alginate beads - drippir.lg method anfi emulsion encapsula.lted f.un.gi tothe UV a reliable formulation for field
. . *1.5+0.3mmand 2.7 +0.3 internal gelation . irradiation .
Trichoderma harzianum . . . = dried at 40 °C and stored at room s applications intended to
CDBB-H1-125 conidia " o (dripping method) " 2% sodium alginate temperature for two years * preserved viability above 70% biologically control plant [123]
= 8.6 £ 3 um (emulsion =0.05 mol dm=3, 0.1 mol dm3 or 0.15 P ¥ for 2 years & ati N p
internal gelation) mol dm= CaClz = the favored size was found to pathogens
be 1.5+0.3 mm
) calc1um:el§g1sate/starch = controllable and sustainable
= supplemented with kaolin o " tomie g.elahon o . rele.ase of spores ar}d metal.axyl = biocontrol of aflatoxin and
Aspergillus flaous Ha-5 or rice husk powder * 1.5% sodium alginate, 10% maize = increase of kaolin and rice management of to the
pers p. K starch, kaolin 1-4%, and rice husk = no shelf-life was investigated ~ husk powder share in calcium- . & [124]
spores = co-encapsulation with o . environment and harmful
powder 1-4% alginate/starch beads made the .
metalaxyl 4 ecosystem pesticides
« dry bead diameter 1.95 + = 0.1 mol dm= CaClz release
0.10 t0 2.37 £0.09 mm rate slower
. . * ionic gelation = increase in drying survival = starch acts as a filler
Saccharomyces * calcium-alginate/starch | . . o . . .
. 2% sodium alginate and 20% native . . . with neem powder extract ~ and carbon source while neem
cerevisiae Meyen ex beads = no shelf-life was investigated . . [125]
E.C. Hansen corn starch, and 1, 5, or 10% neem supplementation of co- powder extract functions as an

powder extract (NeemAzal® technical)

encapsulated S. cerevisiae

insecticide and filler
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= supplemented with neem  and 0.1 amyloglucosidase/g matrix
powder extract solution
= 180 mmol dm= CaClz
= fresh beads size was 3.5 +

0.2 mm
Metarhizium brunneum = calcium-alginate/starch = jonic gelation . o
strain BIPESCO5 beads = 2.0% sodium alginate and 20% sterile drymg' a,lt 80 °C for 3 days over
. . . silica gel (aw <0.2)
mycelium = dry bead size ~2.5 mm native corn starch

= amidated pectin/starch
= supplemented with

= dripping method
1lul ker’ t, and
Metarhizium brunneum cellulose, baker’s yeast, an * 2% amidated pectin/20% sterile . .
. cellulase . * incubation of beads for 28 days
CB15 mycelium native corn starch

* bead size unknown

(syringe diameter 2.1 x 0.8 * 2% cold CaClz solution

mm)
= drying at 30 °C for 3 days over
i1 i . 1 <
Metarhizium brunneum calcium-alginate/starch ionic gel'ahon s11l1ca gel (aw<0.2) ‘
beads * 2% sodium = storage in oxygen and moisture
BIPESCO5 . . . .
. = supplemented with polyols alginate and 20% native corn starch impermeable
mycelium . o . .
= bead size unknown = 2% CaClz solution aluminum/polyethylene bags at
5°C, 18 °C, and 25 °C for 12 months
= calcium-alginate beads
Metarhizium brunneum (Ca? from calcium = ionic gelation = stored in nonoxygen and
ART2825 aero conidia gluconate) * 2% sodium alginate moisture-permeable
and Saccharomyces = supplemented with starch = 180 mmol dm- CaClz, 180 mmol dm= aluminum/polyethylene bags at
cerevisine H205 = moist bead diameter 3.6 + or 112.5 mmol dm= calcium gluconate 35 °C for 12 weeks

0.1 mm

= slowed the relative release of
azadirachtin (secondary
metabolite present in neem
seeds)

= 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

= increased mycelial growth by
supplementation of cellulose
and inactivated baker’s yeast
= improved endophytism in
potato plants by 61.2% with co-
encapsulated cellulase

= a significant influence on
endogenous arabitol and
mannitol contents in the
mycelium
= high fungal virulence against
Tenebrio molitor L. larvae for 12
months

= increased mycelium growth of

Metarhizium brunneum
= enhanced COz release from
beads containing
Saccharomyces cerevisiae

= gluconate has a nutritive effect

on encapsulated fungi

= exploitable in integrated pest
management approaches

= protect the fungus during
drying, enable
growth on different soils and [126]

promote endophytism in tomato

plants

= enhance endophytism of an
endophytic
entomopathogenic fungus by
enzymatic actions of co- [127]
encapsulated cellulase
= plant protection strategies
against herbivorous pests

= improving the shelf life of
encapsulated mycelium and

application as encapsulated [128]
microbial biocontrol agents
= increase survival and shelf life [129]

of drying-sensitive microbes
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It is important to mention that the synergistic action of chemical and biological (bio-
control) agents may improve their activity, and investigation of their relationship is of
crucial importance for developing efficient products [119].

