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Preface

The science and technology of polymers for agri-food applications is often known as
“plasticulture.” This agricultural science and technology (Plasticulture Science and
Technology) is growing daily, and is particularly aimed at developing alternative
materials that avoid the use of non-biodegradable products obtained from the petro-
chemical industry. Strong concerns related to climate change, as well as new sustain-
able and ecological concepts in emerging economies have driven the development of
natural polymers for agri-food applications. Synthetic polymers also have a promi-
nent role to play in agro-industry, and as such, they will also be discussed by recog-
nized researchers. This book addresses the different applications of natural and
synthetic polymers in agri-industrial processes with the goal of improving food crop
yields while reducing the carbon footprint.
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Chapter 1
Trends in Polymers for Agri-Food
Applications: A Note from the Editor

Tomy J. Gutiérrez

Abstract An expanding world population and a planet limited in natural resources
are two of the main reasons that have propelled the development of scientific and
technological solutions that enable the efficient, sustainable, and massive production
of food and its subsequent preservation. In this regard, natural and synthetic polymers
have found a place in agri-industry. In this first chapter, we introduce the main
polymeric systems and their potential applications in agri-industrial processes.

Keywords Agriculture - Agrochemicals - Controlled release systems - Crops - Edible
coatings and films - Foams and emulsions - Horticultural produces - Hydrogels -
Micro- and nanoencapsulation - Mulch films - Postharvest

1.1 Present and Future Perspectives

The future of food presents us with several real challenges, some of which require
an immediate response. The solutions to others, however, must be built up more
slowly, especially when contemplating the large amount of food that will be required
to feed the growing world population, coupled with the limited availability of pro-
ductive lands and water (FAO 2009). Every day science and technology make giant
steps forward. Even when the answers or solutions are not quite found, progress
continues to be made by informing us of the limitations of some of the possible
alternatives or by signposting paths that we should not follow. There are many ways
that researchers in agri-food can contribute to the pool of knowledge, but increas-
ingly a more complex and holistic approach is sought. This, in turn, requires highly
trained inter- and intradisciplinary professionals who are also extremely creative, as
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traditional thought processes can limit progress towards the re-creation and redefi-
nition of some ideas, and even science itself. With this in mind, the high importance
given to natural and synthetic polymer systems in agricultural production today
would have been unthinkable a few decades ago. Now, however, we can see how
polymers have carved a space for themselves in the agri-food sector. For example,
as micro- and nano-systems encapsulating phytohormones and agrochemicals
which allow the controlled release of these substances giving food crops what they
require for growth, as well as protecting them against weeds and insects, whilst
avoiding damage to the environment (El-Ramady et al. 2018). Some natural poly-
mers have even demonstrated elicitor properties, i.e. they can stimulate plantations
to create their own means of defense (Merino et al. 2018b). Hydrogel systems have
also been created as moisture regulators for the long periods of drought that are
being currently experienced due to global climate changes (Cheng et al. 2018).
Polymers have also been used in regulatory agrochemical systems (Xiang et al.
2018). Agricultural mulch films protect crops from UV radiation, regulate moisture
levels and control pests (Merino et al. 2019a,b; Merino et al. 2018a; Merino et al.
2018c; Touchaleaume et al. 2018). Foams, emulsions, membranes, films and coat-
ings have also made significant contributions to the preservation and extension of
the shelf life of fruits and vegetables post-harvest (Saberi and Golding 2018). All
these polymeric systems have been proposed and studied with the aim of increasing
the production of foods, or avoiding losses during their cultivation, harvest, trans-
port and sale, until they reach the final consumer. In this book, the aforementioned
polymeric systems will be discussed by several research groups worldwide.
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Chapter 2
Polymer Based Micro- and
Nanoencapsulation of Agrochemicals

Tanushree Sinha, Prachi Bhagwatwar, Chandan Krishnamoorthy,
and Ramalingam Chidambaram

Abstract Agrochemicals such as pesticides and fertilizers have been used to
increase agricultural production. Most agrochemicals although highly beneficial,
lead to major environmental and ecological damage. At present, controlled release
systems such as “encapsulation” are developed to control agrochemicals availabil-
ity, reduce wastage for sustenance and increased production for agricultural plants.
Polymers, due to their tailorable properties can be used in encapsulation. In recent
years, micro and nano-encapsulation have shown great promise for a better design
release of agrochemicals. New sustainable technologies are being designed via dif-
ferent encapsulation techniques, in order to avoid the loss of crops and increase
agricultural productivity.

Keywords Agrochemicals - Micro- and nano-encapsulation - Polymer

2.1 Introduction to Agrochemicals

Agrochemicals have a pivotal role, in maintaining the rising demand for food.
However, the harmful effects of agrochemicals on the environment and health is a
major problem with their use. Hence, careful handling of these chemicals is also
necessary. Agrochemical is a general term that describes the various chemicals used
in agriculture including pesticides, fertilizers, and other growth agents. Among
these, pesticides play a vital role in agricultural development by removing harmful
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pests because greater than 30—40% of the food production goes to waste due to pests
like insects and weeds (Abhilash and Singh 2009; Campos et al. 2014b). Fertilizers
also play a crucial role in agriculture, affecting between 35 and 40% food produc-
tion (Ram et al. 2014).

In conventional agrochemicals, the active component is combined with inert
materials for their safe and easy handling as well as for their effective use in the
field. However, the immediate release of these active components is the biggest
issue faced in the field. This is caused due to the quick loss of the agrochemical that
happens through degradation processes like photolytic, hydrolytic and microbial
degradation as well as phenomena like volatilization, evaporation, and leaching.
Thus, accumulation of the active component in the field drops fast, below the con-
centration required to have an effective impact. Since the desired concentration
should be maintained, agrochemicals must be added repeatedly, eventually resulting
in various health and environmental issues. Excess pesticides may be toxic to plants
as well. Newer formulations of agrochemicals have been synthesized that address
these shortcomings. These formulations release agrochemicals in a controlled, grad-
ual and sustained manner (Prasad et al. 2017; Campos et al. 2014b).

2.2 Agrochemicals

2.2.1 Pesticides

Pesticides are agrochemicals that can effectively target the elimination of plant
pests and diseases for increased crop production. Although the traditional pesticides
formulations are very effective, they are used in the form of water-miscible formula-
tions or granules or dust which are sprayed on the soil or the plants directly which
is not a specific site. There is an excess loss of pesticides due to poor dispersion,
heavy or small dust drifts and high concentration of organic solvent contents with
only 1% of the used pesticide finally reaching the target organism, contributes to
serious environmental pollution, excess wastage and very high expenses for farm-
ers. To avoid these excess losses and unwanted exposure to other organisms and the
environment, a controlled release system which releases the pesticides in a sus-
tained manner at a suitable location and an at a suitable time is desired. Intense
research has opened a gateway to many diverse controlled release systems amongst
which encapsulation of pesticides with polymers is majorly assessed as the most
advantageous.

To date, studies on pesticides can be differentiated based on the target organism
to be eliminated. They are:

i. Insecticides-As the name suggests, they are used to kill insects by targeting their
habits by specific formulations in the form of aerosols, solids, liquids or gran-
ules. For example, flying pests are a target by using aerosol sprays or fogs, while
surface powders, sprays or granules for dermal and/or oral entry is best suited
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for crawling insects. Through different paths the insecticides reach inside the
insect’s body, thus, poisoning them.

ii. Herbicides- targets plants that are unwanted and competitively inhibits the
growth of the agricultural plants, thus, affecting the agricultural produce.

iii. Bactericides- targets bacteria.

iv. Fungicides- targets fungi.

v. Larvicides- targets larvae.

Thus, pesticides target different organisms based on the major infestation or the
risk of an infestation of a specific organism.

2.2.2 Fertilizers

Fertilizers including macro- and micro-nutrients are some of the most important
agrochemicals for crop production, in terms of both quality and quantity (Wen et al.
2016). The characteristics an ideal fertilizer should have are:

i. It should allow optimal growth for plant and enough nutrients with a one appli-
cation per season.

ii. It should give the maximum percentage recovery and absorption of nutrients to
achieve highest returns from the expenses on raw materials and input.

iii. It should have minimum detrimental side effects on the soil, water and atmo-
spheric environment (Gonzdlez et al. 2015; Neamtu et al. 2015).

Nitrogen is the most vital nutrient for soil fertility and plant growth and plays a major
role in agricultural productivity, although only about 30-50% is efficiently utilized.
Phosphorus (P) is the second most important macronutrient for plants after nitrogen.
When phosphorus is applied as fertilizer, plant uptake is limited to 10-25% and the
rest is lost to leaching in soil. Urea is an economically favorable fertilizer due to a
high nitrogen content and low production cost. The consumption of urea has increased
by about 29% after the green revolution in India. However, the major disadvantages
of urea are ammonia volatilization and nitrate leaching which lead to a high loss rate
and low efficiency, eventually resulting in economic loss and environmental haz-
ards. The use of nitrogen fertilizers has been useful but has had harmful effects on
the beneficial microbes that live in the soil. Simultaneously, large quantities of the
fertilizers are not taken up by plants due to run-off and cause pollution (Wen et al.
2016; Navarro-Guajardo et al. 2017; Duhan et al. 2017).

Biofertilizers are beneficial microorganisms like fungal mycorrhizae,
Azotobacter, Rhizobium, phosphate solubilizing bacteria like Pseudomonas and
Bacillus, Azospirillum and cyanobacteria. Microorganisms break down com-
plex organic matter into simple compounds containing micro and macronutri-
ents, improve soil fertility, and increase crop yield. The use of biofertilizers has
drawbacks like temperature sensitivity, short shelf life, and storage issues
(Duhan et al. 2017).
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Micro and nano-fertilizers are encapsulated or coated fertilizer particles that
can deliver nutrients to crops in three possible ways; the nutrient can be encap-
sulated inside nanomaterials (nanotubes or nanoporous materials), coated with
a thin polymer film and delivered as nanoparticles or nanoemulsions. The use of
nano-fertilizers in soil maximizes the efficiency of the absorption of nutrients
while reducing their loss, avoids unwanted interaction of fertilizers with micro-
organisms, soil, and water, reduces the toxicity to the soil, provides more resi-
dence time of the fertilizer in the soil, and reduces the frequency of application of
fertilizers. Thus, nano-fertilizers help in improving crop yield. Nanoparticles con-
tain fertilizers better due to their higher surface tension than conventional surfaces
and provide surface protection for larger particle sizes (Gonzdlez et al. 2015;
Neamtu et al. 2015; Duhan et al. 2017; Navarro-Guajardo et al. 2017; Nagula and
Usha 2016).

Synthetic polymers have been used for encapsulation due to their availability
and variety. These are composed of urea-aldehyde resins, hydrogel nanocompos-
ites, kaolin-chitosan (Cs) systems, polyamides, polyesters, polyvinylidene chlo-
ride, polyvinyl alcohol (PVA), polyurethanes, and other hybrid systems. However,
the use of non-biodegradable synthetic matrices, due to their persistence and
slow decomposition, leads to serious environmental issues associated with the
accumulation of plastic residues. These concerns have motivated research towards
the development of encapsulated fertilizers with biodegradable natural or syn-
thetic polymers/blends derived from renewable natural resources or biopolymers,
like matrices of Cs, cellulose, starch, and natural rubber (Tolescu et al. 2014;
Gonzalez et al. 2015; Neamtu et al. 2015; Gutiérrez 2017, 2018a; Herniou--Julien
et al. 2019).

Cost is another major factor to be considered when analyzing the viability of the
synthesis of nanoparticles. The production hydrogels as carrier matrices for nanopar-
ticles is still more expensive than the use of conventional mineral fertilizers. Some
polymers have lower costs due to lower processing requirements, are abundant in
nature or are byproducts/ waste materials from other industries. The utilization of
hydrophilic biopolymers for the synthesis of agrochemicals has several benefits.
However, due to their higher cost, their use is still widely hindered in agriculture
(Perez and Francois 2016).

The rising demand for fresh water, increasing manufacturing costs of agrochemi-
cals as well as an awareness of their harmful ecological effects have thus helped in
creating a need for better formulations of agrochemicals.

2.2.3 Phytohormones

In the recent year’s encapsulation of gibberellic acid and growth promoting bacte-
rias such as rhizobacteria have been achieved, but they have not been explored
much. A lot of research and development is required in the field of encapsulation of
phytohormones.
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2.3 Agrochemical Formulations

An active ingredient or compound targeting specific pests needs the addition of
different materials called inert ingredients, such as solvents, surface active ingredi-
ents, stabilizers, etc. to stabilize, improve its solubility and the mode of action.
Active and inert ingredients together are formulated into these formulations. These
are made in the form of different concentrates like emulsifiable concentrates, sus-
pension concentrates, ready-to-use low concentrate solutions, dry flowable, solu-
ble concentrates, and ultra-low volume concentrates etc. They are also made in the
form of powders like soluble powders and, wettable powders. Other than different
concentrates and powders, they are found in the form of dust, pellets, granules
tablets, microencapsulates, water dispersible granules, baits, gels, aerosol, etc.
(Liu et al. 2012).

Either direct application of these formulations or prior processing before the
application in the form of a solution, emulsion or a suspension is done, based on
their nature and properties. Suspension concentrates have become quite popular
whereas emulsifiable concentrates and wettable powders are no longer commonly
used by farmers.

Ultimately, effective delivery systems which improve pesticide handling and
application extends shelf life, decrease pesticide toxicity, control the release rate,
improves bioactivity, is targeted and expands the control spectrum and delays devel-
opment of resistance is required (Liu 2012). Although the above formulations are
quite effective their release rate and targeted delivery are insufficient, thus, they are
used in excess leading to wastage, pollution, and extremely high expenses.

As discussed, to increase the release rate and control spatiotemporal release of
agrochemicals, encapsulation is done.

2.4 Encapsulation

Nanotechnology can be defined as the engineering of functional systems through
the manipulation of molecules and atoms in the nanoscale to create nanoparticles or
nanomaterials, which exhibit useful and distinct chemical and physical properties.
The term ‘nano’ describes a billionth of a meter and implies that structures manu-
factured with a circumference ranging between 1 and 100 nm form a part of nano-
technology (Ammar 2018).

Encapsulation can be defined as the process in which a coating or matrix is used
to surround or embed the active chemical or ingredient (Gutiérrez and Alvarez 2017;
Gutiérrez 2018b). The advantages of encapsulation are protection from unfavorable
environments, for controlled and sustained release, and for precise targeting. There
are several reasons for its use and is applied in different industries such as pharma-
ceuticals, chemical production, cosmetics, biotechnology, etc. (Hack et al. 2012;
Campos et al. 2014b).
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Agrochemicals are incorporated into a polymer carrier for controlled release.
These carriers can deliver the agrochemicals gradually and for longer periods to a
specified target at a desired rate, continuously (Nair et al. 2010; Gogos et al. 2012;
Campos et al. 2014b).

The main parameters for the release of agrochemicals from capsules are material
properties, capsule properties, and some external parameters. Material properties
govern the controlled release from the capsules. These include density, crystallinity,
solubility, orientation, cross-linkage, polarity, chemical degradation, and biodegrad-
ability. The capsule properties control the controlled release and include size, shell-
to-core ratio, configuration, shell thickness, concentration, etc. External parameters,
which decide the controlled release, consisting of temperature, pH, humidity, partial
pressure difference, etc. among others (Hack et al. 2012).

The following classes of agrochemicals and related materials may be prepared
by encapsulation of suspensions:

i. Synthetic origin-pesticides (insecticides, herbicides, etc.) and fertilizers.
ii. Biological origin-microbial biopesticides, pheromones, plant hormones, seeds
and cells (Hack et al. 2012).

2.5 Need for Encapsulation for Agrochemicals

Food security is a global concern that needs to be addressed with sustainable meth-
ods that allow future generations to satisfy their demands. Most developing coun-
tries rely on agriculture to generate income. Diminishing arable land and reduction
in organic matter in the soil, as well as a drop-in crop yields, are amongst these
challenges. To maximize crop yields from their fields and to cope with nutrient
deficiencies, farmers resort to excessive fertilizers utilization and agro-chemical
products (Tolescu et al. 2014; Ammar 2018).

The green revolution led to excessive use of pesticides and chemical fertilizers,
leading to a loss of soil biodiversity. Pathogens and pests have become resistant to
them, along with the occurrence of biomagnification of the agrochemicals. The use
of excessive amounts of mineral fertilizers led thus, to the growth of crops contain-
ing excess quantities of chemicals, ultimately ending up in the food chain and
affecting the consumers’ health along with having a detrimental impact on the envi-
ronment (Tilman et al. 2002; Auffan et al. 2009; Duhan et al. 2017).

Efforts are being made to improve agricultural yield through research in nano-
technology. There is a growing demand for the development of new technologies
that could seamlessly work with various agrochemicals, potentially increase yield
efficiency and quality of farmlands, preserve agro-ecosystems, and diminish the
negative health risks imposed by conventional practices. Smart delivery systems
that utilize encapsulated agrochemicals in micro or nanoscale carriers, capsules, or
particles, could enable the accurate and targeted delivery and dosage for fertilizers,
pesticides and growth promoters to crops. They reduce the impact of the harmful
chemicals by reducing loss due to leaching, hydrolysis, photolysis, volatilization,
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and bacterial degradation (Nair et al. 2010; Gogos et al. 2012; Campos et al. 2014b;
Ammar, 2018).

The main goal of using encapsulation is the slow or gradual release of an active
material from a polymeric matrix with the purpose of getting higher yields during a
longer time period. Their physical characteristics (reservoir or matrix system) and
the technique controlling the release (diffusion, swelling or degradation of the poly-
meric matrix), can control and change the agrochemical release pattern. Encapsulation
would also make it possible to create new product features, like improved storage
and transport properties, ability to adjust particle size, synthesizing formulations
that are combinations of different substances and changing the material properties.
It also allows protection for the agrochemicals against external forces like oxida-
tion, light, water, and evaporation. The environment itself can also be protected
against the agrochemicals that are encapsulated (Hack et al. 2012; Gonzélez et al.
2015; Perez et al. 2016).

2.6 Types of Encapsulation Based on Their Size

2.6.1 Microencapsulation

Microencapsulation is the process in which solid, liquid or gaseous substances are
combined into another material, usually a polymer, to give useful properties to the
product. Due to their varying structures, microcapsules are normally classified into
two basic forms:

i. In matrix structures, the agrochemical is embedded over the entire matrix of the
capsule

ii. The core/ shell structures consist of a capsule shell and a core where the agro-
chemical is contained

Some types of microcapsules among these include double- and multi-walled par-
ticles, surface eroding particles and bulk eroding particles, and self-aggregated
structures, like micelles, emulsions, and liposomes (Hack et al. 2012).

Techniques for microcapsule synthesis can be divided into chemical and physical
(or mechanical) methods. Chemical methods involve strong intermolecular forces
(electrostatic interaction, hydrogen bonding, and hydrophobic interactions) or
chemical reactions. Physical methods are based on shape or structure. Techniques
like wet/dry grinding, condensation coating, spray drying, pan coating, extrusion
and membrane emulsification are normally used. In general, encapsulation depends
on the technology, composition of the shell, physicochemical properties of the
active compound, release mechanism, and particle size (Hack et al. 2012).

Microencapsulation involves alteration of colloidal and surface properties of a
coating material that encapsulates an active compound such as agrochemicals, in
the diameters ranging between 1 to 1000 pm. Microencapsulation leads to the con-
trol of the spatiotemporal release of active compounds such as agrochemicals, pro-
tection from environmental factors such as pH, temperature, light, humidity etc.
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Table 2.1 Differences between microencapsulation and nanoencapsulation

Microencapsulation Nanoencapsulation References
Dependent on both technology and More dependent on properties (Hack et al. 2012;
material properties of materials used Prasad et al. 2017)
Capsule dispersions and powders are | Nanoparticles are easily obtained | (Hack et al. 2012;
usually obtained Prasad et al. 2017)
Smaller surface area to volume ratio | Larger surface area to volume (Hack et al. 2012;
ratio Prasad et al. 2017)
Greater shell thickness Smaller shell thickness (Hack et al. 2012;

Prasad et al. 2017)

which affects the encapsulated agent. Environment-friendly and biodegradable
materials which allow the sustained release of the agrochemicals is required as an
encapsulating agent.

2.6.2 Nanoencapsulation

Nanoencapsulation is an innovative and promising nanotechnology in which the
active compounds are efficiently released in a controlled, gradual manner from the
capsules or particles. It is like microencapsulation, except that it involves particles
of a size on the nanoscale. Different release mechanisms such as diffusion, dissolu-
tion, or biodegradation could be used for the delivery of agrochemicals in nano-
encapsulated materials (Hack et al. 2012; Ammar 2018). A few major differences
between microencapsulation and nanoencapsulation are shown in Table 2.1.

2.7 Types of Encapsulations Based on Their Application

Plant growth promoting bacteria and nitrogen-fixing bacteria (NFB) used as biofer-
tilizers have gained importance due to their potential sustainability, especially over
chemical fertilizers. However, their main drawback at the moment is the low inocu-
lum survival rates in the field. Encapsulation techniques to control the biofertilizer
and pesticidal activity are now gaining popularity, due to their ability to increase
cell survival or viability, provide protection against the environment and improve
release kinetics of the microorganisms (Campos et al. 2014b).

2.7.1 Water-In-Oil Emulsion

Water-in-oil emulsions are a method to embed microorganisms in liquid formula-
tions. The microorganism is trapped in water by a layer of oil, which is favorable to
prevent dehydration, along with improving cell viability and release kinetics.
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However, sedimentation during storage can create problems that affect its release
properties. In a study carried out by Vandergheynst et al. (2007), hydrophobic silica
nanoparticles were used to reduce cell sedimentation and improve cell viability and
survival by thickening the oil phase during storage.

2.7.2 Spray Drying

Spray drying represents a fast, economic process widely used in the large-scale
production of biofertilizers. It involves the dissolution or suspension of the active
material in a polymer solution, followed by its drying, while trapped in the matrix.
A study was conducted by Campos et al. (2014a) in order to demonstrate the use of
spray drying for the microencapsulation of plant nodule forming and putative NFB
associated with Lupin nodules in polymer matrices to obtain a fertilizer with con-
trolled release, reduced cost and improved efficiency on and protection against the
environment.

2.7.3 Ionotropic Gelation

Ionotropic gelation occurs when uric acid in alginate crosslinks with multivalent cat-
ions in metals or substrates. He et al. (2015) microencapsulated Raoultellaplanticola
Rs-2 with sodium alginate (NaAlg)-bentonite (Bent) composites for formulating a
biofertilizer for controlled release and to minimize production costs. All release curves
of the bacteria from the NaAlg-Bent microcapsules showed an initial burst followed
by a gradual increase. The presence of Bent in microcapsules regulated the continu-
ous release of bacteria and minimized the corresponding burst release effect. NaAlg-
Bent composites could thus be ideal materials for encapsulation for bacterial fertilizers
in farmlands. These were found to possess a long shelf life and could be stored at
room temperatures for longer periods of time. Overall, the results indicated that Bent
could be used as a filler to enhance the compatibility and structural properties of the
polymer beads.

2.8 Polymers Used

Cs nanoparticles are being used in agriculture in seed treatment and also as biopes-
ticides that help the plants fight off fungal infections and their effect on the growth
of plants and agrochemical uptake depends on the plants being cultivated (Puoci
et al. 2008; Duhan et al. 2017).

Polymers (especially as hydrogels and beads) are pivotal in controlled-release
systems. These formulations provide slow-release properties and have excellent
water-retention properties. They can also be used as compost after their degradation.
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Natural polymers are gaining more popularity and approval over synthetic polymers
as materials for encapsulation due to their eco-friendly nature, cost-effectiveness,
easy availability, and biodegradability (Campos et al. 2014b).

2.9 Encapsulation Methods

There are many different types of encapsulation methods formulated to encapsulate
agrochemicals in recent years (Fig. 2.1). A few common methods are:

2.9.1 Interfacial Polymerization

Interfacial polymerization is a process of microencapsulation in which polyconden-
sation reaction takes place at the phase interface of two different solvents having
one reactive monomer each (Liu et al. 2012). For example, natural pyrethinnano-
capsules (Guo et al. 2014).

2.9.2 Solvent Evaporation

Microcapsule formation takes place by precipitation of the solution containing the
dispersion of encapsulating material and core material in the organic phase along
with a solution immiscible with the encapsulating material (Zhou et al. 2007). For
example, Spinosad nanocapsules (Cao et al. 2009).

Fig. 2.1 Different Interfacial
encapsulation methods polymerization

Double - Solvent
coacervation 4 : evaporation

Emulsion
polymerization

Nano-
precipitation

In-situ Membrane
polymerisation emulsification
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2.9.3 Emulsion Polymerization

In emulsion polymerization, a uniform emulsion, made by dispersing an emulsifier in
a solvent-insoluble monomer, is used for initiating a polymer reaction which ulti-
mately forms the nanocapsules (Xu 2013). For example, abamectin nanocapsule sus-
pension, natural pyrethrin nanocapsules, etc. (Shang et al. 2007; Song et al. 2009).

2.9.4 Membrane Emulsification

A shirasu porous glass (SPG) membrane under inert gas pressure, is used for the
entry of the dispersion phase into the continuous phase, leading to breakage of
continuous phase into droplets due to shear force between the membrane and the
droplets themselves. This leads to the formation of small nanocapsules such as
chlorantraniliprole and avermectin nanocapsules (Wu et al. 2008; Zhu-Zhu Li
et al. 2006).

2.9.5 Insitu Polymerization

Water-insoluble polymer formed by polymerization of two or more soluble mono-
mers takes place to encapsulate the active compounds within the polymer (Feng
et al. 2011). For example, acetochlor, methotrexate etc.

2.9.6 Nano-Precipitation

The dispersion of the formulation along with the polymer occurs from the oil phase
into the aqueous phase by interaction at the interface of a solvent and a non-solvent.
As aresult, the formulation gets wrapped into a nanocapsule via precipitation (Feng
et al. 2011). For example, pyrazole azoxystrobin and azoxystrobin nanocapsules,
among other (Zhou et al. 2014; Wang et al. 2018).

2.9.7 Double Coacervation

Pesticide which is specifically water insoluble is encapsulated with a wall of two
polymers of opposite charges (Feng et al. 2011). For example, azoxystrobin micro-
capsules (Ma et al. 2008).
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2.10 Major Techniques for Encapsulation of Agrochemicals
Inside the Polymer/Embedded in a Matrix

2.10.1 Interfacial Polycondensation

In interfacial polycondensation, the two reacting compounds or substances meet at
an interface and react rapidly. One study used to synthesize encapsulated fertilizers
involved a microencapsulation technique in which polycondensation was done
between urea and formaldehyde following a stepwise process, along with maintain-
ing a strict control of room temperature. The main goal of this study was to show the
effectiveness of a controlled release fertilizer registered under the name of
FERLENT®, which was obtained from a polymeric material. The resulting material
acted as an alternative source of nutrients, allowing plants to consume nutrients
when required (Gonzélez et al. 2015).

Another study involved the synthesis of a urea-formaldehyde polycondensate
using interfacial polycondensation in a microemulsion. Urea-formaldehyde resins
were formed when formaldehyde was reacted with excess concentration urea at
controlled temperature and pH. Polycondensation was done after the initial pre-
polymerization to synthesize the fertilizer. This yielded medium molecular weight
products from which water and residual solvents were removed (Neamtu et al.
2015).

Another microencapsulation study involving urea-formaldehyde systems was
used to synthesize encapsulated fertilizers containing N, P, Ca, and Mg as active
nutrients. In order to perform tests to study the biological activity and leaching from
the microcapsules, it was necessary to agglomerate the capsules using specific
ingredients. The aim was to synthesize and test a new type of N-P-Ca-Mg encapsu-
lated fertilizer, which had a higher availability in Arabidopsis thaliana, even though
lower doses than conventional granular fertilizers were applied. The in vitro results
showed good slow-release properties for both macronutrients and micronutrients
(Neamtu et al. 2015).

2.10.2 Ionotropic Gelation

The technique of ionotropic gelation or crosslinking involves the interaction of an
ionic polymer with an oppositely charged ion or polymer to create crosslinking.

Perez and Francois (2016) conducted a study to examine the application of mac-
rospheres prepared with Cs and Cs-starch blends, using a sodium tripolyphosphate
aqueous solution as the crosslinking agent. These biopolymers formed hydrogels
that were capable of controlling release kinetics of the encapsulated fertilizers.
Potassium nitrate encapsulated inside beads was also found to be useful as a
controlled-release fertilizer. On using starch-Cs blends, lesser concentrations of Cs
have been found to be needed to encapsulate the agrochemicals.
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2.10.3 Thermally Induced Polymerization

In thermal polymerization, polymerization is carried out directly on the agrochemical
particles’ surface, using an external heat source. Microwave irradiation (MW) has
been considered and studied as a method to prepare SAPs. This has various advan-
tages like uniform heating, increased reaction rate, simple experimental apparatus,
and convenient process control, along with saving energy and time (Wen et al. 2016).
In a study, an encapsulated urea fertilizer was synthesized in a single step, by incor-
porating it in a polymer matrix of NaAlg, acrylic acid (AA), acrylamide (AM) and
Bent. The proposed microwave-assisted method yielded high reaction rates with a
very low reaction time. This also showed that Bent helped increase water absorption,
improved water-holding ratio and water-retention capacity of the soil, along with
causing the system to release the nutrient in a more sustained manner. Microwave
irradiation could thus be used to produce encapsulated fertilizers (Wen et al. 2016).

2.10.3.1 Spray Chilling

The spray chilling process is one of the most used encapsulation technologies in the
pharmaceutical, cosmetics and food additives fields. It consists of the atomization of
a matrix, containing a suspension or emulsion of an active ingredient, into an envi-
ronment maintained at temperatures below the melting point of the matrix. The
atomization leads to the formation of small droplets, which then solidify on cooling
and result in microencapsulated structures with spherical shapes and smooth sur-
faces. This technology is easy to use and scale-up, due to no need for the use of
organic solvents and the use of high temperatures. However, this technology has not
been as widely studied for agrochemicals (Ammar 2018).

Navarro-Guajardo et al. (2017) made a study to explore a bioinspired structure
based on the plant cuticle model and its membrane properties for water and nutrient
transport control. Candelilla wax, extracted from Candelilla wild plants (Euphorbia
antisyphilitica), was studied as a renewable, biodegradable matrix for a controlled
release phosphate fertilizer, microencapsulated via a modified spray chilling pro-
cess. The choice of a cuticular wax as encapsulating matrix conferred slow-release
characteristics that displayed the regulated water and nutrient transport features on
use in plants.

2.10.4 1In situ Free Radical Polymerization

In in situ free radical polymerization, direct polymerization of the basic units or
monomers is carried out on the surface of the active components to be encapsulated,
using free radicals. In a study, slow-release NPK fertilizers were encapsulated by
SAPs, synthesized via in situ free radical polymerization of NaAlg, AA, AM, and
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montmorillonite to coat fertilizer particles. It was found that these had good slow-
release properties, a water adsorption capacity, which could reduce fertilizer loss
and increased utilization of water in agriculture (Campos et al. 2014a).

2.11 Role of Polymer in Different Types
of Nanoencapsulation

Different structures of nanoencapsulation can be obtained (Fig. 2.2):

2.11.1 Nanocapsules

Polymers form a membrane around the active compounds, i.e. pesticide formula-
tions, sometimes, along with another polymeric matrix which is present mainly to
absorb the active compounds for spontaneous formation and encapsulation of the
nanocapsules (Mora-Huertas et al. 2010; Ezhilarasi et al. 2013). Nanocapsules are
prepared by nanoprecipitation, double-emulsification, emulsion-diffusion, layer-
by-layer deposition, emulsification-coacervation and solvent evaporation (Pinto
Reis et al. 2006).