7. Guidelines on Developing Biopolymeric Microparticles
7.1. 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 to produce encapsulated chemical and biological agents. The clever ap-
proach 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 [38]. The development of guidelines for delivering chemical
and biological agents starts before the encapsulation procedure, focusing first on the com-
patibility of encapsulation material with the material which will be encapsulated.

Throughout this review, we discuss (1) the preparation of biopolymer-based micro-
particles and (2) the application of tailored microparticles on plant cultures and outcomes.
The first part [130-132] comprises the preparation of microparticles (microspheres and
microcapsules). The development of microparticles loaded both with chemical and bio-
logical 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 encapsu-
lation process. The nature of biological agents is to interact with their environment, thus,
molecular interactions with chemical agents, as well as biopolymers used for encapsula-
tion, are important to determine. In the paper of Vincekovic et al. [133], it is discussed how
Trichoderma viride can survive in the presence of different metals and even can bind them.
Vincekovic¢ et al. [130] observed that Trichoderma viride survives in the presence of Cu?,
and even at the higher concentrations, the growth was promoted. Encapsulation of more
than one component presents a significant problem, mainly because encapsulated mate-
rial 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 Cu? and Ca?* inhibits the activity of
T. viride, but increases it.

The fungal cell has a very complex chemical composition [134], 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 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 myecelial cell walls. Scanning electron images revealed that T. viride
spores [131] appear similar in size (around 3.6 pm) and shape to Penicillium [135], and
Aspergillus [136] spores. The functional groups detected in the FTIR spectrum relate well
with the chemical structure of the cell wall from the literature [133]. The inverse relation-
ship 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 Cu?* or Ca?* and T. viride spores, as well
as between T. viride spores and sodium alginate, is well explained in the papers of Vince-
kovic¢et al. [52,133] and Juri¢ et al. [131]. Briefly, the presence of Cu?* in the alginate matrix
causes significant changes in the alginate functional groups region (hydroxyl, ether, and
carboxylate). With a higher concentration of Cu?, intensities of main alginate peaks
change and are shifted, implying changes in intensities of hydrogen bonding and Cu?*
interaction with T. viride spores. Respectively, the intensity of hydrogen bonding is weak-
est with a higher Cu?* concentration. Similarly, Cu?* influences the asymmetric and sym-
metric COO- stretching, indicating complex interactions between all the components nec-
essary to prepare Cu-alginate microparticle. It was further revealed that an increase in
Ca?" concentration causes significant changes in the alginate functional groups region. Re-
garding the spectrum of T. viride and Ca¥, it is suggested that carboxylate and at least
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hydroxyl groups are involved in interactions as previously observed for interactions be-
tween T. viride and Cu?. FTIR spectrum of T. viride spores and alginate mixture revealed
intermolecular hydrogen bonds. There are indications of at least interactions with hy-
droxyl, amino, carboxylate, and C-O groups. FTIR spectra of components (gelling cations,
sodium alginate, chitosan, and biological agent) can give important information and pre-
dictions 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 Vincekovi¢ et al. [133], via electron microscopy and cell fractionation
studies, it can be observed that Cu?* is located on the cell wall of T. viride spores, indicating
the place of interaction. Zeta potential measurements performed on T. viride spores re-
vealed a negative zeta potential of —35.1 mV, which points to the fact that interactions
between Cu?* are primarily due to the electrostatic attractions. The negative charge of T.
viride spores indicates prevailing spore surface hydrophilicity [137]. The negative charge
arises from functional groups as carboxyl, hydroxyl, amine, and phosphate [134]. It was
found that the increase in copper cations concentration resulted in a less negatively
charged spore surface and consequently aggregation [130], thus indicating that electro-
static interactions do occur. FTIR spectrum of T. viride spores and Cu?* suggest that amine,
hydroxyl, carbonyl, and amide bonds are the major sites for cations binding. Cu? binding
to T. viride is beside electrostatic interactions also associated with possible ion exchange
and some physicochemical interactions [133]. Similar to the Cu?, an increase in Ca> con-
centration results in less negatively charged T. viride spores, due to the electrostatic bind-
ing of calcium cations [131]. Also, the diminishing of electrostatic repulsions between
spores led to their aggregation. With higher concentrations of Ca?, a reversal of charge
occurs, which suggests that besides the electrostatic interactions, some other mechanisms,
like in the case of Cu?* ions, 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 Mg? and Zn?* ions reveal the
same behavior when introducing cations to the suspension with T. viride spores. Further-
more, some of our tests with the spraying of different solutions containing Cu?, Ca?, Mg?,
or Zn* revealed a significant increase in the sporulation of T. viride. Also, the presence of
Ca?" in lower concentration does not significantly change aggregate size [131], and an in-
crease in concentration resulted in a less negatively charged spore surface (based on the
average zeta potential and the mean hydrodynamic diameter). The diminishing of elec-
trostatic repulsions between spores led to the creation of bigger aggregates. Compared to
the Cu?, the presence of higher concentrations of Ca? results in somewhat slower sporu-
lation, but still, it was not prevented, and results are dose-dependent. These results may
aid predict kinetics and release mechanisms of encapsulated agents from various micro-
particles [131].

7.2. Recommended Guidelines to Prepare Microparticles Loaded with Chemical and Biological
Agents

This section brings some important aspects to prepare microparticles, not only for
agroindustrial 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
encounters 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, con-
trolled conditions of preparation should be achieved [138,139]. The procedure of micro-
particle preparation vary, and the essential need is to achieve high encapsulation effi-
ciency, loading capacity, alongside chemical stability. It is also important to achieve good
swelling properties, surface, and core morphology, all of which influence the controlled
release of encapsulated agents (Figure 4). Nevertheless, with regards to the preparation of
biopolymer-based microparticles, universal microparticles for any purpose do not exist.
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Physicochemical

It is important to tailor microparticles based on the intended use, and therefore, appropri-
ate procedures need to be developed and applied.
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Figure 4. Schematic representation of recommended observations when tailoring microparticles for specific purposes, a
case of chemical and biological agents.

To achieve desirable microparticle efficiency 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 in 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 [133]. The ratio between gelling cations and sodium alginate
determines the kinetics of gelation, and in the end, physicochemical characteristics of the
formed gel matrix [140]. Research reveals that the decrease in sodium alginate concentra-
tion increases mechanical stability, but when the concentration is too low, mechanical sta-
bility starts to decrease [138,140,141]. The sodium alginate solution is viscous, depending
on the concentration. The minimum viscosity of sodium alginate solution to form micro-
spheres via the ionic gelation method is 0.03 Pa-s [142]. Spherical microparticles may be
obtained over a wide range of viscosity of the latter solution. Usually, the viscosity of
aqueous sodium alginate solution does not go over 1 Pa-s [133]. Microparticle size mainly
depends on the polymer concentration. An increase in the particle size correlates with the
higher initial concentrations of biopolymers, because of the functional groups' propor-
tions. It should be noted that encapsulation efficiency decreases with an increase in poly-
mer concentration, which ends with less space for encapsulated material [46]. The concen-
tration of both sodium alginate and gelling cation significantly affects cation binding and
kinetics of gel matrix formation.

This review discusses the impact of Cu?* or Ca? cations in various concentrations 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 al-
ginate interacts with cation to form a gel network—microspheres, and the second step
involving the additional coating of microspheres with chitosan via polyelectrolyte com-
plexation [143].



Appl. Sci. 2021, 11, 4061

15 of 34

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 (to not 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 (Cu?*, Ca?, or a mixture of various chemical agents, e.g., Ca*/Mg?",
since reaction with Mg?, does not occur instantly as with the above-mentioned cations. It
is recommended to combine Mg? with other divalent cations that react fast and form a
strong gel, like Cu?*, Ca*, or Zn?*. Since donor solutions always contain anions, e.g.,
CuSOux5H20 or CaCly, the inclusion of the anion into the microparticles also occurs. Dur-
ing 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, the dropwise addition of carrier
solution (sodium alginate) can be achieved using a microdroplet generator (Figure 2).
Concerning the size of the nozzle, used for the dropwise addition, the pressure, frequency
of vibration (amplitude), and temperature should be considered. Higher temperatures de-
crease the viscosity of sodium alginate solutions, and smaller spheres may be formed via
the usage of nozzles with a small diameter (e.g., 80 pm). When using the bigger nozzle
(1000 um), 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.