Natural polysaccharides are biodegradable, non-toxic and biocompatible which
makes them more preferable over polymers such as PEG, PCL etc. For example, imi-
dacloprid, an insecticide which acts on the central nervous system of insects, is encap-
sulated in NaAlg using emulsion cross-linking technology (Kumar et al. 2014). Also,
the self-linking property of copolymers found amongst natural polysaccharides has
given rise to a vast number of possible synthesis techniques for nanoencapsulation
such as encapsulation of imidacloprid crystals with Cs and NaAlg. Oppositely charged
polymers like Cs and NaAlg are cross-linked due to electrostatic interactions and
absorption of oppositely charged polyelectrolytes. Amphiphilic polymers are cross-
linked more easily and thus, also reduces the need of a surfactant which aids in self-
assembly of polymers. For example, methomyl is loaded in photo-crosslinked
nanocapsules of amphiphilic carboxymethyl Cs (Az-CMCs) (Yin et al. 2010).

Fig. 2.2 Role of polymer in different types of nanoencapsulation
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Encapsulation efficiency and the size of the nanocapsules formed is decided mainly
by the ratio of masses of pesticide to be loaded and the encapsulating copolymers.
Lesser the mass ratio of pesticide is to the polymer, the greater is the nanocapsule’s size
and lesser is the efficiency while the size of the nanocapsule decreases and the effi-
ciency of encapsulation increases as the mass ratio increases (Perlatti et al. 2013).

2.11.2 Nanospheres

Nanospheres are synthesized in a similar way as nanocapsules but instead of having
a cross-shell arrangement, the active ingredients, i.e. pesticides are uniformly
embedded in the whole polymeric nanocapsule. Polymerization techniques such as
emulsion or interfacial polymerization play a major in nanosphere synthesis (Forim
et al. 2012; Zhang et al. 2013).

Many polymers such as PCL used for azadirachtin encapsulation to produce
nanospheres and nanocapsules in the range of 150-200 nm diameter have shown
great potential in the encapsulation of active ingredients such as pesticides like aza-
dirachtin (Trivedi et al. 2010).

2.11.3 Micelles

Self-assembly property of amphiphilic polymers is used to form micelles in an
aqueous solution. Amphiphilic block copolymers, surfactants, etc. together form
spherical micelles in an aqueous solution due to self-assembly of amphiphilic poly-
mers which formation of an outer hydrophilic micellar shell and an inner hydropho-
bic core. Water-soluble pesticides are easier to encapsulate to form micelles. While
water-soluble copolymers form micelles either through direct dissolution or through
film casting methods. The direct dissolution method involves the addition of the
copolymers above their critical micelle concentration to the aqueous solution which
in turn, leads to the micelle formation along with the entrapment of pesticides form-
ing the hydrophobic core. Whereas, the film casting method involves using different
approaches to solubilize previously formed films of copolymers with pesticides
(Trivedi et al. 2010; Zhang et al. 2013).

2.11.4 Nanogels

Polymers are cross-linked physically or chemically into a group of networks of
aqueous dispersions of hydrogel particles, called nanogels which are in the nanoscale
size. Prospects of targeted delivery perhaps could not be established with these
preparations, thus are not of much use in the controlled release of pesticides.
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2.12 Agrochemical Delivery from Polymer Encapsulated
Materials

Polymers help in the delivery of various agrochemicals by altering their physical
and chemical structure, in response to chemical and physical changes in the envi-
ronment. It is divided into following kinds of stimulus-based deliveries (Fig. 2.3).

2.12.1 Light Sensitivity

Some formulations are light sensitive and undergo decomposition on light expo-
sure leading to rapid release and reduced effectiveness of the pesticides. Due to this
property, pesticide formulations need to be frequently added, increasing the overall
costs and wastage. To protect the pesticides from decomposition, they are encapsu-
lated with or within photo-responsive polymers. Photo-responsive polymers absorb
light energy from light stimulation which induces changes either in the intramo-
lecular or intermolecular arrangement leading to changes in solubility, color and
conductivity of the polymers, or it can induce various chemical reactions like
polymerization, dimerization, photolysis or isomerization reactions (Wang 2014).
These changes due to light stimulation are utilized to have a controlled and tar-
geted transmission of pesticides.

The photoresponsive polymer encapsulated pesticides can be made to respond in
the following ways:

— Change in the physical and chemical properties of luminophore groups added to
carrier materials leads to a controllable change in the properties of the polymers
on light exposure.

— Decomposition of light-sensitive polymers into ions on light stimulation can be
used to controlled pesticide release by tailoring the polymers while considering
the role of environmental factors in its decomposition.

— Some polymers become light sensitive on exposure to heat which can be gener-
ated by conversion of light energy to heat energy by some additional light-sensitive
molecules. Thus, indirectly controlling the release of the pesticide.

Environmental

Factors affecting
release

’ nzym

Fig. 2.3 Agrochemical release because of environmental factors on the encapsulating polymer
material
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Recently, a photoresponsive herbicide formulation of 2,4-D using a coumarin copo-
lymer was formulated which effectively transmitted the herbicide into the plant body
while showing strong fluorescence along with a high light response (Singh et al. 2015).

2.12.2 Temperature Sensitivity

Alteration in physical and chemical properties of temperature-responsive polymers
due to temperature change have been proposed to be one of the properties of tem-
perature sensitive polymers that can be utilized in the agriculture field. Temperature
sensitive polymers are used along with the agrochemicals in the form of gels, lipo-
somes, polymers, and nanoparticles etc.

Phase separation property of certain polymers on temperature change is used as
one of the release mechanisms in the active ingredient loaded polymers. The prop-
erty that plays a major role in the determination of response mechanism of a poly-
mer encapsulated pesticide is lower critical solution temperature (LCST). LCST is
the minimum temperature found on the phase separation curve which forms in the
plot of polymer concentration and the surrounding temperature of a homogeneous
polymer. The release response is inhibited at a temperature lower than the LCST of
a polymer as strong hydrogen bonding interactions between the water molecules
and the polymers take place at that temperature. Whereas pesticide release occurs at
higher temperatures than LCST when all the polymer becomes water soluble which
leads to hydrophobicity, since the polymer side chains are simultaneously intensi-
fied. This makes the polymer amphiphilic which changes the irregularly coiled
structure of polymer encapsulated pesticide into a tight colloidal structure, since the
hydrophobic chains of the side chains also influence the backbone to form cross-
linked network structures. In the case of rice farming, a temperature sensitive pesti-
cide formulation of NIPAM and butyl acrylate has shown promising applications as
pyraclostrobin microcapsules whose LCST is 28.2 °C above which the release of
pyraclostrobin takes place. Toxicity of pyraclostrobin in pyraclostrobin microcap-
sule was observed to be much lower than the original pyraclostrobin thus, protecting
the environment with encapsulation (Otsuka et al. 2012).

Currently, temperature-responsive pesticide encapsulations need additional
research in the areas related to improving the response and controlling the spatial-
temporal release of pesticides. The difference in the indoor and the outdoor tempera-
tures affects the release mechanism, thus, controlling the release mechanism under
indoor and the outdoor conditions must also be optimized.

2.12.3 pH Sensitivity

Amongst the environmentally responsive polymers, pH-responsive polymers have
the most potential as they are easily soluble, have volume and allows good perme-
ability (Xu 2014). They are comprised of weakly acidic or weakly alkaline groups,
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and many acidic groups such as carboxyl groups or alkaline groups such as amine
groups are found within the molecular segments of these polymers.

As these polymers in response to a change in the external pH value, release and
capture protons, accordingly, i.e. protonate and de-protonate on change in the pH of
the environment (Sun et al. 2016), thus, the change in the degree of ionization of
these pH-sensitive polymers have been mainly exploited to encapsulate pesticides
and direct its release mechanisms.

The change in the solubility of these polymers depends on their ionization capac-
ity. Above the polymer’s isoelectric point, the ionization capacity changes which is
due to the pH change. Polyacrylic acid (PAA), polyvinyl pyridine, polymethacrylic
acid-2-(diethylamino) ethyl methacrylate, polymethacrylic acid (PMAA), polypro-
pylamine hydrochloride, etc. are some of the known pH sensitive polymers.

pH-responsive polymers are divided into two types based on pH range and ion-
ization and deionization at different pH ranges (Yang et al. 2012; Lee et al. 1999).
They are polyacids and polybases.

Polyacids such as PAA and PMAA are ionized/deionized at low pH and accept
protons at neutral or higher pH range of 4-8. Whereas polybases, pH-responsive
polymers under acidic conditions, turns into cations by accepting protons by amino
groups which are typically present on their side chains. Protons are released under
alkaline conditions which makes them less soluble.

Although a lot of systematic research is required for the field application of these
pesticide carriers, pH-responsive polymers tend to have high purity, properties that
can be easily controlled and chemically modified with good selectivity, thus, they
can be used to encapsulate pesticides (Lin 2016).

Recent developments in the pH-responsive polymer encapsulated agrochemicals
includes PAA or aminated or chlorpyrifos mesoporous silicone incorporated encap-
sulations where release rates were the highest at acidic conditions, while their slow
release in the neutral environmental conditions could be used for sustained release
of pesticides (Li et al. 2003).

2.12.4 Humidity

Material resistance, dielectric constant, and volume are some properties of certain
polymers, which are altered with the change of humidity of the local environment
(Liu 1997).

Polymer humidity-sensitive material interacts to form hydrogen bonds with
water molecules and van der Waals force comes into play to make the polymers
more hygroscopic (Klier et al. 2000). High sensitivity, desired surface areas, fast
response, small size, much lower weight along with easier incorporation allows
humid sensitive polymers such as polyimide to be applied in the agricultural field
for sustained release of agrochemicals.

In the recent years, formulations such as BASF Seltima® microcapsule which are
released in contact with leaves to control rice blast, whereas is water resistant to control
the release of pesticides with respect to the surrounding humidity (Huang et al. 2018).
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2.12.5 Enzyme-Responsive

Enzyme-responsive polymers undergo physical and chemical changes as a response
when a pest interacts with a plant. The stimulation is generated in the form of a series
of changes which includes changes in the plant’s enzymes (Bai et al. 2016).

These enzyme responsive pesticides are biodegradable and biocompatible. The
enzyme responsive polymer encapsulated pesticides degrade on contact with the
enzymes to release the agrochemicals, e.g. crop endangering Lepidoptera insects
breaks the walls of pesticide microcapsules with the cutinase enzyme present in
them, thus coming in contact with the pesticides. Further development in this field
is necessary to control the morphology and chemical reversibility of these
encapsulations.

2.13 Some Specific Polymers Used for Encapsulation
of Fertilizers

2.13.1 Silicon-Based Nano-Fertilizers

Mesoporous silica and aluminosilicates have greatly defined channels with high
porosity, active sites for adsorption, large surface areas, and ion exchange and
catalysis. Silicon-based fertilizers can improve the growth and development of
seedlings and roots. To increase food production, titanium oxide or titanium that
are non-toxic have been tested as additives in fertilizers, in order to increase water
retention properties of soil (Abhilash and Singh 2009; Duhan et al. 2017).

2.13.2 Superabsorbent Polymers

The growth and quality of the plants depend on fertilizers and water. Superabsorbent
polymers (SAP) have been studied as materials for water management. They are
cross-linked 3D hydrophilic materials that can absorb fluids much higher than their
original weight without dissolution, and can, even at high pressure, contain liquids.
It also helps improve the water retention capacity and soil fertility. However, syn-
thetic SAPs derived from non-degrading petroleum-based polymers like polyacry-
late or polyacrylamide play a major role in the market and lead to environmental
problems. Newer studies are focused on the incorporation of biodegradable and
eco-friendly polysaccharides into SAPs, instead of using petroleum-related prod-
ucts (Wen et al. 2016).

One such polymer is NaAlg, which is inert in aqueous solutions within a matrix,
undergoes gelatinization, and has a higher gel porosity besides being water-soluble,
non-toxic, biodegradable, and compatible with biological systems. However, NaAlg
is not practical due to high cost, low modulus, thermal stability and gas permeability.
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To overcome the drawbacks, clay/polymer nanocomposites containing a higher
proportion of clay were synthesized by Bashidzadeh and Olad (2014). The use of
clay reduces production costs, along with the improvement of basic NaAlg proper-
ties, while ensuring mechanical and thermal stability. The need for sustainable
NaAlg-based clay/polymer materials has consistently increased. A range of nano-
fertilizers with controlled-release kinetics have been developed consisting of syn-
thetic or biological polymer composites made from NaAlg and clays. Adsorbent
clays like zeolite, montmorillonite and Bent have been used to design them (Wen
et al. 2016; Duhan et al. 2017).

Bent is derived from sedimentary rocks and is mainly composed of montmoril-
lonite, which has good water absorption and swelling properties. Addition of low-
cost Bent to NaAlg increases the concentration of solids present and improves the
mechanical strength due to increase viscosity and enhanced stability. Bent can also
act as a modifying agent in alginates, which makes the encapsulation more efficient
and controls the agrochemical release profiles (He et al. 2015).

2.13.3 Biodegradable Polymers

Two major hydrophilic, biodegradable polymers that are widely used are Cs and
starch, polysaccharides that have the desired characteristics like lower cost,
environment-friendly and ability to regulate fertilizer release (Perez and
Francois 2016).

Cs is a biodegradable, linear, cationic, and non-toxic polysaccharide. It is a deriv-
ative of chitin, which is usually present in the exoskeletons of crustaceans. It is
synthesized by partial deacetylation of chitin under alkaline conditions or enzy-
matic hydrolysis in the presence of a chitin deacetylase. It forms ionic complexes
with various water-soluble polymers and crosslinking agents, thus forming insolu-
ble gels. It also acts as a growth promoter in plants and guards’ agrochemicals
against harmful microbial activities, making it a good polymer to be used with agro-
chemicals (Perez and Francois 2016).

Cs polymer synthesis has been done with PMAA for encapsulation of NPK fer-
tilizers. Wu and Liu (2008) developed and characterized Cs particles for the con-
trolled release of NPK fertilizers, and water retention. The particles were formed by
three layers: a water-soluble core containing the fertilizer, Cs as an internal coating,
and an absorbent polymer acting as an external coating. Addition of the particles
significantly enhanced the water retention capacity of the soil (Duhan et al. 2017;
Campos et al. 2014b).

Starch is a complex, non-ionic polysaccharide that exists in nature, with proper-
ties such as hydrophilicity, biodegradability and low cost (Sudrez and Gutiérrez
2017; Toro-Marquez et al. 2018; Gutiérrez 2018c). Han et al. (2009) developed a
starch and PVA film for the encapsulation of soluble fertilizer granules, due to their
permeability and biodegradability.
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Chapter 3
Nano and Microencapsulated Nutrients
for Enhanced Efficiency Fertilizer

Débora Franca, Lucas Luiz Messa, Claudinei Fonseca Souza,
and Roselena Faez

Abstract Enhanced Efficiency Fertilizer (EEF) is a current and very important sub-
ject. These systems offer an effective way to improve nutrient efficiency, minimize
fertilizer losses by physical, chemical and biological processes, and reduce environ-
mental impact. Examples of such materials are: Slow Release Fertilizer (SRF),
which releases the nutrient slower than a common fertilizer; and Controlled Release
Fertilizer (CRF), when factors as release rate, pattern and release period can be
controlled during its use. Ideally, it should be faster at the beginning and slower dur-
ing cultivation, to meet the nutritional need of the plant, which changes over the
growing period. Those materials have been developed in diverse platforms such as:
(1) the matrix itself acts as a fertilizer, or (ii) the fertilizer is dispersed in a matrix,
and/or (iii) the fertilizer is covered or encapsulate by a matrix, typically, polymeric
or composites materials. The first EEF developed were made with synthetic poly-
mers, mainly acrylamide-based ones. However, recent studies have proposed the use
of environmentally friendly materials such as biodegradable polymers, clay miner-
als and calcium carbonate. The processes used to obtain EEFs are numerous, e.g.
chemical and physical methods as polymerization, coacervation, coating, and (micro
and nano) encapsulation. As the name suggests, encapsulation technique involves
capsules preparation composed of a shell material completely around a chemical
core material (nutrient). This shell provides a prolongation of nutrient release from
the core. Once this shell is dissolved or ruptured the nutrient encapsulated is released.
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Even though encapsulation is not a novelty, its industry has rapidly innovated with
new technologies applied to pharmaceutical, agricultural, cosmetic and food indus-
tries. In this chapter, we discuss the techniques to improve nutrient efficiency
according to the materials and encapsulation methods used.

Keywords Agricultural - Biodegradable - Encapsulation - Natural polymers

3.1 Introduction

The great population growth and the scarcity of natural resources are determining
factors for the food production to be more efficient and with fewer losses of nutri-
ents. In this scenario, development of promising technologies in plant nutritional
effectiveness linked to sustainable materials is of great importance for the agricul-
tural and economic sector. The requirement of intensive use of fertilizers, water and
pesticides, together with new technologies, has led to enormous developments in
modern agriculture over the years. Agricultural production (unit of productive land)
has developed greatly, contributing to population growth and economic develop-
ment. However, while these developments were significant, environmental impacts
were not fully considered and measured. Such impacts associated with agricultural
expansion have resulted from the excessive application of agrochemicals, which
have led to processes such as eutrophication, water toxicity, groundwater pollution,
air pollution, soil degradation and even ecosystem change, bring up questions on the
sustainability of modern agriculture. This scenario is no longer acceptable and alter-
natives for increasing agricultural production without compromising the environ-
ment should be considered.

The efficiency of the agrochemical and water is then a fundamental requirement
for the sustainable management of the agricultural systems. An alternative to a better
plant nutrient utilization has been attained with enhanced efficiency fertilizers (EEF)
in which refine nutrient management in agricultural systems (Dubey et al. 2011;
Davidson and Gu 2012; Azeem et al. 2014; Mukerabigwi et al. 2015). The enhanced
efficiency fertilizer is dependent on polymer matrices and the methodology to cover,
disperse or encapsulate the nutrient. Those factors drive the type of EEF, i.e. slow/
controlled release and/or environmentally friendly fertilizer as shown in Fig. 3.1.

3.2 Types of EEF: Slow/Controlled Released
and Environmentally Friendly Fertilizer

An EEF is defined as any system where it is possible to reduce the use of agro-
chemicals in order to not impact the environment and the economy. Figure 3.1
shows a scheme of three different ways to propose an EFF, i.e. controlled or slow
release and environmentally friendly fertilizers. In a slow release fertilizer system,
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1 Environmentally
n:g:;:,,e Friendly Fertilizer
Fertilizer (EFF)

(SRF)

Release rate depends on
some factor (e.g. pH,
temperature, humidity)

Controlled Release
Fertilizer
(CRF)

Fig. 3.1 Slow and controlled release and environmentally friendly fertilizers and their intersections

the nutrients are released at a slower rate than a common fertilizer. However, release
rate, pattern and release duration are not well controlled and can be influenced by
the conditions of use and the soil type. On the other hand, controlled release fertil-
izer the settings that influence the rate and release pattern are known and can be
controlled during its use (Trenkel 1997, 2010; Shaviv 2001). To be considered as an
environmentally friendly fertilizer the materials used to cover, encapsulate or dis-
persed the fertilizer must be degraded after the fertilizer release and cause no harm
to the environment. After that, to be slowed or controlled release not necessarily
biodegradable polymers have been used, but the best relationship among EFF sys-
tems are based on aspects of slow and/or controlled together with its sustainability.

3.3 How to Prepare EEF

The development of new fertilizers has increased considerably in recent years due
to the need to achieve sustainable systems, i.e. to improve economic efficiency and
minimize socio-environmental problems due to excessive use of fertilizers. EEFs
offer an effective way to improve nutrient efficiency, minimize leach losses and
volatilization of fertilizers, and reduce negative environmental impact (Fu et al.
2018). Many efforts have been made to develop environmentally friendly coating
materials, which can be degraded in the soil and converted to carbon dioxide, water,
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methane, inorganic compounds or microbial biomass (Naz and Sulaiman 2016).
The most common and commercially available methodology is to cover the fertil-
izer granules with a polymer or sulfur coating in order to produce a low permeabil-
ity and compact film (Liang et al. 2007). However, a wide range of strategies have
been used such as dispersions of fertilizers in a microsphere prepared by coacerva-
tion (Santos et al. 2015; Messa et al. 2016; Feng et al. 2017), or microencapsulated
by spray drying (Tomaszewska and Jarosiewicz 2006; Navarro-Guajardo et al.
2018; Franga et al. 2018), or film and membranes (Ariyanti et al. 2012; Bortolin
et al. 2013) and mechanical or melt-processed materials of polymers and agrochem-
icals (Pereira et al. 2015; Xiang et al. 2018; Souza et al. 2018). A description of the
different methodologies used to improve the efficiency of fertilizers can be detailed
in Table 3.1.

3.3.1 Cover Up Particle Surface With a Polymeric Coating

To cover up the surface of a particle a layer of polymer, biopolymer, sulfur and oth-
ers is applied on the surface of the granules in order to regulate the availability of
nutrients (Gutiérrez, 2018a). In this way, the fertilizer must have a regular effect
and, mainly, be adequate to the nutritional needs of the crop. The types of the coat-
ing materials as well their thickness determine the gradual release of the coated
nutrient. Additionally, knowing the chemical composition of these coatings is fun-
damental to understand the characteristics that determine the mechanism of release
of each type of coating (Shaviv 2001). According to Majeed et al. (2015), fertilizers
can be coated with sulfur and polymers of various natures, including synthetic, nat-
ural and biodegradable (Majeed et al. 2015). More recent studies are devoted to the
development of polymers from both renewable and biodegradable, and those most
cited in the literature include lignin, starch, chitin, cellulose, and chitosan (Cs)
(Azeem et al. 2014; Gutiérrez & Alvarez, 2017).

In a recent study, Treinyte et al. (2018) developed a biodegradable polymer coat-
ing to assess the applicability of different combinations of by-products and residues.
Composites of poly(vinyl alcohol), horn meal (waste materials of slaughter houses),
phosphogypsum (by-product of the phosphate fertilizer industry) and crude glyc-
erin (by-products of biodiesel production) were proposed as matrices for fertilizer
encapsulation. Poly(vinyl alcohol) was used as a binder and the other components
were added in order to reduce the costs. The material contains phosphorus, nitrogen,
calcium, potassium and sulfur, useful nutrients for plants and also good mechanical
properties. The encapsulation resulted in a prolonged release time and after tested in
a tomato culture a positive effect on the plant roots development was observed
(Treinyte et al. 2018).

Qiao et al. (2016) demonstrated the development of a double-coated fertilizer
using ethyl cellulose as an inner coating and superabsorbent starch-based polymer
from three distinct botanical sources as the outer coating. The granules of the
fertilizer coated with starch presented a slow release and the differences on nitrogen
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Table 3.1 Techniques to prepare EEF

Techniques Type of material shaped Images References
Cover up the Particle surface covered with Treinyte et al. (2018)
fertilizer polymeric film Qiao et al. (2016)
Lubkowski (2014)
Single layer
Bortolin et al. (2013)
Ariyanti et al. (2012)
Nietal. (2011)
Double layer
Coacervation Macro and microspheres Feng et al. (2017)

Fertilizer is
dispersed in a
matrix phase

Fertilizer dispersions during
coacervation process

Fertilizer sorption after
coacervation process

Messa et al. (2016)

Santos et al. (2015)

Mechanical and
melt-processing

Films, pellets, particles, etc.

Xiang et al. (2018)

Souza et al. (2018)

Xiao et al. (2017)

Harmaen et al. (2016)

Pereira et al. (2015)

Pereira et al. (2012)

Spray-dryer

(2-fluid nozzle)

Nano and microspheres

Franca et al. (2018)

Tomaszewska and
Jarosiewicz (2006)

Spray-dryer

(3-fluid nozzle)

or

Core-Shell

Microcapsules

Franga et al. (2018)

Wu and Liu (2008)

Liang et al. (2007)

Xie et al. (2011)

Pillai (2010)

Zohuriaan-Mehr et al.
(2010)

release behavior can be attributed to the botanical origins of the starch, which give
the starch different water-absorbing properties. In particular, those with potato
starch exhibited a constant release behavior for more than 96 h (Qiao et al. 2016).
The polymer coating is one of the most used technology to cover up the fertilizer
solid particle (> 0.1 mm). However, the film layer should not rupture during trans-
portation and application, since the cracks disable the release properties of the

material.
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3.3.2 Coacervation

Coacervation also is very common for producing EEF based mainly on polysaccha-
rides. The production of microspheres is applicable in the case of the of retention
water-soluble compounds such as inorganic fertilizers. For this, the fertilizers can be
dispersed in a polymeric matrix during the coacervation process (Messa et al. 2016).
Another way to retain the nutrients in the composite matrix could be fertilizer sorption
after the coacervation process, as mentioned by Santos et al. (2015). Coacervation
method consists on adding a solution of hydrocolloid (a polymer formed by more than
one monosaccharide type) to an electrolyte with an opposite charge of the colloidal
species. Thus, an insoluble derivative is formed as a result of the electrostatic interac-
tions, producing solid-walled microspheres around the dispersed fertilizer in the same
reaction medium (Schrooyen et al. 2001). In addition, the coacervation process
depends on the net charge of the system and is consequently influenced by parameters
such as the conformation and chain length of the polymers and media conditions that
include: pH, ionic strength, temperature and nature of the reactants. These variables
are directly related to the efficiency of microspheres production and their physical
characteristics such as structure, size, and porosity (Yeo et al. 2005).

Messa et al. (2016) prepared double layer microspheres based on Cs and clay-
potassium nitrate (KNOs). The addition of lamellar silicates such as montmorillon-
ite clay worked to increase the water absorption capacity and retention of chemical
compounds. The microspheres were obtained in a two-step, first, the Cs-clay-
fertilizer solution was casting and the film was ground to obtain solid particles. The
particles were then incorporated into a fresh Cs solution which was dripped onto a
sodium hydroxide solution yielding the double layer microspheres using the coac-
ervation method. These two steps were necessary to decrease the dissolution of
KNO; during the washing stage until neutral pH. The fertilizer release was carried
out in water and soil, whereas in soil the release values were higher in the first
10 days but still keep the delivery for 60 days (Messa et al. 2016).

Santos et al. (2015) described the preparation of potassium-containing micro-
spheres based on Cs and montmorillonite clay using coacervation method. The
microspheres were prepared by dripping a solution of Cs/clay into a solution of
sodium hydroxide. After the microspheres were added to a fertilizer solution so that
the KNO; fertilizer could be trapped in the microspheres by sorption process. As
described the montmorillonite clay provides better sorption properties than the Cs
microspheres because of the rough and porous surface. Due to these properties, high
levels of KNO; fertilizer were sorbed in the material. The potassium content of the
microspheres presented two specific release periods: the first hold approximately
3 days and was attributed to the external fertilizer in the microspheres, while the
second was attributed to the internal fertilizer (Santos et al. 2015).

Coacervation is an easy way to prepare microspheres, however, the solubility of
the nutrient influences the formulation. Then both methodologies used for Messa
et al. (2016) and Santos et al. (2015) were efficient to retain the fertilizer in the
composite matrix, in spite of double coacervation and coacervation-sorption step
process used, respectively.
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3.3.3 Mechanical and Melt-Processing

The mechanical process is one of the most interesting methods to produce EEF in a
large-scale production. It is important to emphasize that, as an economical, efficient
and environment-friendly technology, the thermomechanical process has a great
potential to be applied in horticulture and agriculture. In this case, the fertilizer is
homogeneously dispersed in a matrix phase during the processing. The dispersity,
homogeneity and phase interaction are important parameters to be considered
(Xiang et al. 2018). Considering the source of the polymer and also its biodegrad-
ability the polymeric materials must fit into a thermodegradation window that
enables it to be processed before its degradation. Examples of biodegradable ther-
moplastic that has been used to process EEF are polyhydroxyalkanoates such as
polyhydroxybutyrate (Souza et al. 2018), polyhydroxybutyrate-co-valerate
(Harmaen et al. 2016), poly(vinyl alcohol) (Julinova et al. 2018), thermoplastic
starch (Xiao et al. 2017; Merino et al. 2018a, b; 2019a, b), poly(caprolactone)
(Pereira et al. 2015; Gutiérrez 2018b).

Mechanical (melt-) processing can be performed continuously or by batch, how-
ever, these are differentiated by characteristics inherent to the type of process.
Rotation speed, mixing type, feed rate, residence time and temperature profile are
processing variables that have a significant influence on the microstructures and
rheological properties of the final product (Kokini 1993).

In the work of Xiao et al. (2017), a one-step method was established to prepare
the slow release fertilizer incorporated in starch-based superabsorbent polymer
(SBSAP). A modified double rotor blender was used to study chemical and physical
reactions during thermal processing by monitoring temperature and torque. Three
corn starches with different amylose/amylopectin ratios were used to understand the
impact on the superabsorbent polymer structure and release performance. Using the
SBSAPs prepared by processing, the slow release of urea in water was achieved. A
lower value of 15% of the fertilizer was released in 1 day, the release rate after
30 days exceeded 80% and the release lasted more than 45 days. Furthermore, the
processing model demonstrated in this work provides an economical solution to
prepare a slow urea release technology, which was promising for agricultural appli-
cations (Xiao et al. 2017).

Xiang et al. (2018) developed a granular slow release fertilizer based on urea-
formaldehyde (UF), ammonium polyphosphate (APP) and amorphous silica gel
(ASG) using cold-extrusion. A strong interaction via hydrogen bonds between the
components generates compatibility and improved the mechanical properties, as
well as the slow release properties of the fertilizer, mainly after the addition of APP
and ASG in the UF matrix. The extrusion technique improved the performance of
the material and the nitrogen was efficiently used favoring the plant growth (Xiang
et al. 2018).

Rychter et al. (2016) obtained films by extrusion of potato starch with urea as a
plasticizer for plants fertilization. Extrudable films of 1 mm thickness and 100 mm
width were obtained from pellets prepared with starch/glycerol/urea. They had
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tested the releasing efficiency of urea from the starch films in water conditions.
They also made an effort to utilize extruded samples as a fertilizer for agriculture
purposes. Despite, results indicated the fertilizer release time from obtained films,
in proposed conditions was not satisfactory, urea-plasticized starch was success-
fully used as a fertilizer. Plant growth assessment, including parameters determina-
tion of fresh and dry matter of the plants and their visual evaluation, was proved the
stimulating effect of using extruded films on the growth and development of plants
(Rychter et al. 2016).

The rheometer mixer is also extremely useful melt-processing method for a wide
range of functional polymers and composites (Qiao et al. 2012). Some studies
reported the use of rheometer mixers for chemical modification of polymers, blends,
and composites which have shown their utility to produce materials with desirable
performance. In the work of Souza et al. (2018), composites based on polyhydroxy-
butyrate (PHB), starch, glycerol and montmorillonite (PHBSGMMTt) had been pro-
posed as a carrier for controlled fertilizer release, such as KNO; and
NPK. PHBSGMMt with KNO; or NPK was processed by melting in a mixer cham-
ber of torque rheometer. Clay, KNO;, and NPK increased the PHB/starch compati-
bility and homogeneity, resulting in a well-interfaced material obtained for
PHBSGMMTNPK. MMtKNO; was mainly on PHB phase and MMtNPK on the
compatible polymeric phase. These behaviors explain the faster release for incom-
patible blends, PHBSGMMtKNO;, in which KNO; was completely released after
60 h, than compatible PHBSGMMINPK that released 60% of the total amount of
fertilizer during the test time (Souza et al. 2018).

3.3.4 Core-Shell Material

A core-shell type material can be modulated according to the both phases composi-
tion and hydrophobic-core and hydrophilic-shell would guarantee the nutrients will
not dissociate rapidly in the medium. A hydrophilic shell enables the material to
swell, slowly releasing the active agent inside the core by diffusion. The preparation
of functional materials with core-shell structures aims to modulate the absorption
and release of water and nutrients avoiding mainly the burst effect. Few reports in
the literature deal with such a structure to be used in EEF. Wu and Liu (2008)
impregnated N, P and K in a core-shell type structure using poly(acrylic acid-co-
acrylamide) and kaolin. The release of the nutrient and water absorption was satis-
factory; however, the copolymer synthesis methodology is cumbersome and is
accomplished together with the impregnation of fertilizer. In addition, by using
organic solvents it cannot be evaluated as a sustainable technique and this should be
taken into consideration. Liang et al. (2007) also prepared N, P and K doubly coated
with poly (acrylic acid) as an internal coating and Cs as external one. N, P and K
have been recovered by a film composed of polymers using both the spray
process (Liang et al. 2007; Wu and Liu 2008). Thus, as discussed above, the
methodology employed is also laborious which increases the value cost of the EEF.



3 Nano and Microencapsulated Nutrients for Enhanced Efficiency Fertilizer 37

Xie et al. (2011) prepared a core-shell structure material in which the urea fertilizer
is coated by attapulgite-alginate composite and the shell consists of a superabsor-
bent composite based on wheat straw-g-poly(acrylic acid)/attapulgite containing
urea and boron (Xie et al. 2011). Despite several reports about different formula-
tions of controlled release materials with superabsorbent properties, only few can
achieve the important sustainable material features, i.e. non-toxicity, biodegradabil-
ity, simply obtaining method, efficiency in the fertilizer delivery, control of the real
agrochemical amount release in the soil, among others. In addition, due to economic
reasons only a few formulations have reached the market (Pillai 2010; Zohuriaan-
Mehr et al. 2010).

3.3.5 Spray-Drying

Spray drying is a technique used in many industrial areas, the most well-known are
food and pharmaceutical, with few studies on its use in agricultural approaches as
to EEFs. The first spray dryer equipment was built in 1878 (Hayashi 1989), but the
first report of its use to encapsulate a material (an aroma at this time) was in 1930
(Chévarri et al. 2012). Some of the advantages of using the spray drying technique
are: (i) versatility of the applications for several raw materials and sensitive or tem-
perature resistant materials; (ii) its reproducible production of particles; and (iii)
process flexibility (Oliveira 2005). The particle properties of the final product will
depend on the process parameters which involves four main steps: the feed through
an atomizer nozzle, followed by the atomization of the solution and contact of the
droplets produced with the pressurized air, the drying process, and the collection of
the obtained particles (Fig. 3.2). He et al. (1999) evaluated the influence of atomiza-
tion process parameters, such as the type of atomizer nozzle, the inlet and outlet
temperature, the flow rate of the nozzle peristaltic pump and drying air flow, on the
properties of the particles (size, morphology, zeta potential, among others). Particle
size is mainly affected but not the zeta potential. They considered the type of spray
nozzle and the inlet temperature used as the major influencers. A variety of atom-
izing nozzles, e.g. the centrifugal, pressure or 2-fluid nozzle (2FN) have been
applied. Recently, the 3-fluid nozzle (3FN) (Fig. 3.2) has been used especially for
the encapsulation of immiscible liquids such as oils or aromas (Legako and Dunford
2010; Kaspar et al. 2013a). Other advantages of the spray drying technique for
microencapsulation application are its productivity, speed, reproducibility and ease
of scale-up (Tokdrova et al. 2013).

Spray drying technique applied to agricultural purposes has few articles in the
literature. Franca et al. (2018) obtained microspheres and microcapsules of con-
trolled release fertilizer by a swelling mechanism. They used the 2-fluid nozzle to
obtain microsphere where the nutrient was dispersed on the polymeric matrix of Cs.
To obtain microcapsules, they used the 3-fluid nozzle and the nutrient was concen-
trated in the core and covered by a polymeric shell of Cs (Fig. 3.3).
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needle for fluid no. 1
nozzle cleaning l
air

l fluid l fluid no. 2

Source: (Kaspar et al. 2013b)

Fig. 3.2 (a) Scheme of spray drier Buchi B-290 with 3-fluid nozzle (1) compressor; (2) inlet filter;
(3) heating coil; (4) nozzle; (5) stock solutions; (6) drying chamber; (7) cyclone; (8) dry product;
(9) outlet filter; (10) aspirator. (b) Scheme of droplets

Q1F5 2FN-1121 2016/01/26 M D17 x30k 30um  COQIFS 0491

Fig. 3.3 MEV of (A) microspheres and (B) microcapsules obtained by spray dryer using 2FN and
3FN, respectively

3.3.6 Microfluidics

In a sense of encapsulation, microfluidics can also offer an opportunity to encapsu-
late active species such as agrochemicals. Microfluidics systems are characterized
for manipulate and process small amounts of fluids using channels with dimensions
of a hair human (10-100 pm). It has the advantage of useful capabilities as the:
using very small quantities of samples and reagents, and carrying out separations
and detections with high resolution and sensitivity; low cost; low energy consump-
tion; short times for analysis; control of molecule concentrations in space and time;
and small footprints for the analytical devices (Whitesides 2006). Microfluidics is a
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science that involves unique physical phenomena that use of effects in the micro-
domain as laminar flow, capillary forces, and diffusion. It is mainly conducted by
the law-Reynolds number flow rule which dictates that all fluid flow is essentially
laminar. Continuous-flow based systems have exploited this phenomenon to create
many novel micro-environments (Teh et al. 2008).

Microfluidics devices are divided in closed and open chips. Closed chips are
conducted by (i) continuous flow that uses external pressure, capillary effect and
electro kinetic mechanisms; (ii) droplet based (or digital microfluidics) which uses
electrowetting-on-dielectric, surface acoustic waves, optoelectrowetting. On the
other hand, open chips takes advantages of microfluidic probes (MFP) or are used
for micro-arrays as it is applied to ink-jet printing, pin-printing technology, micro-
contact printing (Ramli et al. 2013). Kim et al. (2007) used the capillary microflu-
idic technique to obtain monodisperse core-shell microgels based on
poly(N-isopropylacrylamide). This technique allows incorporation of additional
materials into the core-shell gels and precisely controls the particle size in the range
of 10-1000 mm. It can be applied in drug delivery, artificial muscles, and cancer
therapy (Kim et al. 2007). Chen et al. (2012) associated the parameters fluid flow
rates and device geometry with size and shell thickness of the microcapsules made
from double emulsion templates in microfluidic devices. They have showed the
permeability and microstructure of the capsule shell can also be controlled through
the addition of crosslinkers and silica nanoparticles in the middle phase of the dou-
ble emulsion templates (Chen et al. 2012). Microfluidics used to encapsulate applied
to agriculture are not reported on the literature until now. Nguyen et al. (2009)
showed examples as a sensor for insecticides detection in agriculture.

3.4 Polymers and Agrochemicals Used in EEF

Besides the methods, the polymeric systems are also an important issue that affect
the behavior of fertilizer release and the biodegradability of the material. Table 3.2
shows examples of polymers-agrochemicals association that have been studied for
controlled-release in agriculture in the past 10 years.

3.5 Final Consideration

Different methods to prepare an EEF (coating, dispersion or encapsulation) using
diverse strategies (coacervation, mechanical or melt-processing, spray-dryer, chem-
ical synthesis of core-shell, microfluidics) were widely exposed in the text and each
one has some advantages and disadvantages. Despite the methods for fertilizer
nano- and micro-encapsulation has not been yet well explored in the literature it
opens up new opportunities for both academia and industry since the results achieved
suggest the best pattern for the efficiency of fertilizer perform.
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Table 3.2 Polymers and agrochemical used into slow/controlled-release materials (Milani et al.

2017)

Agrochemical used

Polymer used

Urea Cs
Polyhydroxybutyrate (PHB), ethyl cellulose
Polyethylene, polyvinyl acetate, polyurethane, polyacrylic,
polylatic acid
KH,PO, Cs, gellan gum
NPK Cs
Cellulose, natural gum, rosin, waxes
Paraffins, ester copolymers, urethane composites, epoxy, alkide
resins, polyolefines,
CaH,P,0q Cs
KNO; Cs
Cs-clay (montmorillonite)
Xanthan
Paraquat ([(C¢H;N),]Cl,) Alginate, Cs
Hexazinone (C,,H,N,0,) Cs —clay
Clopyralid (C¢H;CLNO,) (montmorillonite)
2, 4-d (CsH4Cl,05) Polysaccharides

2-chloro-;4-chloro-

Cellulose, agarose, dextran, alginates, carrageenans, starch, Cs,
gelatin,

2.4,5-Trichloro-
phenoxyacetates

Albumin

Validamycin (CyH3sNO3)

Polystyrene, polyacrylamide, polymethylacrylate, polyamides,
polyesters,

Bifenthrin (Cy;Ha,CIF;05)

Polyanhydrides, polyurethanes, amino resins, polycyanoacrylates

Chlorpyriphos
(CoH,,CI;NO5PS)

Bifenthrin (C»;H,,CIF;0,)

Azadirachtin (C3sHy0 )
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Chapter 4
Potential Use of Polymeric Particles
for the Regulation of Plant Growth

Anderson E. S. Pereira, Bruno T. Sousa, Maria J. Iglesias, Vera A. Alvarez,
Claudia A. Casalongué, Halley C. Oliveira, and Leonardo F. Fraceto

Abstract Plant growth regulators (PGRs) are molecules widely applied in the
agriculture, leading to increased crop yield and improved quality of agricultural
products. These compounds act as plant hormones, affecting the plant hormonal
homeostasis, and thus control plant growth and development. Recently, the develop-
ment of polymer-based modified release systems for PGRs has emerged as a promis-
ing alternative for increasing the efficacy of these compounds. This review will focus
on polymeric particles that are used as carrier systems for PGRs, allowing their con-
trolled release and protecting them from degradation. Successful examples include
the phytohormone gibberellic acid(GA;)-loaded nanoparticles, which showed higher
efficacy than the non-nano active ingredient in promoting seed germination and
seedling growth, and salicylic acid (SA) and nitric oxide (NO)-releasing nanoparti-
cles as effective plant protection agents against stresses. Polymeric nanomaterials
per se such as chitosan (Cs) can also alter plant signaling pathways and promote
plant growth and development. Despite their great potential in improving the plant
production with less damage to the environment, relatively few studies have focused
on the use of these nanomaterials for the development of modified release systems
for PGRs. In this scenario, this review discusses on the major advances and obstacles
in the area.
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4.1 Introduction

Currently, agrochemicals are of extreme importance in the agriculture, especially
for their large production and uses (Prasad et al. 2017b). However, the excessive use
of these compounds has caused environmental damage, resulting in soil degradation
and contamination of natural resources (Mishra et al. 2017). These negative factors
present major challenges for today’s agriculture and also open some questions, such
as how agricultural practices could increase global production without causing
damage to the environment (Ciura and Kruk 2018).

In this context, new technologies for the controlled release of agrochemicals
can revolutionize the agricultural sector (Mishra et al. 2017; Duhan et al. 2017).
They include the development of microparticles and nanoparticles as active sub-
stance carrier systems in order to improve their biological action and reduce envi-
ronmental impact (Chen and Yada 2011; Ghormade et al. 2011; Khot et al. 2012;
de Oliveira et al. 2014; Campos et al. 2015; Grillo et al. 2016; Fraceto et al. 2016;
Athanassiou et al. 2017).

Several advantages are associated with the use of micro and nanoparticles, among
them, greater protection against premature degradation, slower release of the active
ingredient, extension of its duration of action, and improved uptake of the active
ingredient by target species (Kah et al. 2013; Kah and Hofmann 2014; Valletta et al.
2014; Nguyen et al. 2016; Tripathi et al. 2017; Prasad et al. 2017a). These micro and
nanoparticle characteristics allow reductions not only in the dosage of the active
ingredient but also on the application frequency, decreasing also the environmental
contamination and the risk of harming non-target organisms (Kah et al. 2013; Kah
and Hofmann 2014).

Among the active ingredients used in the agriculture, we have the plant growth
regulators (PGRs), which are natural or synthetic substances that are applied exog-
enously to alter plant hormonal homeostasis and/or signaling (Rademacher 2015).
Phythormones (also called plant hormones) may be used as PGRs, as well as their
precursors and synthetic analogues. PGRs also include compounds that inhibit the
biosynthesis, the translocation or the signaling pathway of phytohormones (Basra
2000; Rademacher 2015). Phytohormones are substances of plant metabolism that
act at low concentrations to regulate physiological processes of plant growth, devel-
opment and responses to the environment (Ordaz-Ortiz et al. 2015; Rademacher
2015). According to their chemical structure and functions in plant physiology, nine
major groups of phytohormones are found in plants: auxins, cytokinins, gibberel-
lins, ethylene, abscisic acid, brassinosteroids, jasmonic acid, SA and strigolactones
(Fig. 4.1). Recently, other signaling substances with functions similar to those of
plant hormones have been described. An important example is NO, a gaseous sig-
naling molecule that acts in many developmental processes and in plant responses
to biotic and abiotic stresses (Lindermayr and Durner 2018).

PGRs have wide applications in agriculture and horticulture, being applied from
seed germination and seedling production to grain filling and fruit ripening
(Table 4.1). Therefore, PGRs provide important benefits that include enhanced crop
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Fig. 4.1 Major groups of phytohormones. Chemical structure of a representative compound from
each group and some of their respective physiological functions are indicated

Table 4.1 Major PGR types for agriculture applications

PGR types | Examples Applications References
Auxins 2.,4-D, indole acetic acid Induction of rooting of | Cardoso et al. (2011);
(IAA), naphthalene-1-acetic | cuttings, cell culture, Dibax et al. (2013);
acid (NAA) herbicide Schulz and Segobye
(2016)
Cytokinins | Kinetin,6BA Cell culture Dibax et al. (2013)
Ethylene Ethephon Induction of fruit Hussain et al. (2015);
releaser ripening and flowering | Espinosa et al. (2017)
Ethylene AVG, 1-MCP Delay of senescence Petri et al. (2007);
inhibitor and fruit ripening Steffens et al. (2009);
Grozeff et al. (2010)
Gibberellin | GA; Induction of flowering, | Peixoto et al. (2011);
seed germination and Cardoso et al. (2012);
fruit growth Camara et al. (2018)
Gibberellin | Trinexapac-ethyl, Calcium Reduction of shoot Rodrigues and Fioreze
inhibitor proexadione, Clormequat height (2015)
chloride, Mepiquat chloride
NO donor Sodium nitroprusside, Tolerance to abiotic Seabra and Oliveira
S-nitrosothiols stress (2016)
JA n-Propyl dihydrojasmonate Improvement of fruit Kondo (2010)

quality
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yield and quality, facilitated crop management and extended storage of perishable
products (Basra 2000; Rademacher 2015). However, despite the high number of
studies regarding PGRs and their systematic agricultural use since the 1930s, PGRs
currently represent a relatively small portion of the agrochemical market, especially if
compared with pesticides (Rademacher 2015). One factor that hinders the application
of PGRs is their degradation when exposed to field conditions of light and temperature,
which compromises their biological activities (Silva et al. 2013; Dong et al. 2016;
Yang et al. 2018). In addition, when applied at supra-optimal concentrations,
PGRs may exert phytotoxic effects, thereby acting as an herbicide rather than a
hormone (Skiipa et al. 2014). Another aspect is the poor water solubility of some
PGRs, which may hamper their applications (Ambrogi et al. 2006; Ge et al. 2011;
Yang et al. 2018).

This review was focused on the major advances and obstacles regarding the use
of polymeric micro and nanomaterials for the development of modified release sys-
tems for PGRs. Although there are multiple publications reporting the synthesis and
physico-chemical characterization of micro and nanocarriers of PGRs particularly
in the chitosan (Cs) polymeric matrix with a potential use in agriculture, few studies
have demonstrated their mode of action and biological effects in plants (Gutiérrez
2017). This important issue constitutes a challenge for the next years. The actions of
some polymers per see specially Cs in altering plant signaling pathways and pro-
moting growth will also be discussed.

4.2 Production of Polymeric Nanoparticles

The development of nanoparticles becomes a valuable strategy in the field of active
ingredient vectorization. Nanoparticles allow a wide variety of molecules to be tar-
geted to different parts by releasing them in a controlled manner over time, protect-
ing them from degradation, increasing their half-life and decreasing its toxicity.
Figure 4.2 shows the possible structure for polymeric nanoparticles.

L e
°e M LL ML
M LL Cee, ®ee,
® o0, e ® 9
o
Actiye Polymgric Nanocapsule Nanosphere
principle Matrix

Fig. 4.2 Possible structures of a polymeric nanoparticle. The nanocapsules show a core-shell
structure and nanospheres present a polymeric matrix
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4.2.1 Biodegradable Polymers Used as Active Principle
Carriers

During the past decades, significant advances have been made in the development
of biodegradable polymeric materials as active principle vehicles. Degradable poly-
meric biomaterials are preferred candidates for developing carriers. A wide range of
natural or synthetic polymers are being investigated for agricultural applications.
Biodegradable polymers can be derived from different sources. The number of such
materials that are used in or as adjuncts in delivery has increased dramatically over
the past decade. The different kinds of biodegradable polymers used as vehicles are
summarized in Fig. 4.3.

Many biopolymers such as alginate, Cs, cellulose, pectin and cellulose have been
used to the development of carriers systems for agrochemicals (Campos et al. 2015)
as well as to the coating of metallic nanoparticles (Navarro et al. 2015; Barrios et al.
2016; Lopez-Moreno et al. 2018). The most widely used polymer for the development
of nanocarrier systems has been Cs (Kashyap et al. 2015). Cs is a polysaccharide
derived from chitin. It has great characteristics including the biodegradability and
biocompatibility as well as fungicidal properties, Cs has been also use in the pharma-
ceutical, cosmetics and food fields (Zargar et al. 2015; Malerba and Cerana 2016). In
the case of biopolymers used as a stimulator for plant development, Cs has been one
of the most cited in order to promote plant growth resulting in increased production.

In addition, many types of polymers and agents can be used for the coating nano-
particles such as lactate, polyvinylpyrrolidone, polyethylene glycol, gelatin, sodium
dodecylbenzenesulfanate, citrate, dexpanthenol and carbonate (Barrios et al. 2016;

Biodegradable
Polymers

From From

Biomass products microorganisms Biotechnology

From oil products

Polysaccharides

Proteins

Fig. 4.3 Different kinds of biodegradable polymers used as vehicles of active ingredients. The
main sources of biodegradables polymeric materials come from biomass products (polysaccha-
rides and proteins), from microorganisms or obtained from biotechnology routes and oil
byproducts
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Navarro et al. 2015). When these systems are coated, their properties such as size, zeta
potential are altered, as well as the biological effects on plants. Thus, this issue opens up
awide field in the design of new nanoparticles or nanocarrier systems in order to increase
the biological activity of a nanoparticle system or even reduce toxic effects on plants.

Depending on the mode of degradation, polymeric biomaterials can be classified
as: hydrolytically and enzymatically degradable polymers. It is important to remark
that most of the naturally occurring polymers undergo enzymatic degradation.

4.2.2 Common Techniques to Prepare Polymeric Nanoparticles

There are numerous methods for producing polymeric nanoparticles carrying
hydrophobic or hydrophilic molecules, simple or complex (Rao and Geckeler
2011). These methods can be classified into two categories: those that involve poly-
mer synthesis or those that involve preformed polymers. Among the methods
involving polymer synthesis, mention may be made of polymerization/emulsion
(Thickettetal. 2007) and interfacial polymerization (Crespy et al. 2007). Considering
the methods that use preformed polymers, simple (Solans et al. 2005; Fryd and
Mason 2012) or double (Hanson et al. 2008; Igbal et al. 2015) emulsion with subse-
quent evaporation of solvent, and nanoprecipitation (Hornig et al. 2009; Martin-
Saldana et al. 2016, 2017). The simple emulsion method with subsequent solvent
evaporation is the most widely technique used to accommodate hydrophobic active
principles in nanoparticulate polymer matrix systems (Gutiérrez 2018). It consists
in forming a stable emulsion from two immiscible phases: an aqueous or continuous
phase provided with an appropriate stabilizing agent and an organic dispersed phase
containing the drug and the matrix polymer. In most cases, an ultrasound probe is
responsible for generating an emulsion that guarantees nanometric droplets com-
posed of the dispersed phase (Gutiérrez and Alvarez 2017). Then, the polymer con-
tained in the droplets precipitates in the form of nanoparticles trapping the drug as
a result of the evaporation of the organic solvent, which must naturally be volatile.
The main advantage of this method is the high efficiency of encapsulation of hydro-
phobic active ingredients (Gomez-Gaete 2014).

Differently, double emulsion is a strategy to house hydrophilic molecules in
hydrophobic polymeric nanoparticles. Emulsions are a type of dispersed phase sys-
tems, depending on the type of dispersion the emulsions are classified as those of
the water in oil (w/0) or oil in water (o/w) type. It is possible to obtain more com-
plex dispersions for more specific purposes, such as multiple emulsions of the
w/o/w or o/w/o type, which require, first, the formation of a stable primary emulsion
and then its dispersion in the phase external by dispersing two immiscible liquid
phases, which have a high attraction force between their own molecules, a large
interface area is generated producing a thermodynamically unstable system, which
entails the breakdown of the emulsion in a certain time. To stabilize the dispersed
systems or emulsions, an agent having interfacial activity must be added, which
allows decreasing the interfacial tension and the attractive interactions between the
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droplets that are dispersed. These agents that are called surfactants, are amphipathic
chemical species, which by various mechanisms prevent the collapse of the drop-
lets, preventing their coalescence or flocculation. Double emulsions are complex
systems in which the droplets of the dispersed phase contain one or more types of
smaller scattered droplets (Igbal et al. 2015).

Double emulsions have the potential to transport both hydrophobic and hydro-
philic active principles. However, this technique is more commonly used to encap-
sulate hydrophilic molecules, which suffer from a low loading efficiency due to the
rapid partition of the drug in the external aqueous phase when using simple emul-
sions (Igbal et al. 2015).

4.3 Polymeric Nanoparticles as Carrier Systems for PGRs

Polymeric nanoparticles have been developed as carrier systems for different types
of PGRs (Table 4.2).

Liu et al. (2013) developed the first reported material for the controlled delivery
of GA;, which is the most representative gibberellin. GA; is not dissolved in water
and is easily degraded under neutral and alkaline conditions as well as by light and
temperature, properties that affect its efficiency in formulations for the use in the
field (Kah and Hoffman 2014). Hence, GA;-Cs conjugate efficiently protects the
phytohormone from photo and thermal degradation. Its release properties can be
achieved by controlling pH, temperature and UV irradiation. Pereira et al. (2017a,b)
described the properties of Cs nanocarrier systems for GA;. These particles showed
a sustained release of 58% of GA; in 2 days and enhanced properties compared with
free GA; hormone in the promotion of seed germination, root and leaf development
and also, increased the photosynthetic pigments in Phaseolus vulgaris.

Quifiones et al. (2010) described the encapsulation of two synthetic brassino-
steroid analogues (DI31 and S-7) in tripolyphosphate (TPP)-Cs microparticles.
Higher loading capacity and release from microparticles were obtained when the
steroids were dissolved in ethanol. Both steroids show a sustained and constant
release rate for the first 10 h. Until now the biological activity of these microparti-
cles has not been assayed in plants (Quifiones et al. 2010).

TAA constitutes the widespread natural auxin in plants, however, there are different
synthetic auxins such as 2,4-D or NAA, which are used as phytohormones to promote
auxin-mediated processes but also as herbicides at higher doses in which auxins
inhibit growth and trigger plant death (Enders and Strader 2015). The development of
Cs-based particles using glutaraldehyde as a crosslinker for the controlled IAA and
NAA delivery has been performed by Fan et al. (2012). These particles efficiently
encapsulated around 60% of auxins and released the bioactive by a super Case-1I
transport diffusion mechanism. The NAA release from NAA-Cs derivative synthe-
tized by protecting amino groups of Cs with phthalic anhydride and then mixed with
I-naphthylacetyl chloride has been studied (Tao et al. 2012). NAA release depended
on pH and temperature. At pH 12.0 and 60 °C a sustained release of the hormone for
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55 days in vitro could be achieved. However, their biological actions in plants have not
yet been assayed. Alternatively, non-polymeric silica nanoparticles for the control
delivery of NAA with proved biology action in the modulation of root development in
wheat plants where described (Ao et al. 2013).

The phytohormone SA triggers local and systemic defense responses against
pathogen attack. The synthesis of SA-Cs particles with different doses of immobi-
lized SA has been recently described (Martin-Saldafa et al. 2018). SA1%-Cs par-
ticles showed very low cytotoxicity and enhanced root growth in Lactuca sativa
seedlings. In accordance with the activation of SA signaling in planta, SA-Cs par-
ticles promoted the induction of NPR1 and PR2 protein levels required for plant
defense responses. However, the action of SA-Cs nanosystem has not yet been
assayed in the protection of plants against environmental stress.

The NO donor S-nitroso-mercaptosuccinic acid (S-nitroso-MSA) was also
encapsulated in Cs for the generation of nanoparticles (Oliveira et al. 2016). The
sustained release of S-nitroso-MSA from Cs nanoparticles enhanced the efficiency
of NO donor compared with non-encapsulated compound. S-nitroso-MSA-Cs
nanoparticles developed a better performance in the protection of Zea mays plants
against salt stress, evidenced by higher levels of chlorophyll and reduced inhibition
of root and shoot growth. Hence, the nanoparticles of Cs for the controlled delivery
of GA, SA and S-nitroso-MS Aas bioestimulants/growth promoter and stress protec-
tion agents with proved action in plants constitute promising biomaterials for agri-
cultural applications (Pereira et al. 2017a, b; Oliveira et al. 2016; Martin-Saldafia
et al. 2018).

4.4 Potential of Polymeric Nanoparticles to be Used as PGRs

Unlike nanocarrier systems whose activity is related to the active ingredient, some
nanoparticles have direct effects on plants, being able to alter their metabolism.
Little is known about the phytotoxic or stimulate effects of polymeric nanoparti-
cles systems without an ingredient active on plants, however, some studies have
shown that these nanomaterials are capable of being uptake by vegetables and trans-
ported, as well uptake by vegetal cells (Valletta et al. 2014; Nguyen et al. 2016;
Prasad et al. 2017a).

The evaluations of these nanoparticles are of extreme importance mainly for
agricultural application, in which these systems cannot cause phytotoxic effects.
Studies conducted by Nakasato et al. (2017) demonstrated the effects of solid lipid
and Cs nanoparticles on the germination of Zea mays, Brassica rapa and
Pisumsativum species. An inhibition of germination was observed depending on the
concentration of the Cs nanoparticles while the lipid nanoparticles did not cause
phytotoxic effects.

Novelty, Chandra et al. (2015) demonstrated that Cs nanoparticles function as an
immune modulator. The foliar treatment with these nanoparticles increased the
activity of the immune system inducing the production of defense enzymes and
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increasing the upregulation of genes linked to the vegetal immune system in
Cammeliasinensis. In Triticuma estivum, the treatment with Cs nanoparticles
favored the leaf gas exchange and the grains showed increase of protein and micro-
nutrient levels (Xue et al. 2018). Cs nanoparticles have shown fungicidal properties,
mainly when bound to copper as metal ion (Saharan et al. 2016). For example, Zea
mays seeds treated with copper-containing Cs nanoparticles resulted in physiologi-
cal and biochemical changes including, high germination rates and increase of dry
mass and activation of amylases and proteases enzymes (Saharan et al. 2016).

Choudhary et al. (2017) demonstrated that seeds treated with copper-containing
Cs nanoparticles increased antioxidant enzyme activities such as superoxide dis-
mutase, peroxidase and polyphenol oxidase and phenylalanine ammonia-lyase
showed protection against the fungus Curvularia leaf spot. In addition to these
effects, a promoter stimulus was observed in the development of the Zea mays
plants treated with the Cs nanoparticles. This is an important point of view for prod-
ucts that aim at a more sustainable agriculture, since systems that promote plant
development resulting in seed vigor, plant development and increased production
can also improve the immunological activity of the plant and resistance against
pathogens (Anusuya and Banu 2016; Venkatachalam et al. 2017; Choudhary et al.
2017; Sathiyabama and Manikandan 2018).

Also, as example of hybrid systems, many metal nanoparticle systems have
potential as a plant growth promoter. Silver nanoparticles may have bactericidal or
fungicidal action but they have phytotoxic effects. However, in order to maintain
their biological activity and reduce phytotoxic effects one of the alternatives is the
coating of these nanomaterials with polymers. These systems have great applica-
tions, many of which are capable of increasing the uptake of plant nutrients, the
immune system, alleviating adverse effects under stress conditions, as well as
increasing production in the field (there is a lack in the development of nanocarrier
systems for PGRs, and these systems may have many applications such as flower-
ing, fruiting and fruit ripening). However, for the use of these systems to be safe, it
is important to have a broad spectrum of evaluation in different plants, as well as in
other living organisms. In summary, the use of polymeric nanocarrier systems for
PGRs such as the coating of metal nanoparticles by polymers has a great potential
for use in field applications and the stimulation of plant growth. These systems can
be used for different stages, such as in the treatment of seeds or during plant devel-
opment resulting in greater plant development, increase of production and quality of
agricultural products.

4.5 Uptake, Transport and Distribution of Nanoparticles

PGR-loaded system can be extracellularly sensed or incorporated from the extracel-
lular matrix to be metabolized or secreted. Nanoparticles are highly effective as
carrier systems for phytohormone; they can confer high stability and enhanced and
prolonged delivery to the target cell (Revell 2006). Thus, currently, controlled
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release systems are improving stability, efficiency and minimizing the applied doses
of traditional PGR in plants. Some PGR are unstable and have quick metabolism
limiting their application in planta. This is the case of two unstable synthetic ana-
logues of brassinosteroids D121 and S7 that have been recently reported to be
loaded in polyethylene glycol micelles to extend their stability (Pérez Quifiones
et al. 2018). However, the underlying mechanisms of adhesion and transportation
onto plant tissues have not yet been explored.

On the other hand, bioengineered polymeric nanoparticles exert positive or nega-
tive effects on growth and development by regulating endogenous PGR homeostasis
and metabolism in the plant (Vankova et al. 2017). The exposition of rice shoots to
mesoporous carbon nanoparticles showed negative effects on growth and increased
the concentrations of the phytohormones brassinosteroids, indole propionic acid,
and dihydrozeatinriboside (Hao et al. 2018).

In general, physico-chemical properties of PGR-loaded nanoparticles can affect
its behavior including adherence, penetration and circulation along the plant. Once
applied on plant, PGRs-loaded polymeric nanoparticles could also have different
adherence depending on target plant cells. Apparently, size and shape are key
parameters for penetration into plant tissues (Pérez-de-Luque 2017). Adhesion to
the plant cell mainly takes place in the epidermic tissues of different organs such as
leaves, shoots or roots (Khutoryanskiy 2011). Nanoparticles might enter into the
plant by apoplastic or symplastic routes. Nanocapsules containing herbicides pen-
etrate through cuticles and tissues, allowing the slow and constant release of the
active substances (Pérez-de-Luque and Rubiales 2009).