Figure 5 shows a schematic representation of the preparation procedure. As can be
seen, in the first stage, a simple method can be used for the preparation of microspheres
(gel matrix), while for the second stage of preparation, coating of microspheres, i.e., mi-
crocapsules, with chitosan, can be observed. Via the polyelectrolyte complexation, micro-
spheres are dispersed in the acidic chitosan solution, where chitosan rapidly binds onto
the surface of alginate-based microspheres by electrostatic interactions between proto-
nated amino groups on chitosan and ionized carboxylic groups on alginate-based micro-
spheres [144]. 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 algi-
nate tightens and stabilizes the surface of the microparticle [1,145]. When chitosan binds
to the microsphere, competing ions like H* or Na* have an insignificant influence on the
stability of the polyelectrolyte complex [146], and chitosan diffusion to the inner part of
microparticles is very limited [147]. This can be observed in a research paper of Vincekovi¢
et al. [133] and Juric¢ et al. [132] where a distinct chitosan layer was formed on the surface
of the microspheres, i.e., microcapsule.
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Figure 5. Schematic representatlon of calcium-alginate microparticles preparation mlcrospheres and mlcrocapsules)
two steps: (I) Ionic gelation (II) microsphere fabrication, and (III) polyelectrolyte complexation.

7.3. Characterization of Microparticles Loaded with Chemical and Biological Agents
7.3.1. 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 val-
uable 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 micro-
scopic observations can also reveal the percentage of shrinkage of microparticles after dry-
ing to the constant mass, as well as the collapse of the matrix and even loss of sphericity
[133]. In the paper of Juri¢ et al. [132], a decrease in the size of the microcapsule can be
observed with the increase in the Ca?* ions used in the encapsulation procedure. This is in
correlation with other literature data, which revealed the formation of smaller particles
with higher Ca? concentration, due to the lower percentage of water retention and for-
mation of tougher gel matrix [148].

Confocal laser scanning microscopy (CLSM) may reveal interesting data with re-
gards to the observed microparticle. Vincekovic et al. [133] reveal data on chitosan binding
over Cu-alginate microparticles. Microphotographs were taken under CLSM in fluores-
cence 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 thick-
ness of the coating layer. In this case, the thickness was about 7 um in the case of the
microparticles loaded with only a chemical agent (Cu?%), and in the case of microparticles
loaded with Cu? and T. viride spores, a layer was about 11 um thick. The different size in
layer thickness over microparticles without T. viride spores was explained as a lower ex-
tent of reaction between chitosan and alginate matrix. Electrostatic interactions between
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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 the paper of Juri¢ et
al. [132], a clear existence of a thin chitosan layer on the surface of Ca-alginate micropar-
ticles was observed.

Optical microscopy and CLSM may reveal data on microparticle size, general mor-
phology, presence of biological agent (even protruding of hyphae from the microparticles)
or chitosan layer, but scanning electron microscope (SEM) can shed light on even more
details. In the paper of Juri¢ et al. [131], irregular wrinkles can be observed on dried mi-
crospheres as a consequence of biopolymer strain-relaxation processes, which are gener-
ally associated with water/humidity loss. Furthermore, SEM images can reveal pores and
anomalies on the surfaces. For example, in the paper of Juri¢ et al. [131], a highly porous
surface was observed (size of the pore is about 0.169 pm), as well as numerous spherical
blebs (T. viride spores) which are visible as entangled into the matrix of a microsphere.
Furthermore, this was confirmed in the publication of Juri¢ et al. [132], where the surface
of microspheres without T. viride spores is highly porous, and where numerous blebs are
found on microspheres prepared with T. viride spores. The microcapsule has fibrous and
striped surfaces because of the presence of the chitosan layer, and reduced porosity on the
surface was confirmed. Microcapsules with T. viride spores have a sleeker surface with the
appearance of numerous dimples (protruding hyphae). Some microphotographs reveal
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 micropar-
ticles. Juric et al. [132] covered 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. Results from AFM confirm the change in morphology with
a change in the composition of microparticles. Highly porous morphology is detected for
microspheres with grainy surface texture and microroughness. Chitosan layer increases
surface roughness, but the addition of biological agents (T. viride) reduces the roughness
of both microspheres and microcapsules (Figure 6).

Microsphere surface roughness < Microcapsule surface roughness

Matrix

RELEASE MECHANISMS RELEASE MECHANISMS
A combination of Shell (Chitosan layer) Type Il transport (the
diffusion mechanisms 4 3 polymer swelling and
and the Type Il transport f Matrix o relaxation)

®

Diffusion through the
microsphere

Diffusion through the
microcapsule

Figure 6. Influence of microsphere and microcapsule surface roughness on chemical and biological agents release mecha-

nisms.

The above-mentioned methods for microparticles morphology characterization are
important parameters when discussing mechanisms and kinetics of chemical and/or bio-
logical 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 bio-
logical agent significantly affect surface morphology and structure of microparticles and
consequently release behavior. All the mentioned factors have a combinatorial effect on
the final microparticle properties.
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7.3.2. 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 re-
vealed that functional groups of all components interact with each other, and this is well
explained in papers by Vincekovi¢ et al. [52,131,133] and Juri¢ et al. [132]. 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 me-
chanical 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 [149]. In the metal-alginate complexes, Papageorgiou et al.
[149] proposed a “pseudo bridge” unidentate coordination with intermolecular hydrogen
bonds in polyguluronic regions and the bidentate bridging coordination in the polyman-
nuronic 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 concentra-
tions. 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 al-
ready well known that the (-COO) groups interact with the amino (NHs*) groups of chi-
tosan, 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 that are microparticles made from.
This information can help predict encapsulated agents release behavior which is of crucial
importance when preparing microparticles for various applications.

7.3.3. Encapsulation Efficiency, Loading Capacity, and Swelling Degree

The increase in cation concentration decreases the encapsulation efficiency, but load-
ing with a biological agent (T. viride spores) increases it. This increase is a result of the
interaction of negatively charged T. viride with positive ions like Cu?* or Ca?". Results for
encapsulation efficiency are in correlation with the values of loading capacity [130,131].
Juri¢ et al. [131], and this data can be related to the investigation of Vincekovi¢ et al.
[52,133]. The decrease in encapsulation efficiency with higher cation concentration is be-
cause 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, results may appear somewhat lower. Bespalova et al. [150] also found that T.
viride may decrease the amount of Cu? 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 microparti-
cles 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 must be
noted that the mass of microparticles changes with an additional layer. Using higher cat-
ion concentrations during the preparation of microparticles solves this problem. Regard-
ing the encapsulation efficiency of T. viride spores, they are suspended in a viscous solu-
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tion (sodium alginate) and are dripped in a cation-containing solution. During the for-
mation of spheres, immediate diffusion happens for smaller molecules, but larger parti-
cles 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 [133]. The same was noticed in the investigation of Mancera-Ldépez et al. [123],
where they reveal 100% encapsulation efficiency for Trichoderma harzianum using the same
ionic gelation method.

Loading capacity may be used as a method to investigate the storage capabilities of
microparticles. Publications of Juri¢ et al. [131,132] stimulated germination inside of mi-
croparticles during the storage period at room temperature. No significant changes in the
number of spores were observed after 20 days of storage (based on our experiments even
after six months), 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 (Table 1) where, for example, an investigation of Mancera-Lopez et al.
[123] reveals preserved viability of encapsulated Trichoderma spp. of above 70% even after
two 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 [151]. When hydrophilic microparticles come in contact with water, they
swell, influencing the rate-controlling release mechanism of encapsulated agents. Chi-
tosan-coated microparticles have a higher swelling degree because of the hydrophilic na-
ture of the formed polyelectrolyte complex [1,152,153]. The swelling degree of the com-
plex 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 car-
boxylate anions of alginate. An increase in pH results in 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 [154]. 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 [145]. Respectively,
data from papers of Vincekovic et al. [130] and Juri¢ et al. [131,132] reveal that micropar-
ticles prepared at lower cation concentration result in a higher swelling degree, while with
higher cation concentration swelling degree decreases. This is also reported in other liter-
ature data where higher Ca? concentration reduces the swelling degree of Ca-alginate
microparticles [130,154,155]. The swelling degree significantly depends on the cation con-
centration, 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 [156]. More
available cations affect the structure and properties of the alginate gel matrix, and more
specifically, the size of cavities that can accommodate water [141], causing the formation
of a denser network that swells less [157].

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 concentra-
tions mean relatively slower gelation and matrix with compromised integrity. When pre-
paring microparticles, the swelling degree is an important measure for the prediction of
rate-controlling release mechanisms of encapsulated agents and should always be 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 [158], and larger surface area makes bigger microparticles have
a higher swelling degree [130]. T. viride spores in microparticles somewhat decrease cross-
linking 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. [159], the zeta
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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 [160].

7.3.4. 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
regard 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 the concentration of crosslinking cation [161]. 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) de-
sorption from the surface of the microparticle, (vi) disintegration and (vii) dissolution
and/or erosion of microparticle structure [52]. Kinetics and mechanisms of chemical and
biological agents released from biopolymer-based microparticles (microspheres and mi-
crocapsules) mainly depend on the characteristics of microparticles composition and the
type of active agent. The most important rate-controlling release mechanisms from hydro-
philic microparticles are diffusion, erosion, and swelling [151]. For optimal development
of microparticles, knowledge of mechanisms involved in the release of encapsulated ma-
terial is crucial. The precise cation concentration used to prepare microparticles loaded
with a biological agent is important for synergistic effect (i.e., positive effect on the growth
and behavior).