Once internalized onto the plant, the PGR-loaded nanoparticles can modulate
growth, development and morphogenesis depending on the level, distribution and
sensing. Thus, in addition to get know ledge on the action of PGR-loaded nanopar-
ticles on physiology processes it is important to investigate how they can be
sensed, taken up by cell and then, transported to other plant tissues or organs
(Wang et al. 2016). Recently, a hormone-like activity has been assigned to Cs/TPP
nanoparticles (Asgari-Targhi et al. 2018; Fu et al. 2018). This work highlights the
positive effect of Cs nanoparticles for growth and in vitro micropropagation of
Capsicum annuum plants. However, the authors do not describe by which mecha-
nism nanoparticles are absorbed in these in vitro plants. In Arabidopsis, the lysin
motif (LysM)-containing chitin elicitor receptor kinase 1 (CERK1) has been
shown to sense chitin and Cs (Petutschnig et al. 2010). CERK1 has an extracel-
lular LysM motif—containing a transmembrane and intracellular kinase domains
that is critical in chitin perception (Wan et al. 2008). Recently, a new model
involving LysM-containing receptor complexes has been proposed (Gubaeva
et al. 2018). Chitooligomers could also be generated from Cs nanoparticles in the
apoplastic space by extracellular chitinases (Grover 2012). In this sense, the wall-
associated protein W5G2US has found to be a chitooligomer receptor in wheat
plants (Liu et al. 2018).

The plant cell wall is composed primarily of polysaccharides of which cellulose
is the major component (Stavolone and Lionetti 2017). Being the pore diameter of
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the cell wall from 5 to 50 nm it can exclude the entry of any larger polymeric
nanoparticle into cells. Cellulose microfibrils separation may be affected by a num-
ber of factors including cross-linking polysaccharides, spacing by interpenetrating
polysaccharides and even by the water content in the cell wall. The water has a
substantial effect on separations of cellulose microfibrils (Thompson 2007). Thus,
application of nanoparticles might modify microfibril depositions by modifying
water availability in the cell wall, consequently modifying its entry onto plant cells.
Hence, Cs-loaded nanoparticles might physically affect cell wall architecture facili-
tating their incorporation into the cell. The size of Cs nanoparticle has been found
to affect its viscosity, adding other level of regulation to the incorporation of
nanoparticles into plant cells (Chattopadhyay and Inamdar 2010).

In the case of leaves, stomata are other possible point for nanoparticle penetra-
tion (Corredor et al. 2009). It could be investigated whether the passage of the
particle through it does not imply its functional deregulation. Cytological observa-
tion and complementary approaches measuring stomatal conductance and infrared
thermographic can be used to investigate stomatal opening/closure in response to
nanoparticles application (Alleégre et al. 2007). Since interactions between the
plant cell wall and membrane trafficking have been reported (Kim and Brandizzi
2014; Ebine and Ueda 2015), endocytic pathways involved in the cellular uptake of
nanoparticles might represent other level of specific regulation in plant cell.
Although most of current studies have revealed that PGR-loaded nanoparticles are
highly promising for agriculture use, there is still much to learn about how nanopar-
ticles are incorporated, translocated and distributed in vascular plants. Studies on
the mechanism of interactions between plant cells and polymeric nanoparticles
must be performed.

4.6 Gap, Obstacles and Challenges

There are many challenges for the use of PGR in nanocarrier systems. First is to
increase the interest of the scientific community in the development of controlled
release systems for PGRs or even nanoparticles with potential plant growth pro-
motion effects. Second is the evaluation and the comprehension of these systems,
to understand how different polymers, methodologies of preparation and the
characteristics of the nanomaterials could affect the biological effect of the PGR,
and how these different systems interact with specific targets of the plant. Finally,
evaluation using different biological models and their responses, whether in rela-
tion to their activity or even possible toxic in order to understand the applicabil-
ity of these systems. The understanding of how these systems act in different
plant tissues and at the cellular level related to the physico-chemical characteris-
tics of these nanomaterials will help in the development of more efficient and
intelligent systems for the immobilization/control delivery of the different types
of PGRs.
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4.7 Conclusions and Remarks

PGRs have great potential for agricultural application. The use of nanocarrier
systems associated with PGRs and nanoparticles that have a promoter effect or even
relieve vegetable stress are of great interest for field application. These systems can
be applied in different stages of plant development in order to increase field perfor-
mance. However, it is still necessary to develop and exploit the applications of these
PGRs associated with polymer nanoparticles which can not only potentiate the pro-
duction, but also increase the plant immune system and alleviate adverse environ-
mental conditions. In short, the association of PGRs with polymer systems
constitutes a promising strategy in order to increase productivity without causing
major damage to the environment.
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Chapter 5

Applications and Implications

of Environmental-Responsive Polymers
toward Agrochemicals

Yue Shen, Huaxin Zhu, Yan Wang, Haixin Cui, and Runcang Sun

Abstract Environmental-responsive polymers have many applications in biomedi-
cine and nanotechnology, and have always been the hotspot of polymer science
research. The stimuli from the external environment include both physical, chemical,
and biological types, such as pH, temperature, ionic strength, light, enzyme or mag-
netic fields etc. For environmental-responsive polymers, different responsive groups
are introduced into the polymers through various polymerization or other chemical
means to meet different needs. This method cannot only accurately control the mor-
phology of the assembly when external stimuli changes, but also can adjust the
types and quantities of the groups according to actual needs. In this chapter, special
attention has been paid to intelligent agrochemicals with precise controlled release
modes that can respond to micro-ecological environment changes. Moreover, the
establishing intelligent and controlled agrochemicals release technologies which
could increase agrochemicals-loading, improve the dispersibility and stability of
active ingredients, and promote target ability are reported.

Keywords Agrochemicals - Environmental response - Functional polymers

5.1 Introduction

Agrochemicals include fertilizers, herbicides, pesticides, fungicides and other
chemicals imported in agricultural production (Scott et al. 2018). Among them, pes-
ticides are an important material basis for safeguarding major biological disasters,
ensuring national food production, and promoting sustained and steady growth of
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agricultural output (Zhao et al. 2018). According to the statistics of the Food and
Agriculture Organization of the United Nations (FAO), the loss of agricultural prod-
ucts recovered by pesticides and pests worldwide is about 30% of total production.
However, pesticides are a special kind of chemical. While defending against major
biological disasters in agriculture, they also pose a serious threat to human health
and the environment (Liang et al. 2018). With the improvement of global ecological
environment and health awareness, the development of pesticide products is devel-
oping towards high efficiency, low toxicity and low residue. In the current situation
that the creation of new pesticide compounds is becoming more and more difficult,
improving the performance of pesticides through advanced formulation processing
methods and giving full play to the biological activity and efficacy of active ingre-
dients have become an important way to improve the control effect of pesticides,
reduce residual pollution, and save the cost of application (Liu et al. 2018; Guan
et al. 2018; Huang et al. 2018).

Conventional pesticide formulations such as emulsifiable concentrates, wettable
powders, etc., do not have the controlled release ability of the active ingredients, so
that the active ingredient is easily photolyzed, hydrolyzed or microbially metabo-
lized in the environment near the target, and the effect of the ingredient is reduced
due to the loss. Even if a highly active pesticide ingredient is used, its effective uti-
lization rate is usually only 10%—-30%, and the loss rate is as high as 70%-90%
(Zhao et al. 2018). It is necessary sometimes to repeatedly spray to effectively con-
trol crop pests and diseases, which not only increases the cost of agricultural pro-
duction, but also aggravates the impact of pesticides on agricultural products and
the environment (Zhang 1998). There are many reasons for the low effective utiliza-
tion rate of pesticides. The loss of target off-target and the backward use of existing
pesticide formulations are two of the main reasons (Scott et al. 2018). Therefore,
how to use advanced carrier materials and loading methods to overcome the func-
tional defects of traditional formulations, improve the effectiveness and utilization
of pesticides, and reduce their dosage and residual pollution in non-target areas and
environments, has become a scientific problem that needs to be solved urgently in
modern agriculture.

In recent years, the rapid development of nanotechnology has provided a new sci-
entific methodology for modern agricultural science. It is promoting traditional agri-
culture to continually nurture new major breakthroughs in many cross-cutting fields
and form the growth point of agricultural emerging strategic industries (Fu et al. 2018;
Zhao et al. 2017a; Shen et al. 2017). The application of nanotechnology in agriculture
has formed a very active and emerging interdisciplinary subject. Using the targeted
transmission and control release function of nano-carrier materials, developing new
formulations of green nano-pesticides, improving the effective utilization rate of agro-
chemicals such as pesticides and fertilizers, and reducing residues and pollution have
become one of the research hotspots in the field of nanotechnology agricultural appli-
cation in the world (Morris et al. 2011; Scott and Chen 2012; Ghormade et al. 2011;
Khot et al. 2012), showing good application prospects in alleviating environmental
pollution, pest resistance and biodiversity loss caused by pesticide abuse. The figure is
shown in our previous paper (Fig. 5.1) (Huang et al. 2018). In 2003, the US Department
of Agriculture launched the “Nanoscale Science and Engineering for Agriculture and
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Fig. 5.1 Nano-based pesticide formulation increases bioavailability and efficiency

Food Systems” research program (Norman et al. 2002), which listed the intelligent
transmission of agricultural chemicals as one of the six key research directions.
Subsequently, the European Union, Brazil, India, Japan, Canada and other countries
have also developed and started to implement relevant research plans (Observatory
NANO 2010; Robinson and Morrison 2009). Some international organizations and
institutions have also begun to pay close attention to the impact of nanotechnology on
future agriculture. Since 2009, the FAO has organized high-level expert forums and
technical round tables to discuss the application prospects of nanotechnology in food
and agriculture, and edited and published strategic research reports (Food and
Agriculture Organization 2010). The US Environmental Protection Agency (EPA)
and the European Parliament have issued regulations on the production and use of
nanopesticide (Morris et al. 2011). World-renowned agrochemical enterprises such as
Bayer, DuPont and Syngenta have also attached great importance to the development
and promotion of nano-pesticide technology and products (Norman et al. 2002;
Observatory NANO 2010).

Currently, the key focus of nanopesticide research is to develop a smart nano-
delivery system with target-oriented and controlled-release functions using nano-
materials and technologies. In this way, the formulation function of the pesticide is
improved, the utilization efficiency and biological activity of the active ingredients
are maximized, and the loss and residual pollution are reduced. Compared with the
conventional pesticide carrier, the nanocarrier has characteristics such as small par-
ticle size and large specific surface area. It loads pesticides by adsorption, coupling,
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encapsulation, inlaying, etc., and constructs a nano pesticide-loading system, which
is easier to exert excellent pesticide-loading functions, is beneficial to improve the
dispersion and stability of the components, promote target deposition and dose
transfer, reduce the loss and increase the utilization rate, and reduce pesticide resi-
dues and environmental pollution. At the same time, the nano granules have the
controlled release function of pesticides. They can protect environmentally sensitive
pesticides, control release rate, and reduce loss and decomposition (Ghormade et al.
2011; Khot et al. 2012).

Pesticide controlled release technology provides a feasible way to solve the con-
tradiction between agricultural yield increase and pesticide pollution control. It can
reasonably adjust the release rate of the active ingredient according to the require-
ments of the control target, thereby improving the utilization rate of the pesticide
and prolonging the duration of the effect. The core of controlled pesticide release
technology is the carrier material. At present, common controlled pesticide release
formulations such as microcapsules, microspheres and inclusion compounds can
significantly improve the safety of users and non-target organisms, reduce the dos-
age of pesticides, reduce soil leaching and prolong the effective ingredients. It has
become an ideal pesticide formulation that can effectively reduce pesticide residues,
resistance and environmental problems. Research on new formulations of nano-
pesticide is currently focused on these aspects, especially pesticide nanocapsules
and nanospheres, which have good sustained-release properties (Frederiksen et al.
2003; Caboni et al. 2003; Boehm et al. 2003).

The environmental-responsive carrier material can respond to changes in envi-
ronmental stimuli such as enzymes, redox, pH, light, temperature, electric field,
magnetic field and ionic strength to achieve targeted controlled release of active
ingredients, showing obvious advantages in controlled drug release. It has broad
application prospects and has become a hot spot in the fields of medicine, food and
environmental engineering (Manatunga et al. 2017; Zhang et al. 2017; Eswaramma
and Rao 2017; Shao et al. 2017; Zhou et al. 2017). The application of environmental-
responsive carrier materials in the field of pesticides, research and development of
new environmental-responsive pesticide controlled release agents, has gradually
become an important development direction of new pesticide formulations. This
chapter intends to review the types of environmental-responsive carrier materials
and their application and implication in the field of pesticides, aiming to highlight
the importance and application potential of environmental-responsive carrier mate-
rials in the field of controlled pesticide release.

5.2 Environmental Stimuli-Responsive Carriers

Intelligent materials respond to changes in the environment and realize an artificial
imitation of bio-intelligence. Now it has become an emerging multidisciplinary and
cross-integrated science, and it is one of the international academic frontiers.
Polymeric materials also play an important role in many fields. The intersection of
the two, namely the environmental- responsive polymer, i.e. the intelligent polymer
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material, has been the frontier and hot spot in the research of polymer science in
recent years. Such high-molecular polymers can receive small stimuli from the
external environment, resulting in reversible or irreversible changes in the molecu-
lar structure, which in turn affects its chemical or physical properties. Stimulus signals
from the external environment include both physical and chemical stimuli (Kwon
et al. 1991; Gutowska et al. 1994; Pelton 2000; Zou et al. 2004; Tanaka et al. 1980;
Sijbesma et al. 1997). The stimuli-responsive polymer may also be part of the
polymer that responds to external stimuli (Abu-Lail et al. 2006; Xu et al. 2006).
This change (or stimulus) of the external environment can be pH, temperature,
ionic strength, light, electricity or magnetic field (Ayano et al. 2012; Palankar et al.
2009; Thomas et al. 2012; Nash et al. 2012; Dedinaite et al. 2010). Environmental-
responsive polymers can be designed as a single response or as multiple responses
(Cho et al. 2009; Debord and Lyon 2003; And and Lyon 2004). These materials have
great industrial application prospects and have been used in the fields of chromatog-
raphy, optoelectronics, drug release and biosensors (Liu et al. 2011; Sidorenko et al.
2007; Cai et al. 2012; Guo et al. 2012; Shim, and Kwon 2011; Tang et al. 2011).

5.2.1 Temperature-Responsive Polymer

Temperature-responsive polymers are a class of smart polymers that respond to
changes in the external temperature. A common feature of this type of polymer is
the presence of a lower critical solution temperature (LCST) in a particular solvent
(Xu et al. 2007; Di et al. 2010; Qin et al. 2010). The LCST refers to the critical
phase transition temperature of the polymer. When the ambient temperature is
lower than the LCST, the polymer forms an extended coil structure, and the poly-
mer molecular chain is soluble in the solvent. When the ambient temperature rises
to the LCST, the polymer molecules are transformed into a compact colloidal
structure from a loose coil structure, the polymer molecular chains are precipitated
from the solvent, and the phase behavior changes. This phase change is the basis
for the temperature response of the polymer (Xu et al. 2007; Liu and Fan 2005;
Durand and Hourdet 1999; Yan et al. 2008). There are many kinds of monomers for
synthesizing temperature-responsive polymers, but poly(N-isopropylacrylamide)
(PNIPAM) is the most popular material. Although PNIPAM has been reported
since the 1950s, its temperature-responsive nature was not discovered by Heshinks
et al. until 1968, with a LCST of 32 °C (Schild 1992; Heskins and Guillet 1968).
Polymer materials such as hydrogels that crosslink PNIPAM at the same time also
have a LCST behavior. PNIPAM is capable of phase transitions due to temperature
changes. When the temperature of the external environment changes, the molecu-
lar structure of PNIPAM changes with it, resulting in a reversible change in its
hydrophily/hydrophobicity and volume. The PNIPAM molecular chain contains a
large number of hydrophobic groups [-CH(CHj;),-] and hydrophilic groups
[-CONH-]. When the temperature is lower than LCST, the hydrogen bond interac-
tions between the hydrophilic amide groups and the water molecules cause the
macromolecule to stretch, thereby exhibiting hydrophilicity, and PNIPAM is
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Fig. 5.2 Mechanism of PNIPAM hydrophilic and hydrophobic transition

dissolved in water (Long et al. 2009). When the temperature is higher than LCST, the
hydrophobic group surrounds the hydrophilic group, causing the molecular chain to
shrink, which makes PNIPAM exhibit hydrophobicity. Meanwhile, microphase sep-
aration occurs, and PNIPAM precipitates out of the water. The temperature-sensitive
phase transition is shown in the Fig. 5.2.

5.2.2 pH-Responsive Polymer

A pH-responsive polymer is a type of polymer whose physical and chemical proper-
ties change as the pH of the environment changes. This change is generally based on
stimulatory responses at the molecular and macromolecular levels. Such polymers
generally contain a large number of weak electrolyte groups such as carboxylic groups
or amino groups which allow them to accept or impart protons in response to changes
in pH in the environment (Bae et al. 2003; Schmaljohann 2006). In addition, the pH-
responsive polymer also responds to changes in ionic strength, and as the ionic
strength increases, the electrostatic repulsion force also increases, causing the poly-
mer chain to collapse. Bhattacharya et al. (2010) synthesized a composite microgel
containing N-vinylimidazole (VIM) as a monomer, and explored the hydrodynamic
diameter of the microgel under different pH conditions by light scattering. When pH
was 4, the VIM unit combined a large number of protons and completely ionized.
The charge density on the microgel structure became large, and strong electrostatic
repulsion caused the microgel to swell. When the solution pH was 7, the degree of
ionization of the VIM group became smaller. The charge density of the microgel
structure became smaller, and the polymer chain changed from the extended state to
the shrinkage collapse state, as shown in the Fig. 5.3.
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Fig. 5.3 Radius of microgels at different pH values

Manchanda and Nimesh (2010) prepared chitosan (Cs) nanoparticles through a
reversed micelle system using glutaraldehyde as crosslinker for directional release of
oligonucleotides. In the case of pH =4, the electrostatic and ionic interaction between
Cs and oligonucleotide were the strongest, and the release rate of oligonucleotide
was slower than that at pH = 7. This is because when pH = 7, the deprotonation of Cs
weakened the interaction between each other, and the release was faster. A similar
situation occurs in the encapsulated ciprofloxacin hydrochloride Cs nanoparticles
prepared by tripolyphosphate cross-linking (Hui and Gao 2009). The encapsulation
and drug release in this system was affected by the environment pH value (Hui and
Gao 2009; Gutiérrez and Alvarez 2017; Gutiérrez 2018). Compared with acidic con-
ditions, the encapsulation efficiency was significantly improved at pH = 7.4. Though
at higher pH conditions, the nanoparticles shrink. However, the carboxyl moiety of
the ciprofloxacin hydrochloride molecule was deprotonated, a stronger interaction
was formed with the positively charged Cs, and this action played a leading role.
More ciprofloxacin hydrochloride was released in PBS buffer at pH = 7.4 compared
to aqueous solution, because the presence of ions in the buffer can weaken the inter-
action between Cs and TPP or ciprofloxacin hydrochloride, thus speeding up the
drug release rate. Kikuchi et al. (1997) used a six-arm block polymer
poly(caprolactone)-b-polydimethylaminoethyl methacrylate to carry indomethacin
after electrostatic interaction and then embedded in calcium alginate colloidal parti-
cles. This composite system had a significantly faster release rate at pH = 1.2, 6.8, or
7.4 compared to a pure drug-coated calcium alginate system. This phenomenon
occured because the solubility of the drug in the particles was enhanced, so that more
drug was loaded in the particles. The difference in concentration was more favorable
for the drug to be released from the particles.

5.2.3 Photoresponsive Polymers

Relying on simple synthesis steps, fast response efficiency and excellent perfor-
mance, photoresponsive polymers have been widely used in traditional chemistry
and biochemistry research. The intensity and wavelength of the source can be easily
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controlled by using a filter or a light transmissive abrasive. Therefore, a range of
wavelength ranges of light sources have been widely used in various fields from
ultraviolet light to infrared light. As a basis for the synthesis of photoresponsive
polymer materials, a large number of chemically synthesized photoresponsive
monomer groups have been studied, and various photoreactive group monomers of
various novel structures have emerged in an endless stream. Among them, the clas-
sical photoresponsive group of o-nitrotoluene type (0-NB) alcohol derivative has
received great attention. In 1966, this photostructural o-NB alcohol derivative was
first discovered by Woodward et al. under the irradiation of ultraviolet light, the
photoisomerization reaction of the o-NB ester structure was cleaved into a nitroso-
benzaldehyde structure and a carboxylic acid structure (Ding et al. 2016). The o-NB
type monomer was embedded in the polymer chain by a simple chemical synthesis
method, and under the stimulation of the external light source, the photo-
isomerization reaction of the o-NB monomer in the polymer chain gave the photo-
response properties of the polymer (Mok et al. 2016). Among the light-responsive
polymer materials, photoresponsive hydrogels prepared around the o-NB type
structure have been widely used. Such hydrogels are currently used more in cell
preservation and in cell environment research, and their tunable sizes and novel
geometries give them unique advantages. At the same time, a biocompatible base
material such as polyethylene glycol, dextran, agarose or hyaluronic acid is cross-
linked by the o-NB type monomer to prepare a biocompatible photoresponsive
polymer material. Such materials have been successfully applied in the field of
tissue engineering and controlled drug release (I'ichev et al. 2004; Pelliccioli and
Wirz 2002; Gohy and Zhao 2013). The photoresponsive self-assembled film pre-
pared by modifying the 0o-NB type structure to the side chain of the copolymer has
also been widely used. This side-chain modified o-NB type structure provide a new
method for micro-scale photolithographic polymer film patterning. Photocracked
self-assembled monolayers can be modified on nanoscale surfaces, such as
nanoparticles in microfluidic channels (Kharkar et al. 2013; Tomatsu et al. 2011).
The molecular micelles formed by the photo-induced decomposition of the block
copolymer are then designed using an o-NB type structure to stimulate the release
of the dye or drug at a specified time and place, such as inside the cell, by external
light. This research direction has also become a recent hot spot.

The photoresponsive carrier material utilizes the photosensitivity phenomenon
of the photosensitive polymer, and after absorbing the light energy, can cause phys-
ical changes (such as color, conductivity, and solubility, etc.) or chemical reactions
(such as photolysis, dimerization, polymerization, and isomerization, etc.) between
intramolecular and intermolecular interaction by the absorbed energy. The intro-
duction of photosensitive groups in the main chain or side chain of a polymer, and
the design and preparation of a photoresponsive carrier material are currently
widely used methods. In terms of load and delivery systems, photoresponsive
carrier materials have been shown to be easy to use, intelligent and efficient
(Wang et al. 2016).
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5.2.4 Enzyme-Responsive Polymer

Enzyme-responsive carrier materials include enzyme-responsive polymers (Wang
et al. 2010), nanoparticles (Nguyen et al. 2015) and hydrogels (Hu et al. 2012), etc.,
and their research and development are receiving more and more attention (Gutiérrez
2019). At present, it has shown broad application prospects in the fields of drug
controlled release (Li et al. 2016), optical sensing and imaging (Zha et al. 2013),
biocatalysis tissue engineering (Teixeira et al. 2012), and clinical diagnosis (Roberto
et al. 2012), especially in the field of medicine. The controlled drug release by uti-
lizing enzymes related to the disease, and is a highly effective and highly selective
drug-targeted controlled release strategy, which has good prospects in the field of
cancer drug therapy (Andresen et al. 2010). In the process of harming crops, there
are also a variety of related enzymes, such as cell wall degrading enzymes such as
cellulase (Watanabe and Tokuda 2010), pectinase (Maisuria, Patel, and Nerurkar
2010) and protease (Agusti and Cohen 2000). Therefore, drug-targeted controlled
release strategies can also be adopted to achieve precise and intelligent control of
harmful organisms.

5.2.5 Redox-Responsive Polymer

The redox-responsive polymer responds to differences in the in vivo redox potential
and thus has good biocompatibility. It usually contains disulfide bonds (S-S) or other
substances with multiple oxidation states (such as iron and sulfur), the most common
of which is the inclusion of disulfide bonds. It has redox responsiveness by a disulfide
bond which is broken by the action of reduced glutathione in vivo. At present,
redox-responsive carrier materials are also a hot topic (Zhao et al. 2017b).

5.2.6 Pesticide Precision-Controlled Release Technology
and Products

The controlled pesticide release technology can reasonably adjust the release rate of
the active ingredient according to the requirements of the target, thereby improving the
utilization rate of the pesticide and prolonging the duration of the effect. Since the
release of pesticides in the environment is controlled, the migration of pesticides in the
environment can be reduced, and pesticide pollution can be controlled from the source.
In addition, increased pesticide utilization will also help reduce the total amount of
pesticides applied and agricultural production inputs. Therefore, controlled pesticide
release technology provides a feasible way to solve the contradiction between
agricultural yield increase and pesticide pollution control.
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5.2.7 Temperature-Responsive Pesticide-Controlled Release
Agent

Sheng et al. (2015) prepared avermectin controlled release agents with temperature
and pH dual responsiveness by hydrazone bonding. The results show that the con-
trolled release agent had a high loading capacity (97.4%) and good temperature and
pH double stimuli response performance.

Xu et al. (2017) prepared a polydopamine (PDA)@PNIPAM nanocomposite
with core-shell structure by using PDA microspheres as a photothermal agent and
then coating a thermosensitive PNIPAM shell. It was used to load imidacloprid and
characterized by transmission electron microscopy (TEM), scanning electron
microscopy (SEM), infrared (IR) spectroscopy, dynamic light scattering and ther-
mogravimetric analysis (TGA). It was found that the controlled agent release has
high loading capacity and good temperature response performance.

Green et al. (1992) loaded active components in temperature-sensitive polymer
microcapsules to prepare temperature-responsive diazinon, trifluralin and alachlor
controlled release agents. It has also been found that these controlled release agents
are effective in preventing the degradation of active ingredients until the soil tem-
perature or temperature reaches the critical temperature at which the pests are most
active. The pesticide were released at a predictable rate. The bioactivity evaluation
test showed that the diazinon controlled release agent prolonged the duration of pest
control compared to the conventional formulation. Trifluralin controlled release
agent reduced the phytotoxicity of crops and eliminated the need for rapid soiling;
the alachlor controlled release agent prolonged the duration of weed control and
reduced the leaching of alachlor in the soil.

The United States 3 M Company (Minnesota Mining and Machine Manufacturing
Company) used a phase separation method to encapsulate pesticides in temperature-
sensitive lipid materials to produce a temperature-responsive controlled pesticide
release agent. The controlled pesticide carrier released the compound when the
ambient temperature was higher than the melting point of the lipid material, and
when the temperature dropped, the lipid material hardened to stop the pesticide
release (Thies, and Louis 2007).

Chi et al. (2017) prepared a core-shell structure temperature-responsive glypho-
sate controlled release agent with a mixture of attapulgite (ATP)-bicarbonate-
glyphosate as the core and aminosilicone oil-polyvinyl alcohol as the shell. Since
attapulgite had a porous micro-nano network structure, it could carry a large
amount of glyphosate molecules, and ammonium bicarbonate acted as a foaming
agent to generate carbon dioxide and ammonia gas bubbles. Thereby, a large num-
ber of micro-nanopores were formed on the amino silicone oil-polyvinyl alcohol
shell, thus promoting the release of glyphosate. Moreover, the temperature change
could effectively adjust the number of pores, and at the same time, the polyvinyl
alcohol shell was easily soluble in an aqueous solution under high temperature
conditions, so the release of glyphosate was easy to control. The controlled agent
release could effectively reduce the loss of glyphosate under simulated rainfall
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conditions and improved the control effect on weeds. This study provides a
promising method for controlling pesticide release and reducing the loss of active
ingredients, and has potential application in improving pesticide utilization and
reducing environmental pollution.

5.2.8 pH-Responsive Pesticide-Controlled Release Agent

Rudzmski et al. (2003) prepared acrylic acid-based copolymerized hydrogels by
bulk and solution polymerization using benzoyl peroxide as initiator and ethylene
glycol dimethacrylate as crosslinker. It was used to load cypermethrin to prepare a
pH-responsive cypermethrin controlled release agent. It was characterized by IR
spectroscopy and differential scanning calorimetry. The results of controlled release
kinetics showed that the controlled release agent had good pH response. This study
provides a new idea for the application of pH-responsive hydrogels in soil, which can
be used to control the release of pesticides using alkaline conditions in the soil.

Poly(succinimide) (PSI) is easily hydrolyzed to hydrophilic polyaspartate (PSAP)
under alkaline conditions. While plant phloem vascular bundle pH range from 8.0 to
8.5, and it is higher than that for surrounding plant tissues. In order to improve the
transport conductivity and utilization of pesticide, an amphiphilic PSI-based star
polymer nanocarrier was designed to support naphthylacetic acid (Chen et al. 2015).
The products were characterized by TEM, dynamic light scattering and IR spectros-
copy. The results show that the nano-controlled agent carrier can release the drug
rapidly under the alkaline condition of the plant phloem. This study shows that such
responsive biodegradable polymer nanocarriers can be further used as a controlled
release delivery system for other pesticides and fertilizers.

Hill et al. (2015) prepared PSI-based pH-responsive nanoparticles by nanopre-
cipitation to load the hydrophobic model molecule nile red. The samples were char-
acterized by nuclear magnetic resonance (NMR), TEM and dynamic light scattering.
The results show that when the pH value was higher than 6, the hydrophobic suc-
cinimide unit in the PSI nanoparticles was hydrolyzed, releasing the mode mole-
cule, and the release rate increased with the increase of pH value. Furthermore, the
polymeric material had little toxic effect on plants. The prepared nanoparticles can
be used for loading pesticides, fertilizers, etc., and can exhibit different release
properties according to changes in soil acidity and alkalinity.

Lin et al. (2016) prepared aminated mesoporous silicon by copolycondensation
method and was used to load chlorpyrifos. They then used polyacrylic acid (PAA) as a
functional molecule to prepare a pH-responsive PAA/chlorpyrifos/aminated mesopo-
rous silicon sustained-release system by electrostatic adsorption. The system was char-
acterized by X-ray diffraction, nitrogen adsorption-desorption, TEM, SEM, TGA, zeta
potential and IR spectroscopy. The sustained release kinetics study showed that when
the pH < 7, the lower the pH value, the faster the release of chlorpyrifos. The release
under slightly alkaline conditions was faster than that under neutral conditions,
showing an obvious pH response.
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Xiang et al. (2018) used nano-network structure of polydopamine-modified
attapulgite to adsorb chlorpyrifos by hydrogen bonding and static electricity, and
then cross-linked with calcium alginate to form porous hydrogel spheres and pre-
pare a pH-responsive chlorpyrifos controlled release agent. Its polydopamine-
modified attapulgite-calcium alginate hydrogel carrier material had high biosafety
to Escherichia coli and showed good biocompatibility. The controlled release agent
released chlorpyrifos under alkaline conditions and exhibited good pH response. It
can also effectively protect the degradation of chlorpyrifos under ultraviolet light
conditions. Its polydopamine-modified attapulgite-calcium alginate hydrogel car-
rier material had high biosafety to E. coli and showed good biocompatibility.

Xiang et al. (2017) constructed a pH-responsive controlled release pesticide
(PRCRP) with magnetic collection performance in order to improve pesticide utili-
zation. Glyphosate (Gly) and cypermethrin (Cyp) were separately loaded into the
pores of the magnetic nanocarrier diatomaceous earth-Fe;O,. The obtained pesticide-
diatomaceous earth-Fe;O, was then coated with Cs. The Cs could be dissolved
under acidic conditions to control the release of the pesticide. The magnetic proper-
ties of Fe;0, imparted the magnetic collection performance of PRCRP. After the
release of pesticides, PRCRP was separated from water and soil, and had a high
recovery rate. PRCRP exhibited high adhesion on the surface of weeds and on the
epidermis of pests, good controlled release properties, high utilization of pesticides,
good control effects on weeds and pests, and potential collectability in practice.
Therefore, this technology has broad application prospects, which can reduce pesti-
cide residues and environmental risks (Fig. 5.4).
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Fig. 5.4 Schematic diagram for the fabrication and application of PRCRP (Xiang et al. 2017).
Abbreviation in figure: chitosan (CTS), pure diatomite (PDE) and magnetic PDE (MDE)



5 Applications and Implications of Environmental-Responsive Polymers... 79

Hmnuguniznltunm EDC, NHS
. ~

NH,

.I.
72
oil 4

Water

NH, MSN

o AZOX = CMCS - Emulsifier @ AZOX@MSN-CMCS

Fig. 5.5 Schematic illustration of emulsion-based synchronous AZOX encapsulation and MSN
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Amino-functionalized mesoporous silica nanoparticles (MSN) and carboxy-
methyl Cs (CMCS) were directly coupled and used as an oxytocin-loaded carrier
(AZOX) with the loading capacity of 3.6% (Xu et al. 2018a). Simultaneous pesticide
encapsulation based on CMCS emulsification and MSN surface modification can
achieve 21% pesticide loading without affecting the pH intelligent response of
CMCS control. At the dose of the same active ingredient, MSN-CMCS-loaded
AZOX showed better fungicidal activity against the pathogenicity of tomato late
blight compared to AZOX alone. In addition, fluorescein isothiocyanate-labeled
MSN-CMCS was used to track the uptake of nanoparticles into target plants and
fungi (Fig. 5.5).