Respectively, cation release from microparticles shows rapid initial release followed
by slower release obeying the power-law equation. From the results of Vincekovi¢ et al.
[130], the number 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 [158]. As dis-
cussed above in the previous section, with the increase in microparticles diameter, the
chitosan layer gets thinner, causing changes in the mechanical and permeability proper-
ties 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 of Vincekovic et al. [130] 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
Cu? is diminished [130]. The fraction of released biological agents (T. viride spores) was
found to be higher than the chemical agent. Keeping in mind the interactions between the
alginate gel matrix and T. viride spores, as well as the physical entanglement of spores in
the matrix, the release of spores should be slower. But, because of the supportive environ-
ment, 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 Cu?* from microparticles prepared with low Cu? concentration
was somewhat insufficient to stimulate germination.

Generally speaking, chitosan-coated microparticles (microcapsules) have a slower re-
lease rate of both cations and T. viride spores [130]. Microcapsules without T. viride spores
have rapid initial release followed by slower release, obeying the power-law equation.
Microcapsules with T. viride spores show initial lag time, which is the time equivalent to
the time required for the microcapsule to hydrate and reach equilibrium before active
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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, the release
kinetics are faster. The release of Cu?* is controlled by classical Fickian diffusion, both for
small and large microcapsules, respectively. Release of T. viride spores from small micro-
capsules (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 mi-
croparticles prepared at higher cation concentration may be ascribed to form less uniform
microcapsules with poorer mechanical properties. The presence of the chitosan layer im-
proved 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.

8. Application of Biopolymeric Microparticles and Proposed Guidelines

Keeping in mind the systematics in the production of biopolymeric microparticles
loaded with chemical and biological agents, conclusions may apply to diverse possibilities
regarding the microparticles application. It is also possible to extrapolate the data 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
their 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 increas-
ing its nutritive value. Encapsulated agents are protected from the environment, prolong-
ing their lifespan as well as ensuring timely release. Natural polymers have a great ad-
vantage when considering their 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 control-released (at a specific target),
longer retention time, biosafety (soil friendly), cost-effectiveness (less usage), better sta-
bility (against harsh environmental conditions), and easier physical handling [162]. The
application of microparticles presented in this review is novel, and there is very limited
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 (less
than 350 um), 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 [116].

Application near the root either in some later period of plant maturity or when plant-
ing is feasible and relatively easy to achieve. In the paper of Vincekovi¢ et al. [163], an
explanation of how microspheres were applied to mature Vitis vinifera L. (Welschriesling'
cultivar) plants is presented (Figure 7). 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 (Ca?/Mg?*) and biological (T. viride) agents. Var-
ious 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 7. Schematic representation of application and main idea for chemical and biological agents
released near the root of the vine (Vitis vinifera L.) plant.

In the paper of Juri¢ et al. [164], microparticles (microspheres or microcapsules) were
applied in the planting procedure of lettuce (Lactuca sativa L.) both in conventional (Figure
8) and hydroponic types of cultivation. Alginate-based microspheres containing either
only chemical (Ca? or Cu?) or both chemical and biological agents (T. viride spores) and
microcapsules containing the aforementioned were prepared. As a side control, suspen-
sion of T. viride spores in saline solution was used to observe non-encapsulated vs. encap-
sulated biological agent influence on plant metabolites synthesis.
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Figure 8. Example of copper-alginate microparticles (note the blue color) application during the
lettuce seedling planting.

Microparticles for the application were prepared based on the results from the pre-
vious publications of Vincekovi¢ et al. [52,130,133] and Juri¢ et al. [131,132], fitting the
formulation as to the proposed methodology. 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,
relatively higher concentrations of cations were used, whilst for lettuce, lower concentra-
tions of cations were used to prepare microparticles. With this in mind, microparticle com-
position, as well as the final amount, was determined based on the plant's respective
needs. 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-tuning mi-
croparticles for different applications may result in a commercially very approachable
product. Concerning this review topic, variables for the preparation of microparticles con-
sisted of changes in cation type, its combination, presence of biological agent (T. viride
spores) 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 consid-
ering its application. Our trials revealed that microcapsules degrade slowly over time (Ca-
alginate-based microparticles are visible for at least three months), gradually losing vol-
ume. A drop in volume is primarily connected to the water loss, but with constant rehy-
dration, 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
[116,164].

Of course, the degradability of biopolymeric microparticles depends on their physi-
cochemical parameters. Studies on biodegradation processes of polymers, when applied
in agriculture, are scarce, and only a few can be found in the literature [165,166]. Research
by Ratajska and Boryniec [167] revealed that the 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 [38]. The main problem with these types
of research is often connected to the fact that soil is of complex composition. The presence
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of other chemical and biological agents easily omits the predictability of how biopoly-
meric microparticles will behave. This is an area of interest that still has a lot of potentials
to be investigated.