5.2.9 Photoresponsive Pesticide-Controlled Release Agent

Atta et al. (2015) prepared a light-responsive 2,4-D nano-controlled release agent
based on perylene-3-biphenylmethanol photoactive organic fluorescent nanoparti-
cles. The results showed that the controlled release agent had good fluorescence,
cell absorption and light stimulating response. Using the fluorescent properties of
photoactive organic nanoparticles, the release and conduction of 2,4-D in plants can
be monitored in real time. Bioassay experiments show that the nano-controlled
release agent had significantly improved conductivity and herbicidal activity in
plants. Subsequently, Atta et al. prepared a light-responsive 2,4-D controlled release
agent based on the coumarin copolymer. The results showed that the conductivity,
herbicidal activity and thermal stability of the controlled release agent were signifi-
cantly improved. It also showed good fluorescence and photoresponse properties
and reduced the leaching of 2,4-D.
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CMCS to the labile 2-nitrobenzyl side group were bonded and self-assembled
into polymer micelles under aqueous conditions (Ye et al. 2015). Dialdehyde was
then added dropwise to form a crosslinked structure, and a light-responsive shell
crosslinked micelle was prepared for loading diuron. A photoresponsive diuron con-
trolled release agent was obtained. It was characterized by TEM, NMR spectros-
copy and dynamic light scattering. The results show that the crosslinked micelles
had a core-shell structure with an average diameter of 140 nm and were stable under
the condition of no light and pH = 7 aqueous solution. The entrapment rate of the
controlled release agent was 91.9%. Under the dark condition, diuron was not
released, and under sunlight, the release rate of diuron was 96.8% after 8 h. This
study provides a new idea for the application of photoresponsive polymer micelles
in the controlled release of pesticides, i.e. the use of solar light-controlled photosyn-
thetic inhibitor herbicides can greatly improve the utilization of pesticides.

Ding et al. (2016) bonded polyethylene glycol to a photolabile 0-nitrobenzyl
group and then attached to 2,4-D to prepare a novel amphiphilic polymer-pesticide
conjugate. It self-polymerized in an aqueous solution to form a photoresponsive
micelle, thereby achieving controlled release of 2,4-D. The structure of the conju-
gate was confirmed by NMR spectroscopy and IR spectroscopy. TEM showed that
the micelles were core-shell structures. Dynamic light scattering and TEM mea-
surements showed that the average diameter of the micelles was reduced by 40 nm
after 365 nm UV irradiation. It was not released by 2,4-D in the absence of light,
and the cumulative release rate of 2,4-D was 99.6% after 8 h under sunlight.

Xu et al. (2018b) covalently cross-linked spirotetramat-enol with coumarin to
prepare a photoresponsive spiropropanol-enol controlled release agent. They stud-
ied the photophysical and photochemical properties of the controlled release agent
and its deprotection of photolysis and insecticidal activity. The controlled release
agent was found to trigger the release of spiropropionol-enol at 420 nm blue or
sunlight, and had good photo-stimulation response. The results of bioassay showed
that the controlled release agent had no obvious insecticidal activity against bean
aphid under dark conditions, and showed good insecticidal activity under light
conditions.

The photo-responsive controlled-release herbicide particles (LCHP) with core-
shell structure prepared were by Chen et al. (2018). It was a nanocomposite com-
posed of biochar, ATP, glyphosate (Gly), azobenzene (AZO) and aminosilicone oil
(ASO). Among them, ATP was uniformly distributed in the pores of the biochar to
form a porous biochar-ATP compound, which was used as a carrier to efficiently
carry a large amount of Gly and AZO and obtain porous biochar-ATP-Gly-AZO
particles. Subsequently, the obtained biochar-ATP-Gly-AZO particles were coated
with ASO to form LCHP rich in micropores in the ASO coating. Under UV-Vis
radiation, the trans-cis and cis-trans isomers of the AZO molecule were converted,
and AZO acted as a photoexcited “stirder” to promote the release of Gly from the
nanopore of LCHP. Therefore, LCHP exhibited photo-responsive controlled
release properties, as evidenced by pot experiments. It is important to note that,
LCHP had good adhesion properties on the surface of weed leaves, which was ben-
eficial to improve the control effect on weed control. In addition, coexisting ions
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(CO;*, SO,*, and CI7) and pH had little effect on the release of LCHP in water,
demonstrating the stability of the technique. Therefore, this work provides a
method to control the release and improving the efficiency of herbicide utilization,
which has potential application prospects.

5.2.10 Enzyme-Responsive Pesticide-Controlled Release Agent

The amino group of 3-aminopropyltriethoxysilane (APTES), which was a cross-
linking agent, were bonded with the carboxyl group of kasugamycin to obtain
APTES-modified compound (Ding et al. 2014). The nanospheres were then pre-
pared by contacting the siloxy group of APTES with the silica formed by the hydro-
lysis of ethyl orthosilicate. The nanospheres can effectively prevent the photolysis
of the kasugamycin, and triggered the release of the kasugamycin under the action
of the amidase produced during the bacterial infection, thereby having good enzyme
stimulating response performance. The results of biological activity assay showed
that the prepared nano-controlled release agent had better and longer-lasting anti-
bacterial activity against E. coli than the original pesticide.

By the catalysis of N-hydroxysuccinimide and 1-ethyl-(3-dimethylaminopropyl)
carbodiimide, Liu et al. (2015) prepared a kasugamycin-pectin controlled release
agent by directly bonding the amino group of the kasugamycin to the carboxyl group
of the pectin. The controlled release agent was characterized by IR spectroscopy,
ultraviolet spectroscopy and TGA. The results show that the prepared controlled
release agent was stable under a wide range of pH, temperature and ultraviolet irra-
diation conditions. The controlled release agent could trigger the release of kasuga-
mycin under the action of pectinase and amidase secreted by Pseudomonas, and thus
had good enzyme stimulating response performance.

Guo et al. (2015) prepared emamectin benzoate silica microcapsules by emul-
sion polymerization using tetraethyl orthosilicate (TEOS) as the silicon source.
Then the amino-functionalized silica microcapsules were modified by APTES, and
finally the amino-functionalized silica microcapsules were cross-linked with the
synthesized epichlorohydrin-modified carboxymethylcellulose (EMC). A novel
enzyme-responsive emamectin benzoate microcapsule was prepared. The micro-
capsule had a high loading capacity and can effectively protect the degradation of
emamectin benzoate under light and heat conditions. It triggered the release of the
ingredient under the action of cellulase produced during the prickly sucking haz-
ard, showing good enzyme stimulating response. Bioassay showed that the pre-
pared microcapsules had better insecticidal activity against peach aphid at the
same concentration than emulsifiable concentrate, and the genotoxicity to onion
was lower than that of the technical material. The study proposed a novel, safe and
sustainable crop protection strategy. The successful development of enzyme-respon-
sive controlled release agents provides a method of application that can effectively
control agricultural pests while reducing the risk to the ecological environment and
human health.
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Kaziem et al. (2017) loaded chlorantraniliprole by hollow mesoporous silica through
emulsion method. Then the organic polymer cyclodextrin was cross-linked to encapsu-
late the surface mesopores and an enzyme-responsive chlorantraniliprole controlled
release agent were prepared successfully. The controlled release agent was character-
ized by IR spectroscopy, SEM, TEM and TGA. The results show that it had a high
loading capacity and can effectively protect the degradation of chlorantraniliprole
under light and heat conditions. The controlled release agent triggered the action of the
alpha-amylase in the saliva of the insects and the midgut to release the chlorantranilip-
role, showing good enzyme stimulating response performance. The results of biologi-
cal activity assay showed that the prepared controlled release agent had better
insecticidal activity against Plutella xylostella than the suspension agent.

5.2.11 Redox-Responsive Pesticide-Controlled Release Agent

Amphiphilic self-assembled CMCS derivatives in aqueous solution formed a disul-
fide bond by sonication to prepare redox-responsive CMCS nanoparticles, which
was used to load diuron (Yu et al. 2015). It was characterized by zeta potential and
TEM. The results showed that the redox-responsive dexamethasone controlled
release agent triggered the release of diuron by the action of reduced glutathione in
plant tissues. It had good herbicidal activity against Echinochloa crusgalli (L.)
Beauv. and was safe for crops.

Yi et al. (2015) grafted thiodecane to the outer surface of mesoporous silica
nanoparticles to prepare functionalized redox-responsive mesoporous silica
nanoparticles for loading salicylic acid, which were characterized by TEM, Raman
spectroscopy and TGA. Controlled release kinetics studies showed that the release
rate of salicylic acid was significantly higher in glutathione-containing environ-
ments than in glutathione-free environments. In vivo experiments showed that sali-
cylic acid released from controlled release agents induced the sustained expression
of plant resistance genes to 7 days after treatment under the action of glutathione in
plant cells, while the control salicylic acid only caused the early peak of expression,
and gradually decreased on the third day after treatment.

Guo (2016) cross-linked silica microspheres with pectin by disulfide bond to pre-
pare a redox-responsive kasugamycin controlled release agent. The controlled release
agent showed a high loading capacity (20%). It can effectively improve the stability of
the kasugamycin to light and heat, and can trigger the release of the kasugamycin
under the action of glutathione produced during the infection of soft rot of cabbage,
showing good redox response performance. The controlled agent release had better
and longer lasting bactericidal activity at the same concentration than the wettable
powder. The onion chromosome aberration test showed that the controlled agent
release had lower genotoxicity to onion than the technical material.

Sun et al. (2018) synthesized monodisperse mesoporous silica nanoparticles with
a particle size of 20 nm and a pore diameter of 2.87 nm. The nanoparticles were then
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modified to coat the abscisic acid (ABA) in the pores of silica. A redox-responsive
ABA-controlled release agent was prepared by encapsulating the surface mesopores
by thiodecane. In vitro release kinetic tests have shown that the controlled agent
release can effectively load and encapsulate ABA in the absence of glutathione trig-
gering. In vivo experiments showed that under the triggering action of glutathione,
the ABA released from the controlled release agent can significantly reduce the
opening of the leaf pores, thereby inhibiting the water loss of the plants. In addition,
the ABA released significantly prolonged the expression time of the marker gene
AtGALK?2 compared with the control, and finally improved the resistance of
Arabidopsis seedlings under drought stress.

5.3 Prospects

The stimuli-responsive carrier material preparation process and assembly technol-
ogy are increasingly mature, and have good intelligent responsiveness and biocom-
patibility. They are very suitable for drug-loading and intelligent controlled-release
fields. Because of its broad application prospects and potential application value in
many fields such as medicine, food and environmental engineering, it has become a
new hot spot of research. The application of stimuli-responsive carrier materials in
the pharmaceutical field for drug delivery systems has been extensively studied, but
its application in pesticide delivery systems is still limited.

In recent years, the research on new pesticide-controlled release agents based on
stimulating responsive materials has become more and more popular, the develop-
ment of such pesticide-controlled release agents has become an important develop-
ment direction of new pesticide formulations. However, there is still a need for
systematic research continuously on stimuli-responsive pesticide controlled release
agents, especially in studies that can effectively respond to internal biostimulation
systems. It is necessary to truly link the pesticide controlled release agent with a
series of internal biostimulation changes generated during the harmful biological
hazard process in order to design a precise and intelligent pesticide delivery system
to intelligently respond to changes in the stimulus. Pesticides should only be released
after pest activation to ensure optimal control and reduce the negative impact of pes-
ticides on agricultural products and the environment. In addition, the current research
on stimuli-responsive pesticide-controlled release agents is still in the basic stage,
and there is still a certain distance from commercialization. It is still subject to many
factors, such as the cost of carrier materials, pesticide stability, biological activity,
and loading properties. Therefore, in order to realize the commercialization and
large-scale application of stimuli-responsive pesticide controlled release agents, it is
necessary to further clarify the relationship of the physical and chemical properties
of controlled release agents, environmental factors and biological effects. Only by
solving the above problems can we better play the role of stimulating carrier materials
in the field of controlled release of pesticides.
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Chapter 6
Starch Nanoparticles and Nanocrystals
as Bioactive Molecule Carriers

Cristian C. Villa, Leidy T. Sanchez, and N. David Rodriguez-Marin

Abstract Starch nanoparticles and nanocrystals are small materials with high surface-
to-volume ratio, which allows them to pass through biological barriers and encapsu-
late different types of bioactive molecules. Due to their biocompability, wide array of
natural sources and its ease modification through physical, chemical and enzymatic
methods, starch nanomaterials have generated a great interest in the food, agricultural,
cosmetic and pharmaceutical industries. In recent year, research into nanoencapsula-
tion of bioactive molecules in starch nanomaterials and their application in different
agri-food fields has grown substantially. The objective of this chapter was to review
and analyze the different advances in this research area.

Keyword Nanoencapsulation

6.1 Introduction

Starch is one of the most abundant polymers in nature, as it is used by many plants
as a reserve of energy (Gutiérrez et al. 2017). This polymer is found in many roots
of plants, seeds, tubers and cereals (Hoyos-Leyva et al. 2018; Kaur et al. 2018). The
native starch granules are composed of two macromolecules based on glucose
monomers: the linear amylose composed by glucose units and o-1-4 glycoside
bonds while in the branched amylopectin are present a-1-6 glycoside bonds (Sudrez
and Gutiérrez 2017). Normally, amylose content is between 20-30%, while the
amylopectin amount represents the remaining 70—-80% (Kim et al. 2015; Wang et al.
2015; Wang et al. 2011). The reactivity of starch is one of the most interesting
aspects, since it can be modified through several physical, chemical and enzymatic
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methods, which allows a wide range of applications in the food, agricultural, phar-
maceutical, cosmetic and other industries (Ashogbon and Akintayo 2013). In recent
years, the development of starch-based nanosystems has been applied from polymer
reinforcements to encapsulation for controlled release of bioactive substances,
which has led to the acquisition of many research articles and patents in this area
(Hui et al. 2018).

6.2 Starch Based Nanosystems

In general, starch nanosystems can be classified according to their synthesis method
as: starch nanocrystals (SNCs) and nanoparticles (SNPs). SNCs are commonly
obtained through acid or enzymatic hydrolysis of the starch granules, removing lay-
ers (mostly amylose) from the starch granules until a nanosized particles is achieved.
Since most amorphous regions have been hydrolysed from starch structure, the
SNCs have a more organized and crystalline structure (> 40%) than common starch
granules (~25%) (LeCorre et al. 2012b). Commonly, SNC are obtained by using
either HCI or H,SO, as hydrolyzing agents for long periods of time (usually beyond
5 days) and followed by a neutralization whit NaOH (Dai et al. 2018; LeCorre
etal. 2011).

Despite acid hydrolysis is a simple way to obtain SNC, the high amount of
hydrolyzing agent and the long periods of time necessary for a complete process
have led to the development of new SNC synthesis methods. Several authors have
reported that acid hydrolysis time can be considerably reduced when an enzymatic
pretreatment is carried out. Hao et al. (2018) reported a two-step synthesis for the
waxy potato SNC, using a 6-h glucoamylase pretreatment followed by conventional
H,SO, acid hydrolysis. The SNC subjected to enzymatic pretreatment reached its
smallest particles size after 5 days of hydrolysis, while a similar particle size in
SNCs was only achieved after 7 days without pretreatment. LeCorre et al. (2012b)
observed a similar behavior in the synthesis of waxy maize SNC using the previous
treatment of a-amylase combined with H,SO, acid hydrolysis. More recently, Dai
et al. (2018) reported that ball milling can be used as a pretreatment for SNC syn-
thesis, which reduced hydrolysis in 3 days, thus obtaining a relative crystallinity and
a size of particles similar to the conventional method by acid hydrolysis.

In contrast, SNPs are almost completely amorphous (crystallinity <10%), and
are manufactured by controlled nanoprecipitation of gelatinized starch, using physi-
cal methods such as ultra-high-pressure treatments (Farrag et al. 2018; Le Corre
et al. 2010). In general, SNP synthesis involves either hot or cold (addition of
NaOH) gelatinization followed by a slow addition of an anti-solvent, mostly ethanol
or acetone (Acevedo-Guevara et al. 2018; Kim et al. 2015; Ma et al. 2008; Qin et al.
2016). SNPs often have a larger particle size than SNCs, while their morphology
can vary from spherical particles to more amorphous structures. However, the par-
ticle size, morphology and crystallinity of the SNCs can be controlled by simple
modifications in the synthesis process such as temperature, reaction time, addition
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of anti-solvent and rates of mechanical agitation. It has also been reported that the
botanical source does not play an important role in the physical properties (particle
size, morphology and rheological properties) of SNC and SNP (LeCorre et al. 2011;
LeCorre et al. 2012a).

6.3 Nanoencapsulation of Bioactive Molecules in SNPs
and SNCs

As mentioned before, starch nanosystems have recently been used as nanocarriers
of different bioactive molecules, especially those that can be used in food systems,
such as vitamins and antioxidants (Qi and Tester 2019; Zhu 2017). Table 6.1 shows
some of the most recent works involving native or modified nanosystems based on
starch as nanocarriers of bioactive molecules. The most commonly used method for
the synthesis of starch-based nanocarriers is the addition in a polar organic solvent
(see Table 6.1), because the bioactive molecules can be dissolved in the organic
solvent and then previously gelatinized starch can be added in a controlled manner.
Due to the low water solubility of the bioactive molecules used, they can be easily
entrapped in the hydrophobic interior of the SNPs. In addition, the load capacity can
be increased by reducing the polarity of the starch through chemical reactions of
cross-linking or esterification with other molecules (Acevedo-Guevara et al. 2018).
In this sense, de Oliveira et al. (2017) reported that native and acetylated cassava
SNPs can be loaded with two antioxidants that are commonly used in processed
foods: gallic acid and butylated hidroxytoluene (BHT). These authors concluded

Table 6.1 Some recent examples of SNPs and SNCs used as bioactive molecule carriers

Encapsulated bioactive
Synthesis method | Modification molecule References
Anti-solvent STTP Diclofenac sodium El-Naggar et al. (2015)
addition cross-linking
CaCO; templates | Doxorubicin HCI Yang et al. (2017)
Ultrasound Vitamin D; Hasanvand et al. (2018)
Ultrasound Vitamin D Hasanvand et al. (2015)
Ultrasound Catechin Ahmad et al. (2019)
Acetylation Gallic Acid de Oliveira et al. (2017)
BHT
None Curcumin Chin et al. (2014)
Acetylation Curcumin Acevedo-Guevara et al.
(2018)
Maleate Curcumin Pang et al. (2014)
None Quercetin Farrag et al. (2018)
Acid hydrolysis None 5-fluoroacyl Ab’lah Norul et al. (2018)
Ultrasound Ascorbic Acid Shabana et al. (2019)
Oxalic Acid
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that the acetylated starch allowed to load a greater amount of both antioxidant
compounds compared to the native starch. This was given by the hydrophobic
properties of the antioxidant molecule that allow a greater interaction between the
molecule and the acetate chains incorporated in the starch molecules.

Numerous authors have reported on the production of curcumin (Curcuma longa)-
loaded SNPs using native and modified SNPs derived from different botanical
sources. Curcumin is a polyphenol present in the rhizomes of turmeric which is
known for its anti-cancer, anti-oxidant, anti-inflammatory, anti-microbial and anti-
viral activities (Mai et al. 2017; Menon and Sudheer 2007; Mirzaei et al. 2017;
Nelson et al. 2017; Oliveira et al. 2015; Stani¢ 2017). However, use of curcumin is
limited by its low water solubility, fast degradation and low bioavailability (Anand
et al. 2007; Maghsoudi et al. 2017). One of the first research papers reporting on the
loading of curcumin in SNP was carried out by Chin et al. (2014) using sago
(Metroxylon sagu) SNP with a loading capacity of about 78% and particle sizes
between 50 and 80 nm. Pang et al. (2014) also stablished that maleate ester modified
SNP has a higher curcumin loading capacity (~85%) due to the increasing hydrogen
bond interactions between the curcumin and ester molecules incorporated within
the structure of the nanoparticles, nevertheless, chemical modification leads to
larger particle sizes, around 120 nm. A similar behavior was also observed by
Acevedo-Guevara et al. (2018) for native and acetylated green banana SNPs with
curcumin loaded.

The encapsulation of vitamin D as a bioactive molecule within starch nanosys-
tems, has caused great interest due to its important role in several metabolic pro-
cesses. It is worth noting that vitamin D is susceptible to light and oxygen, for this
reason its encapsulation is required (Ballard et al. 2007; Mahmoodani et al. 2017,
Walia et al. 2017). High-amylose corn SNPs have been used as vitamin D carriers,
showing values of encapsulation capacity of up to 78% and particle sizes of around
31 nm (Hasanvand et al. 2015). The results reported by Hasanvand et al. (2015) fit
well with the trend observed by de Oliveira et al. (2017), i.e. the encapsulation of the
bioactive compound within the SNPs was given by hydrogen bonding. This was fol-
lowed by several techniques including differential scanning calorimetry and Fourier
transform infrared spectroscopy. Hasanvand et al. (2018) also studied the effect of
amylose content on the synthesis of starch nanocarries from high-amylose corn
starch and low-amylose potato starch containing vitamin D (D-SNP). The results
showed that the loading capacity was higher in low-amylose SNPs than in its coun-
terpart higher-amylose SNPs. However, structural studies showed that this behavior
was not directly related to the amylose content, but to the particle size, since the
SNPs with low amylose content has a larger particle size and, therefore, can more
vitamin D molecules be stored inside the SNPs.

One of the most interesting aspects of D-SNP based nanoencapsulation is its
potential application in food fortification. Hasanvand et al. (2015) reported that
these D-SNPs can be used to fortify milk without affecting its sensory properties.

Starch-based nanosystems have also proven to be an important vehicle for the
encapsulation of antioxidant molecules, thus increasing their water solubility and
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chemical stability. Farrag et al. (2018) used three different starches (potato, pea and
corn) with variations in their content of amylopectin to be used in the nanoencapsu-
lation of quercetin (polyphenolic compound — flavonoid with antioxidant capacity).
It was found that corn SNPs containing quercetin had the lowest percentage loading
the bioactive substance, while potato SNPs showed a slightly higher encapsulation
capacity than analogue SNPs derived from pea starch. Potato SNPs containing
higher amylopectin content were capable of encapsulating a greater number of
quercetin molecules compared to pea and corn SNPs. It was also reported that the
encapsulation of quercetin using SNPs allowed to preserve the antioxidant activity of
the bioactive compound, however, its antioxidant activity was related to the loading
capacity of SNPs, i.e. a positive relationship between the carrying capacity of the
antioxidant compound and the radical scavenging activity was observed.

Another interesting aspect of SNPs is that they can also achieve the controlled
release of active substances under specific conditions, as well as their loading
capacity can be modified (de Oliveira et al. 2017). Acevedo-Guevara et al. (2018)
reported that native and acetylated banana SNPs can reduce the degradation of
curcumin under acidic stomach conditions, thus increasing the release of the bioac-
tive compound under intestinal conditions. Similarly, Ahmad et al. (2019) evalu-
ated the release of encapsulated catechins within horse chestnut, water chestnut
and lotus stem SNPs under simulated gastric conditions. They observed that starch-
based nanoencapsulation is an effective tool in the conservation of the bioactive
properties of catechin, such as the inhibition of lipase, cholesterol esterase and
glucosidase under gastric conditions, thus decreasing its degradation due to low pH
values of the stomach.

Finally, some examples of SNCs as nanocarriers of bioactive molecules can be
found in the literature. Ab’lah Norul et al. (2018) reported that corn SNCs obtained
by acid treatment can be used as a vehicle for 5-fluoracil, which is a synthetic mol-
ecule of great interest in the treatment of several cancers related to the gastric system
(Jordan 2016). Once the encapsulation of 5-fluoracil has been given within the corn
SNCs, the active compound has been shown to be especially resistant to the acid
environment, thus increasing its stability under gastric conditions and allowing tar-
geted drug release under intestinal conditions. More recently, Shabana et al. (2019)
used potato SNCs obtained through ultrasound-assisted acid hydrolysis to encapsu-
late ascorbic and oxalic acid, noting that ultrasound treatment not only allows the
development of smaller particles, but also can increase the antioxidant loading
capacity. It is worth noting that although the encapsulation of agrochemicals from
starch nanosystems has not yet been reported, it is an interesting area of research
that should be investigated.
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Chapter 7

Biopolymer-Based Hydrogels

for Agriculture Applications: Swelling
Behavior and Slow Release

of Agrochemicals

Barbara Tomadoni, Claudia Casalongué, and Vera A. Alvarez

Abstract Hydrogels are cross-linked polymers that can absorb and hold large
amounts of water and aqueous solutions due to the presence of hydrophilic func-
tional groups in their 3D network. These materials also serve as vehicles of different
active compounds because they can regulate their release rate. Because of such
properties, hydrogels are currently used in many areas including agriculture, mainly
as water retention agents for soil conditioning, and as carriers of agrochemicals for
their slow or sustained-release. However, most of the hydrogels currently available
on the market are based on polyacrylamide and acrylate derivatives, which means
that they are not completely biodegradable, i.e. are considered as potential soil con-
taminants and present certain degree of toxicity. In this context, the development of
biodegradable hydrogels for their use in agriculture is gaining interest worldwide.
Biopolymers such as chitosan, cellulose, alginate and their derivatives are being
explored due to their biocompatibility, biodegradability and low cost. Briefly, in this
chapter, recent studies on biopolymer-based hydrogels for their use in agriculture
are discussed in terms of their synthesis, swelling behavior, as well as their uses for
slow and controlled release of agrochemicals.
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7.1 Introduction

Many regions worldwide are currently facing serious problems regarding lack of
water and desertification (Vundavalli et al. 2015). A greater variability of rainfall, an
increased frequency of droughts and floods, and soil temperature variations are some
of the consequences of climate change. As a result of these, there are important crop
losses every year, which constitute a threat to the world food security. Thus, in a
world with ever-growing population it is essential to restore these degrading lands
and to consciously use the natural resources available (Thombare et al. 2018). In this
context, one of the main challenges for scientists of diverse fields is to achieve sus-
tainable management of productive systems and their natural resources, and mostly
to improve the water use efficiency in agriculture. A possible solution to this problem
is to use materials with excellent water absorption and water retention properties.

Hydrogels are loosely cross-linked hydrophilic polymers with three-dimensional
network, that have the capacity to absorb and retain large amounts of water or aque-
ous solutions (hundreds of times their weight) within their structure without dis-
solving (Thombare et al. 2018). Hydrogels have the ability to gradually release up
to 95% of this stored water when the surroundings are dried out; and then rehydrate
when exposed to water again (Kalhapure et al. 2016). Hydrogel research has grown
vigorously over the last decades, because of their important and numerous applica-
tions in a variety of fields, such as medicine, pharmacy and agriculture. The applica-
tions of hydrogels in biomedicine are mainly in the fields of biosensors, controlled
or sustained delivery of drugs, and tissue regeneration (Conte et al. 2019; Hamedi
et al. 2018; Peppas and Van Blarcom 2016; Yegappan et al. 2018). With regards to
the agriculture field, hydrogel applications are mainly divided into two groups
(Fig. 7.1): (1) control of soil moisture and water supply of plants due to their water
absorption capacity (soil conditioners); and (2) encapsulation and slow-release of
agrochemicals (ACs) (both fertilizers and pesticides) (Elbarbary et al. 2017; Olad
et al. 2018a; Teodorescu et al. 2009).

The conventional use of agrochemicals shows many drawbacks such as low effi-
ciency and contamination of the soil and groundwater. The vast majority of the
applied pesticides and fertilizers do not reach the target plant or crop, and end up
being washed by irrigation water and rain, seriously polluting the environment. This
low efficiency also implies a substantial economic loss (Teodorescu et al. 2009).
The slow or sustained release of AC in the environment can solve this problem. To
control the delivery of pesticides and fertilizers, they must be encapsulated into a
polymer structure. Through this procedure, the active ingredient (a.i.) is allowed to
diffuse towards its surroundings (Gutiérrez and Alvarez 2017; Gutiérrez 2018a).
Thus, the AC is not released altogether, but in smaller amounts over a longer time
period, increasing its efficiency. Among the different materials used for slow or
sustained release of ACs, hydrogels have been widely studied over the last decades
due to both their ability to slowly release a.i. from their matrix, and their water
retention capacity in soils (Ramos Campos et al. 2014).
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Fig. 7.1 Applications of hydrogels in agriculture. Adapted from Milani et al. (2017)

The use of hydrogels in agriculture has many advantages; however, most of the
hydrogels currently available on the market are synthetized from polyacrylamide
(PAAm) and acrylate derivatives. These hydrogels are not completely biodegrad-
able and are considered as potential soil contaminants because they present a cer-
tain toxicity degree. Even though PAAm itself is relatively non-toxic, the
commercially available PAAm contains residual amounts of acrylamide, which is a
well-known neurotoxin and carcinogen. Therefore, the use of PAAm-based hydro-
gels in agriculture has raised many concerns because it may contaminate the soil
and food products (Joshi and Abed 2017). In this scenario, the search for hydrogels
based on biopolymers is gaining popularity since they are environmentally friendly,
with good biodegradability and low production cost (Cannazza et al. 2014; Tanan
et al. 2018).

In this chapter, briefly, relevant studies on biopolymer-based hydrogels for their
use in agriculture are discussed in terms of their synthesis, swelling behavior, and
their use as AC delivery systems.
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7.2 Synthesis of Biopolymer-Based Hydrogels

Hydrogels are polymer networks that have hydrophilic properties. They are usually
prepared from hydrophilic monomers but also hydrophobic monomers can be used
in their synthesis in order to regulate specific properties required for a given applica-
tion (Ahmed 2015).

Hydrogels can usually be produced from either natural or synthetic polymers.
Most of synthetic polymers are hydrophobic and chemically stronger when they are
compared to natural ones. They present good mechanical properties that result in
low degradation rates, but high durability. Both properties could be balanced by
optimizing the hydrogel design (Tabata 2009). Synthetic polymers can also be
included in the preparation of hydrogels based on natural polymers in order to pro-
vide certain desire functional groups or to functionalize them with radical polymer-
izable groups (Shantha and Harding 2002).

Hydrogels can tune several properties and therefore, are commonly called
“intelligent” or “smart” polymers. Their preparation technologies have been mainly
developed for biomedical and pharmaceutical applications, but with certain modifi-
cations they could also be applied for active principle release in agriculture, includ-
ing pesticides, herbicides, and nutrients (Kenawy et al. 1992; Rudzinski et al. 2002).
In the case of agricultural applications, the formulation methods are commonly
easier than those for drug delivery systems, which makes the developed products
commercially viable.