9. Influence of Microparticles Treatments on the Synthesis of Plant Metabolites

It is well known that Ca? controls and modifies plant uptake of Mg? and increases
its availability preventing the negative occurrences of metabolic changes on the plant
leaves [108]. It has been shown that microspheres loaded with Ca? ions had the most pro-
nounced effect on synthesizing total polyphenols in vine leaves (up to 39%) [163]. Fur-
thermore, it was revealed that treatments with Ca?/Mg? loaded microspheres had a lesser
influence on total polyphenols synthesis, signifying the importance of Ca? in synthesizing
these compounds. Microspheres treatments on the vine (Vitis vinifera L.) have resulted in
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.

It has been revealed that 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-mi-
crospheres (without T. viride spores) had significantly influenced vine leaves with a 24%
increase in total carotenoids content. It must be noted that with several harvests, the con-
tent of biologically active compounds in plants changes. With time, a gradual decrease in
carotenoids content in leaves can be seen [168]. Still, after the second harvest, the positive
effect on carotenoid retention is significant, with the highest values achieved with Ca-
microspheres treatment [163].

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 micro-
spheres with T. viride spores [163]. An increase in the number of total chlorophylls in
leaves is due to the synergistic action of Ca?* and T. viride spores on Mg?* uptake during
the whole plant growth period. The distribution of Ca? and Mg?* in leaves highly depends
on the exogenous supply, with the support of T. viride. It is known that Ca?" influences the
uptake of Mg?* (an important component of the chlorophyll molecule) [108], and treat-
ment with these microspheres eliminates possible competition between Mg? and Ca*,
thus increasing the uptake of Mg?* by the plants. Increased availability of Mg?* 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.

It has to be noted that, in this research, no statistically significant change was found
in treatments of vine plants on grapes, but somewhat higher values (11%) were observed
with Ca/Mg-alginate microspheres (with T. viride spores) treatment [163]. Again, antioxi-
dant 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. Cumulatively, results reveal that Ca? and T. viride do
allow better absorption of Mg?, stimulating the synthesis of polyphenolic compounds in
vine leaves. The positive influence of treatments with microparticles is promising in the
vine cultivation process and production of higher quality foods. Future research should
be focused on treatments with specific agents to achieve higher stimulation in grapes.

Juri¢ et al. [164] show that treatments with alginate-based microparticles 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 in-
teresting data. Generally, all treatments had a significant influence on plant metabolites
synthesis, relative to the controls. Compared to the Cu-alginate microparticles, Ca-algi-
nate microparticles had a significantly higher effect on synthesizing plant metabolites.
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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 chlo-
rophylls in the conventional cultivation of lettuce, with up to an impressive 76% relative
to the control [164]. Ca? is known to serve as a secondary messenger for cytokinin action
in improving the synthesis of chlorophylls [106]. These results are in correlation with re-
search on supplementation with Ca?*, where higher chlorophyll values were also observed
in chickpea leaves [19].

Treated lettuce resulted in an increase of up to 48% in total polyphenols content [164].
Generally, Ca-alginate-based microparticles had a stronger effect on synthesizing poly-
phenolic compounds when comparing them to Cu-alginate-based. Ca-alginate micropar-
ticles (with and without T. viride spores) treatments also resulted in a significantly higher
accumulation of total flavonoids with an increase of up to 42%. Ca?* has an important role
in polyphenolic metabolism [169]. Application of Ca?* increases the phenylalanine ammo-
nia-lyase activity, and a higher accumulation of polyphenolic compounds occur. This can
significantly increase the plants' resistance to the infections caused by the pathogens [170].
Regarding the antioxidant activity in treated lettuce plants, Ca-alginate-based micropar-
ticles again had the most pronounced effect [164]. Previously, Ahmad et al. [19] revealed
that supplementation with Ca?" significantly boosts antioxidant activity in plants. Cu-
based microparticles had a lower effect, but some treatments in hydroponic cultivation
were significantly higher than control (untreated). More data on this can be seen in Juri¢
et al. [164].

In conventional cultivation, non-encapsulated T. viride spores (suspension) had less
or even a negative influence on the plant metabolites synthesis when compared to the
encapsulated ones. Equal treatment in hydroponic cultivation revealed significant influ-
ence, 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 fewer 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 signifi-
cantly in an environment that is perhaps not favorable when inoculating the latter.