Hydrogels are simply a hydrophilic polymeric network cross-linked in some
way that can produce an elastic structure. In this sense, any technique able to pro-
duce a cross-linked polymer can produce hydrogels. Linear water-soluble polymers
(natural or synthetic) can be cross-linked to produce hydrogels in several man-
ners, which can be divided into two large groups: chemical cross-linking and
physical cross-linking (Hennink and van Nostrum 2002). Due to their cross-linked
structure, hydrogels can maintain stable networks even when they are in swollen
state (Pourjavadi et al. 2004).

Gelation denotes the linking of macromolecules together, which firstly leads to
branched (but still soluble) polymers, which are increasingly large, and depends on
the conformation and structure of the initial material (Pethrick 2004). The mixture
of these soluble branched polymers is named “sol”. Extension of the linking process
outcomes in branched polymer with higher size but lower solubility, called “gel” or
“network”, which is flooded with finite branched polymers. The transition from a
system with finite branched polymer to infinite molecules is called “gelation” (or
“sol-gel transition”), and the point at which the gel first appears is known as the
“gel point”. Gelation can take place either by physical or chemical cross-linking
(Gulrez, Al-Assaf, and O Phillips 2011). The classification of gelation mechanisms
is summarized in Table 7.1.

The most common chemical and physical cross-linking methods are summarized
in the following paragraphs, and some examples of biopolymer-based hydrogels are
highlighted:
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Table 7.1 Classification of gelation mechanisms available for synthesis of hydrogels
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Complementary groups (cross-linking with aldehydes, addition reactions
and condensation reactions): Hydrophilic polymers have some hydrophilic
groups that can be used to produce hydrogels. Those possessing —OH groups
can be cross-linked with glutaraldehyde, e.g. poly(vinyl alcohol) (PVA)
(Mansur et al. 2008). Besides, polymers having amine-groups (-NH,) can be
cross-linked using cross-linker under mild conditions in which Schiff’s
bases are formed. Hydrogels from chitosan (Cs) and PVA blends can also be
obtained with this method (Mansur et al. 2004; Wang et al. 2004; Gutiérrez
2017). Polyamides and polyesters hydrogels can be prepared by condensa-
tion reactions (Ray et al. 2010), e.g. gelatin hydrogels have been success-
fully prepared by this method (Kuijpers et al. 2000).

By high energy radiation: Unsaturated substance can be polymerized by
electron beams and gamma rays (Terao et al. 2003). This technique has
been used for different polymers, such as superabsorbent hydrogels based
on polyvinylpyrrolidone (PVP)/carboxylmethyl cellulose (CMC) blends
(Elbarbary et al. 2017) and poly(2-acrylamido-2-methylpropane-sulfonic
acid)/Cs blends (Gad 2008), using gamma irradiation.

Free radicals: Free radical polymerization can also be used to produce
chemically cross-linked hydrogels (Bencherif et al. 2009). This technique
has been used to synthesize hydrogels from synthetic, natural and mixed
hydrophilic polymers. Wang and Wang (2010), e.g. developed a superabsor-
bent hydrogel based on sodium alginate-g-poly(sodium acrylate) (NaAlg-g-
PNaA) network and linear PVP by free-radical solution polymerization.
Enzymes: Enzyme-mediated cross-linking has been used to prepare hydrogels
with different degrees of complexity (Moreira Teixeira et al. 2012), such as
alginates with phenols moieties in the side chain (Sakai and Kawakami 2007).
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2. Physical cross-linking:

2.1. By ionic interactions: Hydrogels can be formed as a result of ionic interac-
tion between polyelectrolyte and oppositely charged multivalent ions.
Alginate-based hydrogels can be ionically cross-linked by various cations
(Gwon et al. 2015), such as Ca?*. Polycations can also be cross-linked with
anions. Cs-based hydrogels can be obtained, e.g. by cross-linking with
glycerol-phosphate disodium salt (Chenite et al. 2000).

2.2. Amphiphilic grafting: Block amphiphilic graft polymers can produce
hydrogels in aqueous media by self- assembly (Forster and Antonietti
1998). Hydrogels from hydrophobized polysaccharides, such as dextran,
Cs, carboxymethyl curdlan and pullulan, have been successfully prepared
by this technique (Hennink and van Nostrum 2002). Cs-polylactide graft
copolymer has also been obtained by this method (Wu et al. 2005).

2.3. By crystallization: The synthesis of hydrogels by crystallization can be
carried out through different methods. For example, freeze-thawing (F-T)
procedure can be used repetitively to produce crystals that cause hydrogel
formation. Dai et al. (2018) proposed novel carboxymethyl cellulose
(CMC)/PVA eco-friendly hydrogels reinforced with bentonite synthesized
by simple repeated F-T cycles.

The chosen cross-linking method has a great influence on several critical param-
eters of the hydrogel, mainly on its final properties and, therefore, on its potential
applications (Ahmed 2015; Bordi et al. 2002), whichever available polymerization
technique to prepare gels can be used (i.e. bulk, suspension or solution polymeriza-
tions). The selected method depends on the initial material, but also on the desired
polymer (Rudzinski et al. 2002).

Although hydrogels can be based on natural or synthetic polymers (or both of
them), due to growing environmental concerns, the use of free oil-based polymers
has been stimulated. Alternatively, natural polymers are essentially used to replace or
to be combined with synthetic polymers (Heinze et al. 2006; Mekonnen et al. 2013;
Rinaudo 2006). Biodegradable polymers have progressively been more used, e.g. as
plastic substitutes for different applications in agriculture (Gross and Kalra 2002;
Nayak 1999; Wang et al. 2003). Degradable polymeric materials are ideal candidates
to develop active principle carrier devices for their controlled or sustained release.
These polymers display interesting characteristics such as abundance, renewability,
low-cost and biodegradability. The classification of biodegradable polymers is indi-
cated in Table 7.2.

The biodegradation process of these materials involves the cleavage of hydrolyti-
cally or enzymatically sensitive bonds in the polymer, leading to polymer erosion
(Katti et al. 2002; Gutiérrez 2018b). Polymeric biomaterials can be classified as
function of the mode of degradation into two categories: enzymatically and hydro-
lytically degradable materials. It is essential to note that most of the natural poly-
mers suffer enzymatic degradation, mainly degrade by the enzymatic action of
microorganisms, e.g. fungi, algae and bacteria. Enzymatically degradable polymers
include protein-based biomaterials that suffer naturally-controlled degradation
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Table 7.2 Classification of biodegradable polymers
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processes, such as collagen, Cs, alginic acid, among others. On the other hand,
hydrolytically degradable polymers are polymers that have hydrolytically labile
chemical bonds in their structure. Several of the functional groups susceptible to
hydrolysis include esters, ortho esters, amides, carbonates, urethanes and anhy-
drides (Li 1999). Some of the most used hydrolytically degradable polymers are
the poly(a-esters), polylactic acid (PLA), poly(lactic-co-glycolic acid) (PLGA),
polyglycolide (PG) and polycaprolactone (PCL) (Gutiérrez and Alvarez 2017a, b;
Gutiérrez 2018c).

7.3 Swelling Behavior of Biopolymer-Based Hydrogels

The lack of water and desertification are really serious problems in several regions
of the world for different reasons, but the worst one is that they compromise the
development of agriculture. An excellent tool to solve these problems could be the
use of materials with high water absorption and retention capacities based on super-
absorbent polymers (SAPs). The use of SAPs for agricultural applications has
shown promising results: helping to reduce the irrigation water consumption and
also, the death level of plants, improving the water retention in the soil and increas-
ing the rate of plant growth (Puoci et al. 2008).

The swelling capacity of hydrogels after being immersed in water or an aque-
ous solution is the result of a diffusion process, which involves the solvent mole-
cules into the 3D network due to the high hydrophilicity of the material. This
phenomenon causes the expansion of the polymeric chains, which increases the
average distance between cross-linking points. For most of the hydrogel’s techni-
cal applications, its swelling could be considered as a disadvantage; however, the
polymer swelling is extremely useful for agriculture applications as a device for
controlled or sustained release of ACs as well as soil conditioners (Guilherme
et al. 2015).
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Usually, most of the SAPs used in agriculture are produced from synthetic poly-
mers which are not biodegradable and pose a threat to both food safety and the
environment. With the growing demand for environmentally friendly materials, bio-
polymer based-hydrogels (mainly, cellulose, Cs and alginate derivatives) are being
studied for agriculture applications (Chang et al. 2010; Franga et al. 2018; Pang
etal. 2011).

The water capacity of hydrogels is generally measured through the equilibrium
swelling ratio (SR) or swelling degree (SD), which is easily calculated with Eq. 7.1.

-M

M
SR — SD _ swollen dry (71)

dry

where M represents hydrogel mass.

The swelling ratio is defined as the ratio of the mass of a fully swollen hydrogel
(in equilibrium with an aqueous medium) (M,,..,) to the mass of a dehydrated
hydrogel (M,,,) (Holback et al. 2011). Table 7.3 summarizes the latest results on
water absorption of some biopolymer-based hydrogels.

The swelling behavior of the hydrogels is not only measured by their swelling
ratio, but also by their swelling kinetics, which shows the capacity of the hydrogel
to absorb water or aqueous solutions over time. Water retention capacity and water
release over time are the key properties that swollen hydrogels must possess for
application in agriculture for sustained irrigation purposes (Sharma et al. 2014). It
is thus of high importance to study the behavior of the hydrogel through deswelling,
and also, how the hydrogel performs after several swelling-deswelling cycles, and
its effect directly on the soil or soil-less substrates (Abdel-Raouf et al. 2018; Olad
et al. 2018a; Sharma et al. 2014) (Table 7.4).

Table 7.3 Swelling degree (SD) of different biopolymer-based hydrogels

Biopolymer | Synthesis method SD and conditions Reference
Alginate Emulsion cross-linking method 1.65-3.85 g/g in (Sharma et al.
distilled water 2014)
Cellulose/ | Cross-linking with epichlorohydrin 200-1000 g/g at 25 °C | (Chang et al.
CMC in distilled water 2010)
Cs/cellulose | Grafting of PAA onto Cs/cellulose 150-400 g/g in distilled | (Essawy et al.
water 2016)
Cs Cross-linking by Sodium >1000% in distilled (Franga et al.
tripolyphosphate (TPP) water at room 2018)
temperature
CMC Radiation-induced grafting of 50-200 g/g in distilled | (Hemvichian
Acrylamide onto CMC (cross-linked water etal. 2014)
with N,N’-methylenebisacrylamide).
Guar gum | Grafting copolymerization (cross-linked | 125-220 g/g at 25 °C in | (Abdel-Raouf
with different Acrylate monomers) distilled water et al. 2018)
Starch Cross-linking reaction between starch | 500-1200% (pH 7, (Pang et al.
and PVA molecules by maleic acid 25°C) 2011)
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Table 7.4 Evaluation of hydrogels swelling behavior for agriculture applications
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7.3.1 Effect of Hydrogel Composition on Swelling

Many factors influence the swelling behavior of the hydrogels, such as degree of
cross-linking, porosity and chemical structure, and the ionic or neutral nature of the
side groups attached to their backbone chains. Bajpai and Giri (2003) studied hydro-
gels based on CMC prepared by grafting PAAm chains cross-linked onto the CMC
backbone by free radical polymerization. They evaluated the water absorption
dynamics of the CMC hydrogels, and the impact of different variables on their
swelling properties. For example, the authors analyzed the effects of the hydrogel
composition on swelling. The results showed that when the amount of CMC
increases in the hydrogel formulation, the SR also increases up to a certain point,
and then decreases. This observation was explained by the fact that CMC is a poly-
saccharide with different hydrophilic functional groups. This means that by increas-
ing the amount of CMC, the affinity for water increases, resulting in a greater
swelling ratio. However, at much higher concentration of CMC the network chains
density increases so much that both the diffusion of solvent molecules and relax-
ation of macromolecular chains are reduced. This explains the decrease in the swell-
ing ratio of the hydrogel. Abdel-Raouf et al. (2018) studied Guar Gum hydrogels
cross-linked with different acrylate monomers. These authors also found that the
hydrogels swelling ratio decreased as the concentration of guar gum increases, and
they explained that increasing the guar gum content affects the water absorption
ability of the hydrogel due to the higher probability of physically crossed links.
The cross-linker content also significantly affects the swelling behavior of the
hydrogels. Rohindra et al. (2004) studied the swelling properties of different Cs
hydrogels (cross-linked with different amounts of glutaraldehyde). In this study, the
authors evaluated the swelling kinetics of the hydrogels under different conditions
(pH, temperature). With regards to the effect of the cross-linking agent, it could be
seen that the more glutaraldehyde was added, the lower swelling ratio. The degree
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of crosslinking influences the available area for diffusion through the hydrogel net-
work and, therefore, affects the hydrogels water absorption capacity (Holback et al.
2011). Abdel Raouf et al. (2018) also noted that the maximum swelling ratio
decreased when the content of the crosslinking agent was increased in the synthesis
of guar gum hydrogels. The high degree of crosslinking slows the mobility of poly-
meric chains and, thus, decreases the swelling capacity of hydrogels.

7.3.2 Hydrogels Swelling and External Stimulus

Hydrogels are also environmentally sensitive materials, which means they have the
capability to imitate feedback mechanisms often observed in nature. The most com-
mon hydrogel systems swell in response to changes in pH, temperature and analyte
concentration (Holback et al. 2011) (Fig. 7.2).

Hydrogel systems are usually pH-sensitive; thus, the pH of the immersion solu-
tion has a direct impact on the SD of the 3D network. This depends on the immer-
sion medium pH and the dissociation constants of polymer side groups (pKa or
pKb) (Holback et al. 2011). pH-responsive hydrogels contain acidic (e.g. carboxylic
and sulfonic acids) or basic (e.g. ammonium salts) side groups that can accept or
release protons in response to environmental pH changes. Therefore, pH variations
in the immersion solution lead to conformational changes of the hydrophilic poly-
mer chain, and when ionizable groups are linked to the polymer structure, the pH of
the solution directly impacts on the hydrogel swelling behavior (Bawa et al. 2009).

The behavior of the hydrogel with pH depends on the nature of the polymer
chain. When the anionic polymers are, e.g. immersed in acidic media (with
pH < pKa), the “protonation” of anionic groups of the hydrogel network increases,
thus decreasing the concentration of anionic groups. This reduces the electrostatic
repulsion between the same or different polymer chains, and the hydrogel is thus
contracted (decreases its SD). On the contrary, in basic media, the concentration of
anionic groups increases relatively, and electrostatic repulsion causes the chain
expansion, increasing the swelling ratio. The opposite occurs in the case of cationic
polymer chains like Cs. Drozdov (2015) studied the swelling properties of Cs oligo-
mers dissolved in acetic acid and cross-linked with glutaraldehyde by radiation.
Contrary to the swelling behavior of anionic polymers, under acidic media, Cs
hydrogels show a higher swelling ratio. This phenomenon was well explained by
electrostatic repulsion.

With regards to the effect of temperature, generally the swelling ratio of hydro-
gels increases at higher temperatures due to the thermal expansion of the network
and the destabilization of network connections. These cause the expansion of the
hydrogel matrix after water diffuses into the porous structure (Guilherme et al.
2015). Usually, most polymers increase solubility with increasing temperature.
However, in the case of polymers with a lower critical solution temperature (LCST),
the solubility decreases as temperature increases and therefore, hydrogels based on
this type of polymer show a decrease in their swelling ratio as the temperature
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Fig. 7.2 Swelling behavior of hydrogels influenced by environmental conditions. Adapted from
Ehrenhofer et al. (2018)

increases above the LCST. This type of swelling behavior is known as inverse
dependence on temperature and occurs due to predominant hydrophobic interac-
tions, and was observed by Abdel-Raouf et al. (2018) when studying hydrogels
based on cross-linking of guar gum with different acrylate monomers. These authors
monitored the swelling efficiency of the hydrogels prepared at different tempera-
tures ranging from 15 to 60 °C. They observed that the highest swelling ratio was
achieved at the lowest tested temperature (15 °C).

The ionic strength of the swelling medium has a significant effect on the swelling
behavior of the hydrogel. The effect of the ion concentration on the swelling ability
of the hydrogels is closely related to osmotic pressure. The osmotic pressure is the
difference between the ion concentrations in the external immersion medium and in
the hydrogel interior. Therefore, increasing the ionic concentration in the swelling
medium reduces the osmotic swelling pressure, which produces the contraction of
the hydrogel (Bajpai and Giri 2003). The effect of ionic strength in the SD of the
hydrogels can be evaluated by the salt sensitivity factor (f), calculated with Eq. 7.2:

SD._,.
=1- saline 7.2
! SD 72

where SD;,. and SD,,.. are the equilibrium SDs for saline solutions and pure
water, respectively. The closer to 0 is the f value of the hydrogel in a certain saline
solution, the lower is the ionic effect of said solution to its swelling ratio. The closer
fis to 1, the stronger is the saline effect (Guilherme et al. 2015).
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Different authors have studied the effect of ionic strength on the swelling ratio of
different hydrogels based on biopolymers. Chang et al. (2010), e.g. developed
cellulose/CMC hydrogels, and evaluated their swelling kinetics when immersed in
different aqueous solutions of NaCl (concentration range between 0.0 and
0.1 mol/L). The authors observed that the swelling ratio of hydrogels decreased
with an increase in the ionic strength of the solution. They also performed the same
experiment with CaCl, solutions, and in this case the swelling ratio decreased even
more quickly, because of the higher cationic charge of CaCl, compared with NaCl.
Abdel-Raouf et al. (2018) also evaluated the effect of salinity of the swelling
medium in the water absorption capacity of guar gum hydrogels. These authors
reached the same conclusions, and stated that there was a swelling loss by increas-
ing ionic strength due to a reduction in electrostatic repulsion.

7.3.3 Water Holding Capacity (WHC) in Soil

One of the main agriculture applications of hydrogels is to enhance the WHC of soil
thanks to its outstanding swelling properties. Because hydrogel swelling behavior is
influenced by the medium conditions in which it is immersed (mainly pH, tempera-
ture and ionic strength, as detailed above), it is very important to test its effects
directly on the targeted substrate. For this purpose, different amounts of hydrogels
have been mixed with the soil and placed in a plastic glass or tube, or soil-pot. A
soil-pot without hydrogels is prepared as control. The pots are then exposed to dif-
ferent irrigation situations, and water content or moisture is measured in order to
evaluate the WHC. Water content can be measured gravimetrically (Bai et al. 2015;
Olad et al. 2018a) or with a digital moisture meter by inserting the instrument’s sen-
sor into the soil to a specific depth (Sharma et al. 2014).

Bai et al. (2015) prepared different carbendazim-loaded hydrogels based on
starch (CLHs) by solution polymerization. These authors tested the WHC of the soil
in tubes with CLHs (0, 2.6, 7.8, and 13.0 mg per 10 g of soil). The study indicated
that starch-based hydrogels loaded with carbendazim were a good water absorbent
for soil, and the WHC increased with greater amounts of hydrogels in the soil. They
observed that 1.3 g of CLH/kg soil markedly improved WHC from 44.0% in the
control sample to 52.2% in the soil mixed with CLHs. Sharma et al. (2014) also
synthetized alginate-based hydrogels as nano-reservoirs of water for agriculture
applications. They prepared the calcium alginate nanoparticles by the emulsion
cross-linking method. These authors carried out a series of soil-pot experiments to
test the WHC of the soil with and without the nanoparticles, but they also tested
their effect on plant growth. The tests were performed with sandy soil collected
from the cold desert areas of Leh-Laddakh (India). The authors measured the mois-
ture content of the different samples at different times, and concluded that in the
control sample (soil without nanoparticles) the water content decreased rapidly
(about 100% of moisture loss after 7 days). On the other hand, in the soil sample
mixed with alginate nanoparticles, the moisture content lasted longer (after 11 days,
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about 20% moisture was retained), thus providing a more favorable condition for
plant growth. The results of plant growth experiments were also promising. The
plants watered with mixed soil with alginate-based hydrogels exhibited better
growth than control (soil without hydrogel). The control plants stopped growing
after the first 14 days and showed signs of dehydration. Each sample of plant in the
soil mixed with nanoparticles continued to grow for two weeks and were much
healthier than control.

7.4 Slow Release of ACs through Biopolymer-Based
Hydrogels

To resolve the water deficiency problems, significant progress has been made in
improving the properties of hydrogels for their uses under different environments
and crops. Hydrogel based formulations are being explored for fertilizers and pesti-
cides to enhance the efficiency of these compounds and consequently, reduce the
adverse effects on the environment compared with the standard and traditional
application of ACs. In particular, hydrogels for controlled delivery of bioactive prin-
ciples have expanded the range of targets and kinetics which can be used. The low
application rate (2.5-5.0 kg/ha) of hydrogel is effective for almost all crops.
Hydrogels have thus been accepted as a boon to increase agricultural productivity in
water-stressed environments (Kalhapure et al. 2016). Within drug delivery systems,
the smart stimulus-sensitive hydrogels such as soil temperature, salinity and pH,
produce compounds with a prolonged residual activity between applications
(Rudzinski et al. 2002; Soppimath et al. 2002).

In addition, hydrogel formulations based on biocompatible composite for the
delivery of ACs are being currently investigated since they have high swelling ratio
and they can also be degraded in the presence of soil and plant microbiome (Pereira
et al. 2017). The biopolymer itself and its degradation products should not cause
environmental pollution and should be stable during storage (Rudzinski et al. 2002).
Biodegradable hydrogels contain labile bonds in the backbones of polymer itself or
between cross-linker bonds. These bonds can be degraded enzymatically or chemi-
cally for a given period of time, resulting in CO,, water and ammonia. The release
rate of active compound from the polymer matrix is influenced by the chemical
characteristics of the a.i. (structure, nature, distance of the active agent from the
polymer backbone) and also biological or environmental agents such as UV, mois-
ture and microorganisms (Ekebafe et al. 2011).

Smart hydrogels in addition to their ability to absorb and retain water can also be
altered by external stimuli facilitating the release mechanism of the agrochemical.
In this sense, an important aspect to consider is the analysis of the residual moisture
and AC level in the hydrogel over time after the application. There are different
approaches to combine the bioactive with the polymeric matrices mainly by physi-
cal encapsulation or heterogeneous dispersion and by chemical combination to act
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as a carrier (Ekebafe et al. 2011). Therefore, the type of hydrogel, the method of
preparation, degree and dynamics of swelling, among other factors, affect the
release of the active compound from the biopolymeric matrix (Mahdavinia et al.
2009). This statement is illustrated through the following representative examples
of biomaterials that were developed thanks to the combined properties of some
biopolymers and bioactive principles, including fertilizers and herbicides.

In this section, we attempt to review some general considerations about current
devices to release fertilizers and some herbicides in particular from biopolymer-
based hydrogels. We also consider the composition of different types of formulations
for controlled release of fertilizers and herbicides mainly with alginate, cellulose and
chitin derivatives (Table 7.5) which have shown efficient properties to be used as
biopolymeric matrices in modern agriculture lands (Rudzinski et al. 2002).

7.4.1 Slow Release of Fertilizers

Fertilizers are natural or synthetic chemical compounds (inorganic or organic) that
have the capacity to supply some of the essential nutrients required for plant growth
and development (Chagas et al. 2018). Fertilizers have been applied extensively in
agriculture to improve crop yields, which can have serious consequences for the
environment. Several studies have shown that most of the fertilizers applied in the
field are lost to the environment, which generates environmental pollution. Nutrients
with nitrates and phosphates can be lost by leaching, which leads to eutrophication
of surface and ground waters. If fertilizers are not applied correctly, then an imbal-
ance of the ecosystem occurs, and the acute toxicity and carcinogenic sources
increase (Chagas et al. 2018). The use of fertilizers is thus an activity that must be
taken seriously into consideration for the economic, environmental and social sus-
tainability of the agricultural sector.

In this context, there is an imperative necessity to develop devices for slow or
controlled release of nutrients (also called, “smart fertilizers”) in agriculture systems
(Calabi-Floody et al. 2018). These systems can deliver nutrients in a more controlled
or slow manner for longer duration to a specified target and at a desired rate. These
smart devices minimize the impact of these harmful chemicals on the environment
by reducing losses due to leaching, volatilization and degradation of fertilizer,
thereby maintaining biological efficacy of the a.i. (Ramos Campos et al. 2015).

Polymer-based hydrogels are widely studied for the development of slow-
delivery systems. They can provide a controlled release of fertilizers and also
increase the WHC of the soil (Ramos Campos et al. 2015). The development of
hydrogels based on biopolymers as nutrient carriers is gaining popularity because of
their eco-friendly nature, cost effectiveness, easy availability, and biodegradability.
It should also be noteworthy that for agriculture applications, biocompatible matri-
ces are preferred in order to avoid environmental contamination, after their degrada-
tion, biopolymer-based hydrogels also serve as compost in the field (Kumar et al.
2014; Gutiérrez 2018d; Gutiérrez et al. 2019; Herniou--Julien et al. 2019).
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Table 7.5 Biopolymer-based hydrogels for slow release of ACs
Biopolymer Synthesis method AC References
Alginate Graft copolymerization of (F) NPK (urea, (Rashidzadeh and
acrylic acid and acrylamide | potassium dihydrogen | Olad 2014;
on NaAlg in the presence of | phosphate and Rashidzadeh et al.
clinoptilolite ammonium dihydrogen | 2014)
phosphate)
Alginate Ionically cross-linked with | (H) Chloridazon and (Flores Céspedes
CaCl, metribuzin et al. 2013)
Alginate Ionically cross-linking with | (F) Urea (Gonzilez et al.
CaCl, 2015)
Alginate/Cs Ionotrophic gelification (H) Paraquat (dos Silva et al.,
process 2011)
Carboxymethyl-Cs | Ionically cross-linked with | (H) Atrazine and (Lietal.2012)
calcium cations imidacloprid
Cellulose acetate | Cross-linked by EDTA (F) NPK (KCI and (Senna and Botaro
NH,H,PO,) 2017; Senna et al.
2015)
Cellulose Emulsification-solvent (H) 2,4-D (Belmokhtar et al.
derivatives evaporation technique 2018)
Cellulose Phase inversion technique (F) Urea (Gonzélez et al.
derivatives 2015)
Cs Cross-linked by sodium (F) KNO; (Franca et al. 2018)
tripolyphosphate (TPP)
Cs Ionic gelification technique | (H) Paraquat (Grillo et al. 2014a,
using TPP b)
Cs Ionic gelification technique | (H) Imazapic and (Maruyama et al.
using TPP Imazapyr 2016)
Cs-starch Ionotropic cross-linking of | (F) KNO; (Perez and
Cs using TPP Francois 2016)
CMC Radiation induced grafting | (F) KNO; (Hemvichian et al.
of acrylamide onto CMC 2014)
CMC/PVP In situ (F) NPK (urea, (Olad et al. 2018a)
Polymerization method ammonium dihydrogen
phosphate, and
potassium dihydrogen
Phosphate)
Ethylcellulose Oil-in-water emulsion (H) Norflurazon (Sopeiia et al.

solvent evaporation
technique

2011)

(F): Fertilizer; (H): Herbicide

In the following paragraphs, the use of biopolymer (mainly, alginate, cellulose
and Cs derivatives) will be summarized for slow-release of nutrients.

Among the principal nutrients required for plant growth, nitrogen, phosphorus
and potassium (generally referred to as NPK fertilizers) are needed. NPK are applied
at higher concentrations (mmol/kg dry mass) than the other elements. Nitrogen is a
crucial element in production of proteins, and it is necessary for the vigorous growth



114 B. Tomadoni et al.

of plant. Phosphorous participates in different plant mechanisms, e.g. cell division,
formation of cell structures in the plant, photosynthesis, stimulation of healthy root
growth and seed germination. Finally, potassium plays an important role in the for-
mation of fruits, resistance against diseases and cold weather, photosynthesis and
maintaining water level in plants (Carson and Ozores-Hampton 2013). Many stud-
ies have been conducted in recent years, in which biopolymer-based hydrogels have
been tested as carriers of NPK fertilizers for their slow or controlled release (Chagas
et al. 2018; Essawy et al. 2016; Olad et al. 2018b; Rashidzadeh et al. 2014; Senna
and Botaro 2017; Senna et al. 2015).

Urea is one of the most widely used fertilizer due to its high nitrogen content
(46%), low cost and easy application (Azeem et al. 2014). Urea when applied to
soil, a series of chemical transformations occur, both physical and biological to
produce the nutrients available to the plant. However, the excess of these nutrients
is lost because of leaching, since plants only need a small amount during their early
growth. In addition, some urea reactions produce nitrogen in a form that is lost
through gaseous emissions that are hazardous for the environment. Therefore, the
development of materials for controlled or slow release of urea has been an issue of
growing interest for decades. These materials would not only reduce nitrogen loss,
but also alter the nitrogen release kinetic, which in turn will provide nutrients to the
plant at a rate more compatible with their metabolic needs. Biocompatible polymer
matrices are preferred in order to avoid environmental contamination (Azeem et al.
2014). Many have studied the controlled release of urea through biopolymer-based
hydrogels (Gonzélez et al. 2015; Olad et al. 2018a; Rashidzadeh and Olad 2014;
Rashidzadeh et al. 2014). Bortolin et al. (2013), e.g. studied the synthesis of a
hydrogel nanocomposite based on biopolymers. In this study, a polysaccharide of
biodegradable MC and its compound containing PAAm, as well as with mineral
clay calcic montmorillonite (Mt) as modifier was evaluated. The authors character-
ized the hydrogels in terms of their swelling behavior and performance as devices
for slow release of fertilizers, in this case, by evaluating the desorption of the nutri-
ent urea. The controlled desorption of urea was tested in different pHs (4, 7, and 9)
on the hydrogel nanocomposites and was compared with the commercial urea, i.e.
without being contained in the hydrogel structure. Bortolin et al. (2013) concluded
that the presence of the mineral clay causes the hydrogel to slowly desorb the nutri-
ent, but due to strong clay—urea interactions, the total amount of urea carried in the
material was reduced. Therefore, in hydrogels with higher clay concentrations, the
urea desorption rate is slower. This was observed in all the pHs tested, where the
hydrogel without Mt. practically desorbed the whole urea content in 24—48 h. These
values increased for nanostructured hydrogels at ~72 h.

With regards to K sources in crop production, the most common fertilizers are
potassium nitrate (KNO;), potassium chloride (KCIl), mono potassium phosphate
(KH,PO,) and potassium sulphate (K,SO,). The selection of the K fertilizer is
strongly influenced by the nature of the accompanying anion (Chapagain et al.
2003). KNOs is the K fertilizer most used in the production of greenhouse vegeta-
bles, and many have studied its slow-release through biopolymer-based hydrogels
(Hemvichian et al. 2014; Perez and Francois 2016). Franca et al. (2018) investigated
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Cs as a biopolymeric matrix for the controlled release of fertilizers using a spray
dryer. They tested KNOs; as a nutrient, and studied the effect of TPP (as a cross-
linker) and the incorporation of Mt. clay. The nutrient was trapped in the core and
covered with an additional Cs layer (shell), which swells and then releases the nutri-
ent. These authors evaluated the release of KNO; both in water and in soil. The
release mechanism indicated a swelling-controlled nutrient delivery for all tested
materials. Particularly, the microcapsules of Cs/KNO; and Cs/Mt-KNO; showed the
highest swelling ratio (approximately 500%) and the lowest release of fertilizer in
the water (2 h) and in the soil (40 days).

7.4.2 Slow Release of Herbicides

Weed management is also a fundamental step in the production of vegetable crops
under commercial production systems. A sustainable crop weed alternative in veg-
etable production could thus be the use of hydrogels for herbicide application.