Increasing the number of plant metabolites as chlorophylls, carotenoids, polyphe-
nols, 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 the identification and quantification of changes happening in a
sample based on a set of metabolites with low molecular mass [171]. Plant metabolomics
aims to investigate plant systems on a molecular level, focusing on a pool of metabolites
that respond to different environmental factors [171-173]. 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 [174]. An increase in synthesizing plant metabolites via encapsulated chem-
icals and the biological agent is promising, and, coupled with plant metabolomics, could
shed light on complex interactions between plants and stimulants. This can further im-
prove the precision and tailoring of microparticles concerning the plant's needs.

10. 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 lyco-
persicum L.) (4 different cultivars) were treated in conventional and 120 in hydroponic
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cultivation. Ca? content in Ca-microspheres was from 2.53-2.73 mg g, while in Cu-algi-
nate microspheres, Cu?* content ranged from 2.32-2.50 mg g! of microspheres depending
on the type of prepared microparticles. The number of T. viride spores was ~10* per gram
of microspheres. Tomatoes treated with Ca-alginate microspheres in hydroponic cultiva-
tion yielded impressive 230% higher lycopene content (cultivar Vasanta), while conven-
tional 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 sec-
ond harvest. A somewhat lesser influence was observed on other cultivars, e.g., treat-
ments 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 signifi-
cant 63% higher lycopene content in conventional cultivation. Cu-based microspheres had
a somewhat lower influence on synthesizing 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 synthesizing polyphenols. Generally, relative to the
Ca-based microparticles, treatments with Cu-based microparticles had a somewhat lesser
influence on synthesizing lycopene, total polyphenols, and antioxidant activity.

Treatments with Zn-alginate microparticles in hydroponic cultivation of strawberries
(Fragaria x ananassa Duchesne) on two different cultivars (San Andreas and Albion) re-
vealed 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 Zn?*. Prepared Zn-alginate mi-
croparticles were spherical with no deformities noticed, with about 1830 pm in size. No
significant changes in size and shape were observed in chitosan-coated microparticles
(microcapsules). When comparing the microcapsules and microspheres, uncoated Zn-al-
ginate microspheres had a higher impact on the synthesis, probably due to the initial burst
release, followed by a slow continuous release of active agents. Relatively to the control,
total polyphenolic content (26%), total flavonoid content (21%), antioxidant activity (27%),
total anthocyanins (20%), and flavan-3-ols (17%) were significantly increased. Treatments
with only chemical agents (Zn?*) result in a significantly higher quality product [175].

Except for Zn-alginate microparticles, treatments with the combination of Zn/Fe-al-
ginate microparticles revealed similar trends. Different varieties of strawberries in con-
ventional cultivation were used as a model for the treatment. Treatment with Zn/Fe-algi-
nate microparticles had a significant influence on the increase of total polyphenols (12%),
total flavonoids (17%), total anthocyanins (16%), as well as antioxidant activity (11%). Chi-
tosan-coated Zn/Fe-alginate microcapsules did not significantly affect the synthesis of
plant secondary metabolites, probably due to the significantly slower release.

The above-mentioned research on tomatoes and strawberries treated with tailored
microparticles is to be published.

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 evi-
dent. 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 of 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.

11. Conclusions and Prospects

The initial carrier system setup determines the chemical and biological agent (T. viride
spores) release rates and patterns. By adopting a systematic formulation approach, opti-
mal 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
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between encapsulated agents and delivery systems and mechanisms controlling its re-
lease aids in the preparation of microparticles with specifically tailored properties and
controllable release kinetics. Simultaneous encapsulation of chemical and biological
agents is feasible. Intermolecular interactions between components from which micropar-
ticles are necessary to investigate before the encapsulation process. 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 applications of microparticles with desirable properties, depending on the needs of a
plant, is attainable. Proposed preparation methods are applicable for various types of en-
capsulated cations, as well as biological agents. One should follow the same methodology
to successfully characterize microparticles or predict their release behavior over time. Pre-
sented guidelines can be universally used for any type of biopolymeric microparticle
preparation using the ionic gelation method, regardless of the loaded components. Appli-
cation guidelines should be followed when applying microparticles for agricultural pur-
poses. Treatments with prepared microparticles loaded with chemical and biological
agents have shown a significant influence on the synthesis of plant metabolites. Tailoring
microparticles to suit the plant’s needs and to stimulate plant secondary metabolites syn-
thesis 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 plant protection and nutrition in ecological production. These for-
mulations are useful in the stimulation of bioactive compounds, which ends in improved
nutritional quality and potential dietary sources of natural polyphenolic antioxidants. Mi-
croparticles preparation and application methods presented are simple and reliable,
friendly to the environment, and economically favorable. Future investigation should fo-
cus on the precise agriculture and metabolomics aspect to determine which mechanisms
are responsible for synthesis stimulation and quantify plant needs more precisely con-
cerning the tailored microparticles.
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