Herbicides are chemicals that inhibit plant growth and are used to control weeds.
Most of them are highly toxic for human health and environment. Selective herbi-
cides control specific weed species, while leaving the desired crop relatively
unharmed. In contrast, non-selective herbicides kill all plant material with which
they come into contact. In addition to its efficiency to killing plants, one of the most
important traits of an herbicide is its persistence and residual action since these two
traits could contribute to reduce the doses and the costs of the application. Herbicide
formulations (a.i. plus additives) are mainly prepared to achieve a high biological
effectiveness and to reduce negative environmental effects on organisms that are not
the target for herbicide applications (Sopeiia et al. 2009a).

The potential loss or degradation of soil-applied herbicide can occur by the
action of different environmental factors such as light (photolysis), moisture and
microbial degradation, as well as volatilization and leaching in the field. As a con-
sequence, the concentration of active herbicidal in the target site can be disturbed by
directly impacting the effectiveness in the control of weeds. The advantages of
hydrogel-based herbicide applications include stabilization of a.i., its easy handling
and application in the soil at the time (Kalhapure et al. 2016). Otherwise, the herbi-
cidal persistence efficacy can depend on a variety of properties of the polymeric
support but also, on the weed species assayed (Vasilakoglou and Eleftherohorinos
2003).

Dichlorophenoxy acetic acid or 2,4-D is one of the most widely applied herbi-
cides in the world. More than 1500 herbicide products contain 2,4-D. This organic
and synthetic compound is primarily used as a selective herbicide which kills many
terrestrial and aquatic broadleaf weeds, but not grasses. Similarly to other herbi-
cides, like paraquat (Aouada et al. 2010), the release of 2,4-D from a non-
biodegradable polymer-based hydrogel was developed (Mahdavinia et al. 2009).
Controlled release of 2,4-D has also been investigated from biopolymeric matrixes
of corn starch, starch-g-poly(butyl acrylate) and alginate gels. In the case of the
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modified starch matrix, a low swelling capacity and slow release of herbicides was
observed (Zhu and Zhuo 2000).

The non-toxic and biodegradable matrices of cellulose derivatives ethylcellu-
lose/hydroxy propyl methyl cellulose (HPMC), cellulose acetate butyrate butyryle
(CAB)/HPMC and pure CAB were used in microparticles to allow an initial burst of
2,4-D followed by a controlled bioactive release. This approach allowed to reach a
high herbicide efficacy in early stages and also to be maintained for a long period of
time (Belmokhtar et al. 2018). The delivery of 2,4-D provided a burst that varied
from 7 to 50%, followed by a slow and controlled effect from all the formulations
tested, ensuring an initial effectiveness of the herbicide and then,its functional pres-
ervation for a long period of time. These synthesized composites can acquire a great
opportunity for their uses in the field; however, their properties as hydrogels have
not yet been explored. The adjustment of the swelling behavior by these polymers
alone or together with other polymers can be a good tactic to further improve the
efficiency of the 2,4-D herbicide.

Alachlor (2-chloro-2’,6’-diethyl-N-methoxymethylacetanilide) is a chloroacet-
anilide herbicide used for annual grasses and control of broadleaf weeds in corn,
soybeans and sorghum. Ethylcellulose is a hydrophobic polymer that is frequently
used to prepare formulations of different herbicides by means of microencapsula-
tion techniques (Dailey 2004; Pérez-Martinez et al. 2001). The encapsulation of
alachlor in ethylcellulose microparticles managed to extend its concentration in the
soil reducing the high rates of herbicide application rates and, consequently, decreas-
ing the environmental damage. The highest levels of alachlor efficacy and persis-
tence were observed in the soil with low microbial activity and organic matter
content (Sopefa et al. 2009b). In the same work, two ethylcellulose 30-50 mPa s
(Ethocel 40) and 10 mPa s (Ethocel Std 10) were assayed revealing that the polymer
with a higher molecular weight produced a lower alachlor release rate, which sug-
gests that the polymer size is also an important aspect to be considered for the con-
trolled delivery of this herbicidal compound. The behavior of alachlor transported
from these cellulose microspheres in soil was reported firstly by Sopefia et al.
(2007). These authors demonstrated that mobility of alachlor from microspheres to
water or soil was retarded compared to commercial formulations.

Norflurazon is a fluorinated pyridazinone herbicide that is used in soils cultivated
with cotton, soybean, tree fruit and nut crops, citrus and cranberries, and its efficacy
and persistence by controlled delivery through biopolymer-based hydrogels has
been demonstrated (Sopefa-Vazquez et al. 2008). Ethylcellulose microencapsulated
formulations of norflurazon and alachlor protected both of them against their dissi-
pation in soil, and remained biologically active longer than the commercial formu-
lations. Regarding particle size distribution, the authors reported higher release
rates of norflurazon with a greater surface area of microspheres. However, particle
porosity instead of size, could affect the alachlor release rate from the microspheres.
All these findings allowed to conclude that, in addition to the weed species, the type
and nature of components significantly affect the controlled release and biological
efficacy of each formulation.
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Photolysis on soil and leaves is an important mechanism for herbicide dissipa-
tion, resulting in a loss of its efficacy in controlling weeds. Thus, the photodegrada-
tion rate of the herbicide norflurazon from the ethyl cellulose microspheres was
compared with a commercial formulation (Sopefia et al. 2011). The microspheres
had slower delivery rate than the commercial formulation, and the gradual release
allowed a protection of norflurazon against photolysis. The photodegradation rate
was even lower when the microspheres contained colloidal soil components such as
goethite and humic acids, than spheres alone.

Carboxymethyl Cs/bentonite (CM-chit/H-bent) composite gel was studied as a
carrier of two pesticides: atrazine (1-chloro-3-ethylamino-5-isopropylamino-2,4,6-
triazine) and imidacloprid (N-[1-[(6-chloro-3-pyridyl)methyl]-4,5- dihydroimidazol-
2-yl]nitramide). Both are herbicides widely used in croplands and are often pollutants
in the aquatic environment. The diffusion of these two compounds was restrained by
the encapsulation in the polymer gel, and sorption with bentonite was further delayed
the progress of the release thereof (Li et al. 2012). To obtain a slow release of atra-
zine, an agar/starch-based hydrogel (1% agar, 5% starch, 0.98 M acrylamide, and
12.97 mM N,N-methylenebisacrylamide) was also developed (Singh et al. 2015).
Atrazine released from the hydrogels occurred after 144 hours through non-Fickian
diffusion mechanism, which makes them suitable for agriculture. In the case of atra-
zine, its release profile and physic-chemical stability were modified when poly
(e-caprolactone) nanocapsules were coated with Cs (Grillo et al. 2014b).

The imazapic (IMC) and imazapyr (IMR) herbicides are representative members
of the imidazolinone group. They are often used to control weeds in plantations of
corn, soybean, and peanut but they have a high persistence in soil. In order to reduce
the doses applied in soil, these herbicides were encapsulated in Cs/tripolyphosphate
nanoparticles (400 nm) with efficiencies higher than 60% and with a polydispersity
index of 0.3 and the zeta potentials of —30 and + 26 mV for CS/ALG and CS/TPP,
respectively (Maruyama et al. 2016). After 300 min, the release obtained for IMC
and IMR was 59% and 9%, respectively. The combined encapsulation of the com-
pounds resulted in a decrease of ~35% compared to IMR encapsulated separately.
Meanwhile, the combined encapsulation did not affect the release of IMC. It would
also be interesting to analyze the water absorption of these polymer matrices.

Paraquat or N,N'-dimethyl-4,4’-bipyridinium dichloride is a non-selective herbi-
cide, which kills the plant by contact. Due to its redox activity it is also toxic to human
and animals. To develop an environmentally safe alternative for its use, paraquat was
loaded onto Cs/TPP nanoparticles (Renato Grillo et al. 2014). This encapsulation
showed changes in paraquat diffusion and release as well as its absorption by the soil
compared with commercial formulations without affecting herbicidal efficiency. The
loading and release of paraquat, and how they are strictly correlated with the swelling
capacity of the PAAm and MC-based hydrogels were clearly described and schema-
tized by Aouada et al. (2011). Slow delivery without losing paraquat the effectiveness
has been also achieved from Cs nanoparticles (dos Silva et al. 2011).

Alginates-based formulations have also been investigated for controlled-release
of a variety of herbicides, such as monolinuron, desmetryn, chloridazon, atrazine,
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simazine, and chloroxuron as a.i. (Calabi-Floody et al. 2018). For example, alginate
hydrogels (with addition of bentonite and anthracite as sorbents) evidenced a slower
release of the two herbicides: chloridazon and metribuzin, compared to their respec-
tive commercial formulations. This fact might allow less leaching of them in a cal-
careous soil. Therefore, its use is suggested in the most sustainable control of weeds
(Flores Céspedes et al. 2013).

7.5 Future Perspectives and Conclusions

Biodegradable polymers have been used, mainly because of their abundance, renew-
ability, relatively low-cost, and biodegradability to replace or reduce the use of syn-
thetic polymers in the production of hydrogels for various technological applications
and, in particular, in agriculture as nutrient carries or soil conditioners. There are
several ways available to prepare said hydrogels, based on the crosslinking of poly-
mer chains that can be classified into two main groups: chemical and physical cross-
linked hydrogels. Main processing techniques have been developed for the
crosslinking of polymer chains. Physically crosslinked are relevant in the formula-
tion of labile bioactive principle vehicles, while chemically crosslinked ones have
higher mechanical properties and stability.

Biopolymer-based hydrogels for the release of fertilizer/herbicidal must meet a
series of conditions and properties that include technical and chemical aspects of
the formulation, as well as its environmental and operational scope. Therefore, the
challenge of developing disruptive technologies for the formulation of slow deliv-
ery of ACs requires fundamental knowledge of the structural components, as well
as characterization of physicochemical properties that are established between the
ingredients of the mixture, including the type of biopolymer, additives, sorbents,
bioactives, among others. Nanotechnology can provide a great potential to enrich
the developments of controlled release of ACs from hydrogels based on
biopolymes.

There are still several challenges regarding these kinds of hydrogels, such as
producing low-cost hydrogels with excellent absorption characteristics and also an
excellent mechanical behavior; design of new eco-friendly techniques mainly for
chemically cross-linked hydrogels; and obtaining bio-based nano-hydrogels that
show a higher water absorption capability and, at the same time, low sensitivity to
saline conditions present in the field. The potential of biopolymeric-based hydrogel
formulation to successfully deliver the next generation of ACs at the desired rate
and location in the target site is still in its infancy.
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Chapter 8
Hydrogels: An Effective Tool to Improve
Nitrogen Use Efficiency in Crops

Mariana A. Melaj and Rocio B. Gimenez

Abstract Hydrogels are hydrophilic polymeric materials with three-dimensional
(3D) network structures physic and/or chemically crosslinked. They can absorb large
amounts of water or aqueous solutions for a short period of time. When the hydrogel
is loaded with a drug and meets an aqueous medium, the water penetrates the system
and dissolves the drug. To improve the nitrogen use efficiency by plants, controlled-
release fertilizers are developed with hydrogels as matrices. In particular, biodegrad-
able polymers such as starch, xanthan, chitosan, cellulose derivatives, pectin and
their mixtures have been essayed to avoid residues in soils. In addition, the superab-
sorbent capacity of the hydrogels improves the retention of fertilizers in the soil,
reduces water losses through evaporation and decreases the frequency of irrigation.
In this chapter, the behavior of different hydrogels to improve the availability of
nitrogen by the plants during their crop cycle will be reviewed.

Keywords Agriculture - Fertilizers - Polymers

8.1 Introduction

The increase in world population has led to the industrialization of agriculture. Food
production is a challenge related to crop yield, which can be improved through fer-
tilization. However, conventional fertilizers have an environmental impact due to
the loss of nutrients, which can cause toxicity to the crop at concentrations not toler-
able in the plant roots.

Nitrogen is one of the main nutrients that are applied in high doses to crops.
However, its absorption depends on the plant species of the crop, the tillage, the prop-
erties of the soil, the environmental conditions and the nitrogen source. When the
fertilizer is applied, part of it is taken by the plants and the rest is lost. For this reason,
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the nutrient use efficiency is a key point in sustainable agriculture. The nutrient use
efficiency is defined as the amount of nutrients taken by the plant from soil over a
period of time, related to the available nutrient present in the soil (including applied
fertilizer). The nitrogen use efficiency (NUE) usually reaches 50% (Sempeho et al.
2014). Depending on the method of application and the type of fertilizer, the losses
can reach 90% of the applied fertilizer (Bajpai and Giri 2002). The main processes
involved in the loss of nitrogen in the crops are listed and described below:

1. Nitrogen lixiviation

Mineral nitrogen in most soils can be oxidized to NO;™ by the action of microor-
ganisms. Oxidized nitrogenous compounds can be leached from the root zone of the
plants and reach the surface and deep waters. Large accumulations of nitrogen
caused by fertilizers can lead to:

e Metahemoglobinemia in babies because of the reduction of NO;~ to NO,™ and
the oxidation of hemoglobin.

* Gastric cancers related to the presence of NO,™ or nitrosamines: the excess NO;~
ions are transformed into NO,™ in the stomach, thus reacting with the amines and
leading to the production of nitrosamines, which are carcinogenic compounds.

* Eutrophication of the water surface.

According to the World Health Organization (WHO 2003), the maximum
allowed limit of NO5~ in drinking water is 50 mg/L.

2. Ammonium volatilization and nitrous oxide emission

Urea or ammonium salts when applied as fertilizers in calcareous soils can be
potentially volatized. In particular, NH,* can be accumulated in ecosystems, thus
causing damage to vegetation. In addition, NO;™~ can be oxidized into N,O and NO
(greenhouse gases), and them transformed into nitric acid generating acid rain and
lakes (Asgedom et al. 2014; Savci 2012; Shaviv 2000; Smith and Siciliano 2015).

The aforementioned adverse effects of the use of fertilizers have led to the need
to reduce the application rate of fertilizers and improve their application efficiency,
with the aim of improving nitrogen fixation from crops, reducing costs by their
application and avoiding environmental problems and health caused by them, with-
out placing food production at risk (Davidson and Gu 2012).

Controlled-release fertilizers (CRF) have had a great boom because they comple-
ment the desired requirements for the new generation of fertilizer: fertilizer use
efficiency increases and reduces nitrogen losses through better synchronization
between nitrogen availability and nutritional demand of the plant.

Figure 8.1 shows the difference between CRF and conventional fertilizers related
to the nutrient demand of the plant. A nitrogen fertilizer such as urea when applied at
planting, the absorption of fertilizer is low and the nutrient is vulnerable to being lost
due to volatilization, denitrification or leaching. In this sense, CRFs have a better
synchronization with crop demand, minimizing fertilizer losses (Chalk et al. 2015).

The CRFs also have the following advantages:

— The supply of applied nutrients is protected.
— The controlled and sustained release of the fertilizer is achieved.
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Fig. 8.1 Supply of
conventional vs controlled
release fertilizers and its
synchrony with the
demand for nutrients from
crops. Adapted from Chalk
et al. (2015)
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— The concentration of nutrients between the optimal limits during a given period
of time is maintained.

As a result of this:

— The availability of fertilizers lasts longer.

— Itis not necessary to apply the fertilizer several times during a crop cycle.

— The cost of tillage is reduced.

— Environmental pollution is reduced (Geng et al. 2015; Anitha and Bindu 2016;
Azeem et al. 2016; Geicu-Cristea et al. 2016; Trinh and KuShaari 2016).

CRFs can be tablets or granules coated with polymers, or matrices containing the
dispersed nutrient, thereby delaying the release of fertilizer. The matrices and the
coatings can be prepared from hydrophobic materials (polyolefins, rubber, etc.) or
hydrogels (gel-forming polymers). Hydrogels loaded with fertilizers reduce their
dissolution due to their water retention (swelling) (Trenkel 2010). In addition,
hydrogels increase the water retention capacity of soils, reducing irrigation, increas-
ing nutrient absorption and improving soil permeability, and this is reflected in an
increase in crop yields (Elbarbary and Ghobashy 2017). In this regard, Hendrawan
et al. (2016) developed fertilizer-loaded polymer composite hydrogels to achieve
water and nutrient supply simultaneously.

8.2 Hydrogels

Hydrogels were first reported by Wichterle and Lim (1960). Hydrogels are hydro-
philic polymers originated by the crosslinking of polymer chains, which generate
macromolecular networks. These structures can absorb and retain a large amount
of water or aqueous solutions within their structure (Chang and Zhang 2011).
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Fig. 8.2 Phenomena given during the release of fertilizers from hydrophilic matrices

The presence of hydrophilic functional groups such as — OH, — CONH, — CONH,
and — SO;H linked to the polymer backbone are responsible for this property
(Mahinroosta et al. 2018; Nagam et al. 2016). There are different types of classifi-
cations of hydrogels based on their charge (anionic, cationic, nonionic, amphoteric
or zwitterionic charges), method of cross-linking (chemical and physical hydrogels)
and shape (matrix, film or microsphere) (Ahmed 2015; Mahinroosta et al. 2018).
In particular, physically cross-linked hydrogels are obtained when the 3D network
of the polymer is held together by van der Waals (dipole-dipole or hydrogen bonds)
or coulombic (electrostatic) type interactions, as well as by overlapping polymer
chains. In contrast, the polymer chains are covalently linked in chemically cross-
linked hydrogels (Silva et al. 2009).

On the other hand, the type and quantity of the fertilizer, as well as the type of
excipients, the preparation technique, the environmental conditions during the release
of the fertilizer, and the geometry and dimensions of the hydrogel can affect one or
more of the phenomena shown in Fig. 8.2 (Siepmann and Siepmann 2008):

8.3 Devices

Controlled release systems can be reservoir and matrix or monolithic type (Fig. 8.3).
In the reservoir system, the fertilizer to be released is surrounded by a polymer
layer, and this may be in a solid state or in a diluted or concentrated solution. In
general, the time of dissolution of the coated fertilizer can be delayed, increasing the
thickness of the coating (Du et al. 2006).

On the contrary, the fertilizer is distributed homogeneously in the polymer
network when the system is constituted by a matrix and can be dissolved (in
smaller amounts than its solubility allows) or dispersed (part of the fertilizer is in
the form solid).
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8.4 Fertilizer Release Mechanisms

In general, diffusion, swelling and erosion are the most important mechanisms that
control the release rate of fertilizer from hydrophilic matrices to the soil, and these
mechanisms can act in different steps or simultaneously (Siepmann and Siepmann
2012). These main fertilizer release mechanisms are described below:

8.4.1 Diffusion

Diffusion is a process of spontaneous mass transfer of a substance from a concen-
trated solution to a diluted solution, thus creating a gradient or profile concentra-
tion. Once the steady state is reached, the concentration gradient disappears, and
equilibrium is achieved. The diffusion mechanism depends on the free volume of
the polymer chains, and this in turn depends on the structure (matrix — Fig. 8.3a
or reservoir — Fig. 8.3b) and composition of the hydrogel polymer matrix. A homo-
geneous hydrogel increases its free volume when subjected to temperatures around

a) time 0 time t
oo

—>,

fertilizer

polymer

polymer fertilizer

Fig. 8.3 (a) Matrix fertilizer delivery device and (b) Reservoir fertilizer delivery device. Adapted
from https://www.sigmaaldrich.com/technical-documents/articles/materials-science/biomaterials/
tutorial.html
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or above the glass transition temperature (T,). The free volume of the hydrogel can
also be increased by copolymerization or by using of polymer blends. The plasticiz-
ing effect is another way that allows the increase of the free volume of the hydrogel,
by means of using compounds with small structures such as water, which allows to
lubricate the polymer chains, thus having greater mobility and free volume in the
polymer network.

As indicated before, the type of structure of the hydrogel affects the release
mechanism of the fertilizer. In the case of the reservoir type system, through the
outer layer, the fertilizer must diffuse, dissolve or divide between the carrier and the
membrane, diffuse through the membrane, be distributed between the membrane
and the external elution medium and, finally, be transported from the surface of the
membrane system. The reservoir when saturated, the concentration gradient of the
fertilizer is constant in the membrane, as well as the flow rate of the compound,
therefore a zero-order release kinetic is achieved (Siegel and Rathbone 2012). Zero
order release kinetics is an advantage, but these systems are not easy to elaborate.
The dissolution of the fertilizer in the polymeric matrix plays a decisive role in
matrix or monolithic systems. In a first stage, diffusion occurs at the level of the
surface when the fertilizer dissolves in the matrix. Then, the partition of the fertil-
izer between the matrix and the release medium and transport is given from the
surface. In case the fertilizer is dispersed, first this compound must dissolve in the
matrix before being released. Typically, matrix systems show a burst release from
the surface and then release rate decreases with time.

Burst release is the release of a certain amount of fertilizer immediately after the
system comes into contact with the receiving medium, after this stage the release
profile is stable. Depending on the application of the release system, this phenom-
enon can be considered as a disadvantage, since it can provide toxicity at certain
concentrations of the fertilizer, loss of active agent, decrease in the release time,
which would entail the need for higher doses, and in other cases this could be an
advantage such as certain treatments for wounds, encapsulated flavors, pulsed
releases, etc. The impossibility of predicting the amount of fertilizer that will be
released is the disadvantage of this process.

The burst release in monolithic matrices can be attributed to (1) certain conditions
of synthesis and elaboration, which results in a quantity of fertilizer trapped in the
surface of the device, causing a heterogeneous distribution of the substance, (2) het-
erogeneous polymeric matrices associated with different pore sizes and (3) fertilizer
properties (molecular weight, solubility) (Huang and Brazel 2001).

8.4.2 Swelling

Materials with a hydrophilic behavior when they come into contact with water tend
to be swollen. First, the polymer network is surrounded by water and expands, thus
increasing its thickness and the volume of the polymer device. Once this process has
occurred, chemical and physical bonds are formed. Subsequently, the water enters
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the polymer relatively quickly and the polymer chains are disentangled. This expan-
sion of volume causes greater spaces between the polymer chains, which can be
used to control the release of the fertilizer, regardless of the type of system used:
matrix or reservoir (Fig. 8.3). Finally, the matrix disappears when the polymer is
completely swollen. This type of system is called a soluble inflatable matrix
(Colombo 1993). However, in some cases, the swelling of the material is limited,
and the matrix is not totally disintegrated. This occurs when: (1) the water and poly-
mer are not fully compatible, (2) the polymer chains are very long and (3) when a
crosslinking agent is added. Finally, the swelling kinetics will be responsible for the
controlled release of the fertilizer. Therefore, the swelling can be modulated by the
hydrophilic or hydrophobic nature of the polymer, the type of fertilizer to be
released, the temperature and pH of the medium and the concentration of the cross-
linking agent (degree of crosslinking) (Siegel and Rathbone 2012).
The matrices showing swelling can have two different behaviors:

Classic hydrophilic matrices (unlimited swelling), diffusion is the main mechanism
that controls the release. When the matrix is immersed in the release medium a
small fraction of the fertilizer can be dissolved followed by hydration and the
progressive gelling of the macromolecules. A highly viscous layer, increasing
the thickness of the polymer over time is formed. This layer controls the entry of
water into the center of the polymer device and constitutes a barrier to rapid
release. The release process and rate are dependent on the physicochemical char-
acteristics of the fertilizer, the device and its hydration.

Matrices with limited swelling (100% of the initial weight) are those materials in
which the zero-order diffusion kinetics governs the release of the fertilizer, except
for systems with a high concentration of fertilizer. The determining step is the rate
of penetration of the release medium into the matrix, which is given by the activa-
tion of solvent on the polymer matrix.

8.4.3 Erosion

This mechanism the release of fertilizer is mainly governed by the degradation of
the matrix. There are two types of erodible systems: surface erosion and erosion
within the matrix. The nature of the erosion mechanism depends on the hydrophilic-
ity and morphology of the polymer. Hydrophobic polymers tend to exclude water
from the interior of the system and are eroded from the outside to the matrix. On the
other hand, the hydrophilic polymers tend to be homogeneously eroded, although
the amorphous regions are more susceptible to water than the crystalline regions,
therefore the degree of crystallinity of the polymer affects this release mechanism
of the fertilizer.

From the dissolution and diffusion of the fertilizer and the erosion of the gel layer
different fronts of movements have been identified: the erosion front, the diffusion front,
the transition or swelling front and the penetration front (Maderuelo et al. 2011).
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These frontal movements could be adjusted by selecting different types of polymers,
resulting in different release kinetics such as Higuchi, which predicts a dependence
of the fertilizer mass released with the square root of time, and zero-order and first-
order kinetics (Li et al. 2014; Marinich et al. 2012; Siepmann and Siepmann 2012).

8.5 Hydrogels as Constituents of CRF

The use of hydrogels as polymeric matrices of CRF, aims to improve the behavior of
the coatings and reduce the environmental impact caused by the waste generated by
them once the nutrient is completely released. Initially the urea granules were coated
with sulfur, but this coating in contact with the microorganisms found in the soil can
suffer cracks or fissures, thus releasing the fertilizer faster than required. In this con-
text, polymer coatings using synthetic materials such as polyethylene, polystyrene
and polyesters have been developed. However, most of them are non-biodegradable
polymers, so once the fertilizer is released, the non-compostable material remains in
the soil. In view of the above, the study of environmentally friendly coating materi-
als have been carried out. Most of them are derived from natural materials such as
chitosan (Cs), sodium alginate, starch — cellulose and its derivatives, lignin, xan-
than, pectin, agricultural residues, Arabic, carrageenan, gellan and guar gum, as
well as scleroglucana, etc.

An additional advantage of CRF hydrogels is that they improve soil water
retention capacity and nutrient retention. In addition, its use improves the activity
of soil microorganisms and reduces the frequency of irrigation. Several works on
the behavior of different CRFs composed of hydrogels as polymer matrices are
listed in Table 8.1.

Table 8.1 Controlled release fertilizers made from hydrogels using different polymer matrices

Release

Fertilizer | Polymeric matrix media Device Reference

KNO; Chitosan (Cs) Water Microespheres | Perez and Francois
Potato starch (2016)

KNO; Cs Water Monolayer and | Melaj and Daraio

multilayer (2013)

Xanthan Tablet

KNO; Cs Water Multilayer Melaj and Daraio
Xanthan Tablet (2014)
Hydropropylmethylcellulose

KNO; Cs/MMT Water Microespheres | Franga et al. (2018)
Cs crosslinked (TPP)/MMT Soil Microcapsules

Urea Tamarind gum, Soil Trilayer Mukerabigwi et al.
Guar gum (2015)
Xanthan, diatomite Coating
Poly(methacrylic acid)

(continued)
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Table 8.1 (continued)

Release
Fertilizer | Polymeric matrix media Device Reference
Urea Ethyl cellulose Soil Dual layer Qiao et al. (2016)
Starch based superabsoebent
polymer
Urea Bio- epoxy Water Coating Liet al. (2018)
(bagasse and bisphenol-A
diglycidyl ether)
Urea Starch based hydrogel Water Powder Xiao et al. (2017)
Urea Polyvinil alcohol Water Coating Azeem et al. (2016)
Modified starch
Urea Starch Water Pellets Giroto et al. (2019)
Melamine Soil
Urea Bio-based polyurethane Water Coating Liu et al. (2019)
(waste palm oil)
Urea Peat Citric Microespheres | Aradjo et al. (2017)
Humin acid (aq)
Humic acids Soil
Urea Sulfonated-carboxymethyl- Water Dehydrated Olad et al. (2018)
cellulose hydrogel
NH,H,PO, | Acrylic acid Soil
KH,PO, | Polyvinylpyrrolidone
Silica nanoparticles
Urea Alginate-g-poly(acrylic Water Capsules Rashidzadeh &
acid-co-acrylamide) Olad (2014)
NH,H,PO, | Montmorillonite Soil
KH,PO,
Urea Polyvinil alcohol Water Powder Lietal. (2016)
K,HPO, | Wheat straw cellulose-g- pH
poly(acrylic acid) solutions
Salt
solutions
Urea Pectin Water Cylindrical Guilherme et al.
Phosphate | Acrylamide Hydrogel (2010)
Potassium | Sodium acrylate
KC1 Cellulose acetate and EDTAD | Soil Powder Senna et al. (2015)
NH,H,PO,
(NH,),SO, | PVA/crosslinked-Cs/ Water Trilayer Noppakundilograt
poly(AA-co-AM) et al. (2014)
P,O5; KC1 Coating

AA: Acrylic acid; AM: Acrylamide; EDTAD: Ethylenediaminetetraacetic dianhydride; MMT:
Montmorillonite
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The objective of CRF is to control the release of nutrients to increase the time of
their availability to be used by crops. One of the tools to improve this behavior is to
obtain cross-linked systems. Noppakundilograt et al. (2014) synthesized a trilayer-
coated NPK fertilizer hydrogel constituted by PVA, crosslinked-Cs and an outer
layer of poly(acrylic acid-co-acrylamide) formed in situ. The authors found that the
level of water penetration was increased by the crosslinking of the Cs layer.
Regarding the behavior of nitrogen release, the trilayer-coated NPK fertilizer hydro-
gel followed the Korsmeyer-Peppas & Ritger-Peppas models with pseudo-Fickian
characteristics. Perez and Francois (2016) studied the influence of the crosslinking
time in the release of KNOj; and the degree of swelling of the microspheres prepared
from Cs and starch and using sodium tripolyphosphate (TPP) as the crosslinking
agent. Their results showed that the degree of swelling decreases by ~12% when the
crosslinking time is longer. In another investigation carried out by Mukerabigwi
et al. (2015) using different hydrocolloids (tamarind gum, guar gum and xanthan
gum) in the presence of epichlorohydrin as a crosslinking agent and containing
diatomite as a nanofiller were used in the coating of urea granules. These polysac-
charides constituted the inner layer and the outer layer was clay, which improved
the water absorption. The results showed a more beneficial water retention capacity
and a higher nitrogen slow-release efficiency using xanthan gum than that prepared
with the other polysaccharides. In addition, the release efficiency was improved by
the authors using an outermost layer of poly (methacrylic acid). When this layer was
added, nitrogen release was 43% after the first day and 79.5% after 28 days, instead
of 68% and 92%, respectively, without the use of this coating. Senna et al. (2015)
esterified cellulose acetate and using ethylene diamine tetrahydric dianhydride
crosslinked the polymer matrix. Xiao et al. (2017) found that the content of the
crosslinking agent in starch-based hydrogels could control water absorption capac-
ity and gel strength.

Another efficient strategy to produce a CRF is to incorporate additives such as
nanoparticles or clays that regulate the porosity and modify the swelling and release
of the fertilizer. Olad et al. (2018) studied the effect of the addition of silica nanopar-
ticles to a hydrogel formed by the polymerization of sulfonated-carboxymethyl cel-
lulose with acrylic acid in the presence of polyvinylpyrrolidone. In this study, urea,
potassium dihydrogen phosphate and ammonium dihydrogen phosphate were used
as fertilizers. The authors analyzed the release kinetics of Korsmeyer & Peppas
form in water and soil as release media and found that release was controlled by
Fickian diffusion. The incorporation of silica into the matrix increased the water
absorption capacity and delayed the release of the fertilizer, because the hydroxyl
groups of the silica formed additional physical crosslinking points with the hydro-
gel. Franca et al. (2018) compared microcapsule and microsphere structures based
on Cs crosslinked or not with TPP and adding montmorillonite. The microcapsules
had higher percentages of swelling (~500%) and the release of nutrients was slower
(Iess than 70% in the first measurements) using the Cs without crosslinking. Both
phenomena are associated with a core-shell structure: the outer layer of Cs present
in the microcapsule trapped in the nutrient. The swelling was also observed for both
systems in water and soil release media. Rashidzadeh and Olad (2014) found that
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the water absorbency was higher when montmorillonite was present in the CRF,
increasing porosity, and the release of the nutrient was extended in time.

On the other hand, barriers such as multilayer systems or coatings with different
thickness sizes have also helped the permanence of the fertilizer in the soil. Melaj
and Daraio (2013) investigated the behavior of KNO; release in three-layer systems
made from Cs, xanthan and their mixtures. The results obtained showed a non-
Fickian diffusion kinetics and the release process was controlled by the swelling,
which was reflected in the linear relationship between the fraction of the nutrient
release and the percentage of swelling. The Cs-xanthan matrix showed 300% swell-
ing before starting the fertilizer release, which occurred after 14 min. In another work
Melaj and Daraio (2014) observed that the addition of hydroxypropylmethylcellu-
lose (HPMC) to xanthan matrices lead to a reduction in the release rate of fertilizer
compared to the matrix without HPMC. According to the authors, HPMC formed a
strong layer of gelatinous barrier on the surface, which generated a decrease in the
penetration of solvent molecules. The HPMC and Cs-HPMC tablets had the same
release behavior. On the other hand, the presence of HPMC allowed to obtain release
systems with almost zero order release kinetics (Melaj and Daraio 2014). Azeem
et al. (2016) obtained a longer release time by increasing the thickness of the CRF
coating. The researchers emphasized in this type of systems the importance of
achieving a homogeneous coating and the integrity of the film to obtain a promising
CRF (Azeem et al. 2016; Liu et al. 2019).

Some researchers have studied the use of waste to obtain environmentally friendly
polymers as an alternative to polymers obtained from non-renewable sources. Li et al.
(2018) synthesized a bio-based epoxy using bagasse from sugar cane and bisphenol-A
diglycidyl ether. Li et al. (2016) used wheat straw to obtain a semi-interpenetrating
polymer network hydrogel. Liu et al. (2019) prepared a bio-based elastic polyure-
thane-coated urea fertilizer using waste palm oil. Aradjo et al. (2017) also obtained
humic acid and humin from peat to study the interaction with Cs to achieve the urea
release. Other polymers such as pectin were also investigated as CRF matrices
(Guilherme et al. 2010).

Giroto et al. (2016) developed a simple system to obtain a CRF based on the
extrusion of starch, melamine and urea. The addition of melamine helped to control
the release of the fertilizer and increased the total N content depending on the micro-
organisms present in the soil. The starch was responsible for delaying the solubiliza-
tion of the urea and, therefore, its hydrolysis.

8.6 Conclusions

Good agricultural practices is one of the objectives of sustainable agriculture. Among
the good agricultural practices can be highlighted the efficiency in the use of nitro-
gen-based fertilizers. This is the nutrient mainly applied at high concentrations to
increase the yield of crops. Decreasing nitrogen losses can reduce environmental
pollution. The application of controlled release fertilizers is one of the practices that
contribute to the reduction of losses of this nutrient.
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Hydrogels as polymeric matrices of CRF are being studied and compared with
different materials in order to determine their true potential in the agroindustry.
These systems, as well as the superabsorbent hydrogels, have the capacity to be
swollen, and to retain the moisture and nutrients of the soil in the environment of the
root zone, thus reducing the frequency of irrigation and increasing the activity of
benefit microorganisms for the crops.

There are some aspects to consider in preparing a CRF based on the facts high-
lighted throughout this chapter:

— The crosslinking of the polymer can control the water absorption capacity and,
as a consequence, the degree of swelling and the release of the fertilizer can be
modulated.

— The presence of additives such as clays or silica, improve the water absorption
capacity, delaying the release of fertilizers. Cationic clays can exchange anions,
being suitable for transporting, e.g. nitrates. On the other hand, nutrients can be
intercalated between clay layers.

— Multilayer systems delay the fertilizer delivery and improve the water retention
capacity.

— Some hydrogels depending on the type of polymer used for their development
need to be initially swollen before starting the fertilizer release.

In general, hydrogels are an advantageous option to improve the nitrogen use effi-
ciency by crops and contribute to the sustainability of “green’ agricultural practices.
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Chapter 9
Classification and Uses of Emulsions
in Food and Agro Applications

Antony Allwyn Sundarraj and Thottiam Vasudevan Ranganathan

Abstract Emulsions are partially produced in the structures of many natural and
artificial (processed) foods. In general, “emulsion” is defined as a structure formed
through the dispersion of one or two immiscible liquids within the other in the form
of small drops. Emulsion-based delivery systems can offer many possible benefits
for incorporating essential oils such as omega-3 (®»-3) into foods and beverages.
There are also many terms available to describe the different types of emulsions and
itis very important to define and clarify these terms as “oil/water”, “micro”, “macro”
and “nano” and “suspo” emulsions. This review can provide a general description
of the general terms of the types of emulsion, the role of various emulsifying agents
and the possible application of emulsions in various sectors of the food and agricul-

tural industry.

Keywords Active substance carries - Colloids - Controlled release - Prolonged
and sustained release - Sustainable polymers

9.1 Introduction

The processing, conservation, safety and quality of food are the most important
concerns in all sectors of the food industry today (Rasooli 2007; Amaral and
Bhargava 2015). The process of preparing the emulsion is the determination of two
different phases, such as oil droplets are formed in an aqueous phase and water
droplets are formed in an oil phase. The emulsions are not determined by the ratio
between the two phases that can be clearly observed, e.g. 80% oil and 20% water
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(Bergenstahl and Claesson 1997). An emulsion protects the emulsion droplets dis-
tributed uniformly throughout the storage days and consumption periods (Chanamai
and McClements 2002). This has led the food manufacturing sectors and many sci-
entists’ to investigate the capability of flocculation, coalescence, edible polymers
(proteins and polysaccharides) to stabilize emulsion droplets against the creation
process, and evaluate their potential applications.

Agrochemical companies are increasing the development of chemical emulsions at
the nanoscale and replacing the pure active ingredients with the active compounds
encapsulated in their nanometric equivalent with the effort of providing a series of
benefits for applications of nanoscience to insecticides (Gogos et al. 2012; Kumar
et al. 2014), and other agro-chemicals such as fertilizers (Agrawal and Rathore 2014)
and plant growth devices (Mura et al. 2015). The stability of a food emulsion is the
most important thing to consider in relation to its industrial applications, and depends
on the rheology of the continuous phase and the interactions between the particles of
the dispersed phase (Melik and Fogler 1998; Brewer et al. 2016). The simple differ-
ence between a nanoemulsion and a conventional emulsion is that a nanoemulsion
does not alter the appearance of the food product when added to it (Dreher 2004).

Emulsion is the basis of a wide variety of natural and artificial materials used in
the processing of food products, pharmacological and industrial sectors cosmetics
(Schramm 1992; Lin and Mei 2000; Achouri et al. 2012). Currently, the new ingre-
dients are regularly combined in various food processing systems to improve their
rheological, physico-chemical and dietary food properties. However, these ingredi-
ents can sometimes be degraded slowly and lose their activities, due to oxidation
processes, reactions with various components present in processed foods or food
systems, which may limit their change in taste and color of products food (Schrooyen
et al. 2001), so its stabilization is necessary.

9.2 Emulsion

An emulsion is a combination of two or more liquids (such as oil and water) that are
not easily combined (GuhanNath et al. 2014).

9.2.1 Oil/Water (O/W) Emulsions

O/W emulsions are now receiving a significant attention, because of the needs to
eliminate or reduces the volatile organic solvent for safer handling (Hazra et al.
2017) purposes. An O/W emulsion is a system in which the active ingredient must
have very a low water solubility and to avoid the crystallization problems (Tadros
1995). O/W emulsion is a type of emulsion and is the most common used in the
food processing industrial sectors, such as mayonnaises, sauces and dairy products.
Even though, the processed food products such as sausages and liver pates can also
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be considered as O/W emulsions (Knightly 1989; Gutiérrez and Alvarez 2017;
Gutiérrez 2018a). The functional activity of the O/W emulsions depends to a large
extent on the nature of the oil droplets (Derkach 2009; Le Reverend et al. 2010; Bai
and McClements 2016). Previously, many studies have also been reported that the
stability of O/W emulsions depends on their concentration and types of ingredients
used in the emulsion, as well as the processing and storage conditions (McClements
1999). O/W emulsions can be classified into two different forms, such as diluted
form and concentrated form. The emulsions are a single class of O/W emulsion
because they can be highly consumed in diluted forms, such as fruit juice beverages
and milk-based products and in their emulsification of concentrated form such as
butter and creams (Lorenzo et al. 2018). The emulsion might thus have a significant
degree of stability in both diluted and concentrated forms (Tan 1990).

9.2.1.1 Uses of O/W Emulsions in Food and Agro Applications

Gum arabic is one of the most commonly used biopolymers in food and beverage
applications (Garti and Reichman 1993). Starches are now generally used in milk-
based food products, because of their good emulsion properties, and also as promis-
ing substitutes for gum arabic (Trubiano 1995; Achouri et al. 2012; Zheng 2018).
Other alternative gums include tragacanth (Imeson 1992) and A-carrageenan (Huang
et al. 2001) have also been reported as effective stabilizing and thickening agents.
Proteins, containing soy and whey, are better emulsifications that can modify both
the emulsion droplet charges (Singh and Ye 2000) and the interfacial membrane
thickness in O/W emulsions (Achouri et al. 2012) and forms the stabilizing films
against oxidation process (Djordjevic et al. 2008; McClements 2004). In addition,
factors that could contribute to the emulsion stabilization or destabilization process,
such as the type of hydrocolloid used, the possible combinations of hydrocolloid
with protein, and the oil absorption to be dispersed have not been reported (Achouri
et al. 2012). There is a growing interest in the formulation of value-added products
containing various health constituents, such as minerals, vitamins, and omega-3
(-3), etc., for the functional food products in the market. Such emulsion concentra-
tion can be useful as feedstock emulsions and for other emulsions in suspension, as
well as for organizing stability in O/W emulsion distributions. Hence, the consider-
ation and also the monitoring the several factors that influence the stabilization and
the shelf-life of prepared emulsion matrices is an acute for its continued success in
the food markets.

9.2.2 W/O Emulsion

The W/O emulsion is the well-known area of industrial food processing sectors in the
field of ‘yellow fat’ food products, such as spreads and margarines (Knightly 1989;
Muschiolik and Dickinson 2017). The lipophilic emulsification which has been
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mainly used to prepare the primary W/O emulsions of food grade water-oil-water
(W/O/W) formulations is a poly-glycerol poly-ricinoleate (Takahashi et al. 1986).
In connection with the development of various functional food products that can be
improved with the addition of probiotics, there is a growing interest in improving the
viability of the bacterial cells through an encapsulation of W/O/W emulsions
(Jimenez-Colmenero 2013). The W/O/W emulsions in polyunsaturated fatty acids
through a determined selection of edible oil phases, such as linseed oil (Poyato et al.
2013), chia oil (Cofrades et al. 2014) or perilla oil (Flaiz et al. 2016) can also allow
the development of improved functional foods in terms of stability and nutritional
aspects. In a recent study by Altuntas et al. (2017) demonstrated that an optimal
amount of poly-glycerol poly-ricinoleate is necessary so that the stability of the W/O
droplets can be significantly reduced by merging the poly-glycerol polyricinoleate
emulsifier with an equal amount of the lecithin (natural emulsifier).

9.2.3 Micro-Emulsions

According to Danielsson & Lindman, “a micro-emulsion is a system of water, oil
and an amphiphile which is a single optically isotropic and thermodynamically
stable liquid solution” (Serdaroglu et al. 2015).

Micro-emulsions can have different characteristic properties, such as large interfa-
cial area, oil-soluble compounds and ultra-low interfacial tension (Friberg and
Bothorel 1987; Paul and Moulik 2001). Micro-emulsions can be prepared by control-
ling the addition of lower alkanol’s to the cloudy emulsions to produce the transparent
solutions comprising W/O or O/W dispersions in colloidal systems (Shah 1998).
Micro-emulsions are thermodynamically stable and have a spontaneous shape in dif-
ferent diameters ranging from 5 to 100 nm (Zhang 2011). In general, a scientist con-
siders that the nano-emulsions are very similar to micro-emulsions, since both includes
typically oil, water and surface-active components (surfactant) (Serdaroglu et al.
2015). The nano-emulsions are nevertheless formed by a mechanical force, while the
micro-emulsion phases are formed by self-assembly (Fanun 2009; Zhang 2011).
Therefore, the main differences between the micro- and micro emulsions are derived
from thermodynamic characteristics of emulsions instead than compositions (Flanagan
and Singh 2006; Whitesides and Grzybowski 2002; Zhang 2011).

The micro-emulsions as a functional state of lipids have been used in the prepa-
ration of processing of food products (El-Nokaly et al. 1991). The main differences
between food processing and other micro-emulsions are found in the composition
of oil components in food-grade surfactants (Paul and Moulik 2001). Candau and
Anquetil (1998) reviewed information on O/W and W/O micro-emulsions that are
formed using food grade ingredients to potentially incorporate various food ingre-
dients such as preservatives, flavor and vitamins into the micro in emulsions. Paul
and Moulik (2001) also reviewed the various micro-emulsions as drug delivery
systems for the use of different types of drugs, such as peptide drugs, steroids and
anti-inflammatory drugs.
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9.2.4 Macro-Emulsions

Macro-emulsions are typical droplet diameters of various conventional emulsions,
called as “macro emulsions”, and vary between 100 nm and 100 pm. Macro-
emulsions are the most common type of emulsification used in many different forms
such as beverages, mayonnaise, desserts, sauces and milk (Serdaroglu et al. 2015).
Macro-emulsions tend to be physically unstable, especially when they can undergo
environmental stresses such as gravitational separation, coagulation and aggrega-
tion (Aoki et al. 2005; Dickinson 2009; Zhang 2011).

9.2.5 Suspo-Emulsions

Suspo-emulsions can be considered as mixtures of various suspension concentrates
and emulsifications (Gasic and Tanovic 2013). The product is very difficult to formu-
late, because it is necessary to develop homogeneous emulsion components simulta-
neously while they are stable in the final formulation of the product (Tadros 2005).
In addition, it is also necessary to overcome the problem of hetero-flocculation
between oil droplets and solid particles (Vernner and Bauer 2007). The extensive
storage stability testing of this type of formulation is very necessary (Knowles 2008).
Despite the complexity of this formulation, the use and the importance of suspo-
emulsions has been extraordinary and will continue to increase.

9.2.6 Nanotechnology

In today’s competitive market, a new frontier technology is essential to maintain its
leadership in the industrial food processing sector (Raj et al. 2013). Nanotechnology
or nanoscience has become one of the most innovative scientific fields in the coming
decades. Nanotechnology can involve in the use of diverse materials in an extremely
small scale, usually 0.1-200 nano-meters (Sozer and Kokin 2008), due to the different
characteristic properties of many processed foods on nano-meter sized components,
such as nano-emulsions and foams (Chaudhry et al. 2008). In this sense, nanotech-
nology is increasingly used in the various areas of food processing, production and
packaging systems (Sanguansri and Augustin 2006; Wesley et al. 2014).

9.2.6.1 Nanotechnology — Science and Technology
Nano-technology has the potential to influences the various aspects of food and agri-

cultural systems. The numerous applications of nano-technology in food and agricul-
ture are innovative compared to their use in pharmaceutical and medicinal products
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Fig. 9.1 Nanotechnology has various applications in all the areas of food science/technology,
from agriculture to food processing to quality/safety to packaging to nutrition and nutraceuticals/
pharmaceutical supplements (Raj et al. 2013)

(GuhanNath et al. 2014). However, scientists and industrial stakeholders have already
identified the potential uses of nanotechnology in virtually all segments of the food
industry (Fig. 9.1) from agriculture as fertilizer, pesticides and plant pathogen devices
to food processing as encapsulation. Other applications have also been used in the
food field to improve the quality and safety of food, as well as for the food packaging
secto (Brody 2007; Bracone et al. 2016; Gutiérrez 2018b).

9.2.6.2 Nanotechnology in Agricultural Production

During primary production, nanoformulated agrochemicals are used to increase
the efficacy of agrochemicals linked to conventional formulations. Only a few
insecticides containing nanoformulates and nanometric-sized agrochemicals have
been identified as commercially available. In addition, nanoparticles are used to
clean the soil and water (Bouwmeester 2009). The nanostructured materials can
exhibit unique properties that will open many windows of opportunity for the cre-
ation of innovative and high-performance materials, which will have an acute
impact on the food processing, packaging and storage. Many reports have consid-
ered that the agricultural industry is a potential sector for nanoscience and nano-
technology applications. In the future, nanostructured catalysts will be available,
which will expand the potential of nanoemulsions as pest controllers, using lower
amounts of agrochemicals (IRGC 2008).
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9.2.6.3 Nanotechnology in Food Processing

The numerous nanotechnologies are applied in the sectors of food processing and
packaging such as the use of nano-sieves (Bouwmeester 2009). Current applications
of nanotechnology in agri-food production chain is focused on the development of
various nano-sized food components, additives and innovative food packaging
(Chaudhry et al. 2008).

9.2.6.4 Nano-Emulsions

Nanoemulsion is one of the technologies in development, especially in the food and
pharmaceutical industry, as a new system for the release of healthy substances
(Chen and Wagner 2004; Wooster et al. 2008; Mao et al. 2009). The possible benefit
of nano-emulsions includes good separation stability, coalescence and flocculation.
The bioavailability of functional compounds can also be improved by the use of
nanoemulsions (Shafiq et al. 2007; Wang et al. 2008; Shakeel et al. 2008, Dingman
2008). Nanoemulsions can be used to encapsulate oils and increase their water-
dispersibility (McClements 2011). According to McClements and Decker (2000),
different types of nano-emulsions with more complex properties, such as nanostruc-
tured multilayer emulsions, can offer multiple encapsulation capabilities in a single
administration system. This interfacial engineering technology is used to achieve
the homogenous mixture of food grade ingredients (such as phospholipids, polysac-
charides and proteins) with different natural chemicals, thus expanding the use of
emulsions in food (Weiss et al. 2006), e.g. Nestlé and Unilever have developed ice
creams based on nano-sized emulsions with a lower fat content (Renton 2006;
McClements 2004). Nano-emulsions are formulated using two different methods
(Solans et al. 2005):

1. High energy approaches

High energy approaches can be used to break oil drops.

II. Low energy approaches

Low energy approaches are based on the spontaneous formation of several drops of
oil within the mixed systems of oil, water and surfactant.

Nanoemulsions have great potential to overcome the various challenges associ-
ated with the development of processed food products and beverages enriched with
-3 (Waraho et al. 2011; Li et al. 2013). It can be considered that nanoemulsions
have good kinetic stability and high optical clarity, which is important for the main
applications in many processed foods and beverages (Mason et al. 2006).
Nanoemulsion-based delivery systems must still be carefully deliberated to ensure
high bioavailability and good physical and chemical stability (Walker and Rebecca
2015). Surfactants are very critical, since emulsions must quickly cover the many
new surfaces that are forming (Dickinson 2003).
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In general, in food processing or food emulsions can be classified into two classes
of surfactants (surface-active) as follows:

1. Small-molecule surfactants, such as sucrose esters and mono-glycerides, and
2. Macro-molecular emulsifications such as modified starches or proteins (Amaral
and Bhargava 2015).

9.2.6.5 Properties of Nanoemulsions

Nanoemulsions have a low viscosity and high kinetic stability. Nanoemulsions are
a core of attention for many industrial applications and some of them can be sum-
marized below (Tadros 2004; Gutierrez 2008):

* No sedimentation during storage period: very small drop sizes can cause a large
reduction in the gravitational forces.

* No amalgamation: this is due to the droplets of small size and also to the main
thicknesses of the surfactant film that prevent coalescence/amalgamation, and
the interruption between the O/W droplets (Sadurni 2005).

e Nanoemulsions can be applied for the delivery of fragrances and the develop-
ment of formulated alcohol-free products (Baran and Maibach 1997).

9.2.6.6 Uses of Nano-Emulsions in Food and Agricultural Applications

The production of nanoemulsion to encapsulate various functional compounds is
one of the fields in the development of nanoscience/technology applied to the sec-
tors of the food industry (Silva et al. 2012). It also offers one of the most promising
systems to improve solubility, bioavailability and functionality of hydrophobic
compounds (Walker and Rebecca 2015; Nethaji and Parambil 2017). Some compa-
nies working on nanoemulsions for food applications can be listed below:

* Nutra-Lease, is a technology start-up company established by a scientific group,
and is working to improve the bioavailability of various functional compounds.
Mainly in beverages containing encapsulated functional compounds such as
lycopene, ®-3, f-carotene and phytosterols (NutraLease 2011).

e Unilever has made an ice cream healthier without compromising flavor in the
application of nanoemulsions. This ice cream has a low-fat content varying
between 16—1% (Martins et al. 2007; Unilever 2011).

* Nestle has a patent on W/O emulsions, whose objective is to achieve a simpler
and faster thawing by the addition of micelle-forming substances and poly sor-
bates. It is claimed that they contribute to a uniform thawing of frozen food
products in the microwave process (Moller et al. 2009). This type of W/O
emulsions is the drug delivery system most commonly used to incorporate ®-3
oils in processed food products and beverages such as bulk oils and powders
(spray-drying emulsions) (Jacobsen 2010).
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Microencapsulation has proven to be a popular way to create w-3 powder that
can be incorporated into a variety of food products, such as baked goods, spreads
and fruit drinks (Drusch 2012). Nanoemulsions offer a convenient means to fortify
many water-based food and beverage products with -3 oils. Fortified nano-
emulsions could be introduced into food systems such as beverages, sauces and
desserts (Velikov and Pelan 2008; Yang et al. 2012). Current liquid or semisolid
food products that have been enriched with w-3 fatty acids using emulsion-based
delivery systems include table spreads, yogurts and milk (Chee et al. 2005; Sharma
2005; O’ Dwyer et al. 2013; Lane et al. 2014). Nanoemulsions in the form of pro-
teins (e.g. egg and vegetable protein) or carbohydrates (e.g. starch, pectin and guar
gum) help to improve the texture and lead to the uniformity of the ice cream (Hogan
et al. 2001). Brominated vegetable oil, ester gum and sucrose-acetate iso-butyrate
are used as the weighting agent (Gilbert 1985). Biomolecules such as milk proteins
and carbohydrates (e.g. dextrin) can prove to be potential carrier of nutrients with
the help of encapsulation (Fernandez et al. 2009).

Hydrolyzed milk proteins, such as a-lactalbumin, have evolved to be a potential
carrier of drugs, nutrients and supplements (Yoksan et al. 2010). Functional com-
pounds that are generally encapsulated by self-assembled nanoemulsions are lutein,
p-carotene, lycopene, vitamins A, D, E3 and Q10 and iso-flavones (Brody 2007).
For example, the effectiveness of carvacrol nanoemulsions against E. coli on broc-
coli (Severino et al. 2014), radish seed, Salmonella enterica (Landry et al. 2015) and
alfalfa seeds has been demonstrated in the literature. Recently Donsi et al. (2015)
have also reported that the antibacterial and physical properties of modified chito-
san-based coatings containing nanoemulsion of mandarin essential oil on green
beans. In another study carried out by Kim et al. (2013) reported the application of
lemon grass oil nanoemulsions on plums. These authors found an antimicrobial
effect from the nanoemulsion and the physical and chemical properties of the plums
were improved.

Nanoemulsions containing active nutraceutical agents may be used for the pro-
duction of functional and medicinal foods (Solans et al. 2005). Nanoemulsions are
acceptable because coalescence is not observed unlike macroemulsions (Gadhave
2014). Limited studies are carried out on food model and there are several chal-
lenges in application of this system in complex food matrices such as meat products
(Amaral and Bhargava 2015).

9.3 Conclusions

Emulsions have a long history of use and are widely used in many foods and agro-
chemical inputs. The production of nanoemulsions to encapsulate and release active
food and agrochemical substances is an area of knowledge in full development.
However, more research at a pilot or industrial scale is required in terms of new
equipment and nanoemulsion techniques for agri-food applications. The stability of
the O/W emulsions are strongly influenced by the size of the drop, the charge and
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the concentration. In the modern period, multiple emulsions can be produced at dif-
ferent scales such as micro, macro, suspo or nano. The development of new food
products every day is more related to the development of this type of polymer sys-
tems. The application of nanoemulsions in food processing technology still poses
challenges that must be addressed both in terms of the production process and costs,
but more continuous investment is required to finance research and development
(R&D), in order to better understand the advantages and disadvantages that are
offered from nanoemulsions systems. This chapter could thus be useful to help
improve the understanding of colloidal instabilities in emulsions and how they
could be improved with the objectives of their application in the agri-food
industry.
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Abstract The heterogeneous dispersion of two immiscible liquids forming a meta-
stable system, with sizes ranging from 20 to 1000 nm generate nanoemulsions.
Nanoemulsions are capable of efficiently delivering bioactive and flavoring mole-
cules by crossing biological obstruction. These polymer systems in the food indus-
try are designed to maintain the functionality of the active ingredients such as
digestibility and antioxidant, anti-inflammatory and antimicrobial properties. A
nanoemulsion maintains profitable concerns over conventional systems due to its
high optical clarity, surface area, surface reactivity, good physical stability and bet-
ter bioavailability of the substances that are encapsulated. Nanoemulsions can be
produced by low and high energy methods, but there is a substantial interest towards
low energy methods, since the latter are suitable to produce beverages such as soft
drinks or fortified water, since the final product contains relatively less amount of
surfactant. These systems can also serve as an effective platform for the incorpora-
tion of nutrients, nutraceuticals and vitamins. The objective of this chapter was to
analyze the different methods of production of nanoemulsions, in particular the low
energy methods and the applications of food grade nanoemulsions.

Keywords Bioactive molecule - Bioavailability - Low energy method -
Nutraceuticals

10.1 Introduction

The introduction of nanotechnology into food industry was marked in late 1800’s
during the discovery of pasteurization process by Louis Pasteur. The first revolu-
tionary step made in food industry was to improve the stability of the packed and
un-packed food by its bactericidal action, to prevent food spoilage and maintain
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food quality (Chellaram et al. 2014). Recent survey suggests researcher’s interest
towards the advancements in nanotechnology due to its potential applications in
various domains/industries. The various ways in which nanotechnology is applica-
ble in the food industry includes agriculture, food processing and packaging
(Gutiérrez and Alvarez 2018; Gutiérrez 2018a; Toro-Marquez et al. 2018; Merino
et al. 2018; Gutiérrez et al. 2019; Merino et al. 2019). The derivatives of nanotech-
nology which found its application in food industry are nanocapsules, nanotubes,
nanoparticles, nanosensors, nanofilms, nanoclays and nanoemulsions (Gutiérrez
et al. 2017). Of these, there is a substantial interest in the application of nanoemul-
sions in food processing, since it is a potential tool for formulating new food prod-
ucts (Odriozola-Serrano et al. 2014; Gutiérrez and Alvarez 2017). They ensure the
stability of food products during manufacturing, processing, packaging and ship-
ping; deliver functional ingredients with beneficial activities to specific sites of
action; improve food security without disturbing the environment and; are new and
effective material for pathogen detection (Abdullaeva 2017). Nanoemulsions are
kinetically stable and thermodynamically unstable colloidal dispersions (Komaiko
and McClements 2014; Guttoff et al. 2015; Karthik et al. 2017; Walia et al. 2017).
They are optically clear and can increase the chemical stability, improve bioavail-
ability as well as increase the absorption of bioactive agents that are encapsulated
(Odriozola-Serrano et al. 2014; Komaiko and McClements 2014). Nanoemulsions
can be broadly categorized into oil-in-water (O/W) nanoemulsions or water-in-oil
(W/O) nanoemulsions (Fig. 10.1 and Fig. 10.2), of which O/W nanoemulsions are

A _‘ Hydrophobic tail

Hydrophilic head

> Lipid compartment

> Hydrophilic drug

> Hydrophilic head

Hydrophobic tail

> Lipid compartment

> Hydrophilic drug

0O/W Emulsion

Fig. 10.1 Structure and composition of water-in-oil (W/O) and oil-in-water (O/W) nanoemulsions
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Fig. 10.2 Fabrication of nanoemulsions

commonly used in food industry (Walia et al. 2017). Nanoemulsions are produced
by both low and high energy methods (Fig. 10.3) (Gutiérrez 2018b). However, food-
grade nanoemulsions are fabricated through low energy techniques (Homs et al.
2018). Nanoemulsions will be selected for applications in food industry based on
their performance, safety, commercial viability, robustness, and food-matrix com-
patibility (McClements 2015; Abdullaeva 2017). The objective of this chapter was
thus to analyze the various production methods, in particular low energy methods
and applications of food-grade nanoemulsions.

10.2 Properties and Characteristics of Nanoemulsions

10.2.1 Properties of Nanoemulsions

Nanoemulsion droplet sizes ranges from 50 to 1000 nm, but droplets of 20-200 nm
forms stable liquid-in-liquid dispersions and 10—100 nm sized droplets are known
to have applications in food industry (Lorenzo et al. 2018). They are heterogeneous
dispersion mixture of two immiscible liquids, i.e. W/O or O/W (McClements
2012; Komaiko and McClements 2016). Nanoemulsions appear transparent as their
sizes are significantly smaller than the wavelength of visible light, thus acting as the
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ideal component to be opted in the food industry (Gupta et al. 2016). The size plays
an important role, since it affects properties such as biological activity, encapsulation
and release characteristics and optical clarity (Joye et al. 2014).

The small size property of nanoemulsions has many advantages such as extreme
resistance to deformation, resulting partly in kinetic stability, the high surface-to-
volume ratio of nanoemulsions improves its encapsulated component bioavailabil-
ity and reactivity, increased surface area eases transportation through the plasma
membrane (Helgeson 2016) and increases the enzyme activity at the oil-water inter-
face. Small particles have the ability to cross the mucous layer and get absorbed by
the epithelium cells. This leads to faster lipid digestion (Salvia-Trujillo et al. 2013;
Walker et al. 2015).

The properties of nanoemulsions include optically transparent appearance, high
surface area per unit volume, tunable rheology and robust stability. Nanoemulsions
have lower sensitivity towards dilution, changes in pH and temperature when com-
pared to other emulsions (Gupta et al. 2016). They can be designed to have different
optical, rheological and stability properties by controlling their compositions and
structures.

Optical properties: Optical properties refer to the visual appearance of the nano-
emulsion. It is important that the optical properties of nanoemulsions are controlled
because food industry incorporates lipophilic bioactive compounds (vitamins and
nutraceuticals) into optically transparent delivery systems (Ricaurte et al. 2016). If
nanoemulsions are optically opaque, then this attribute is less important. Optical
properties can be altered by droplet size, droplet concentration and refractive index
contrast. The optical property of nanoemulsions is inversely proportional to its
radius size. Example, droplets with radius less than 40 nm appear transparent and
translucent whereas when the droplet radius is approximately between 40 and
60 nm, they appear turbid or opaque (McClements 2013).

Rheological properties: From the rheological perspective, nanoemulsions exhibit
stronger elasticity compared to other emulsions, thus providing better healing
behavior (Gupta et al. 2016). Nanoemulsions intended to deliver lipophilic bioac-
tive compounds in fortified water or soft drinks should not increase the viscosity
ideally. However, for some functional food products such as yogurts, sauces and so
on it is desirable to have a highly viscous or gel-like material (McClements 2013).

Physical stability: Nanoemulsion stability depends on its composition and struc-
ture, and is influenced by various environmental conditions it experiences within a
product including mechanical agitation, thermal processing, transportation, freez-
ing, dehydration and storage conditions (Gupta et al. 2016; Dizaj et al. 2016). Most
nanoemulsions are physically stable and ensure the dominance of Brownian motion
over gravitational force, thus forming a homogenized suspension (Helgeson 2016).
The destabilization mechanisms which can break the metastable system are mainly
creaming, flocculation, Ostwald ripening and coalescence (McClements 2012).
In creaming, droplets rise up, leading to phase separation. If the droplets are denser,
they tend to move downwards leading to sedimentation. In flocculation, the droplets
approach each other due to attractive interactions, and move as a single entity.
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Ostwald ripening, more prevalent in nanoemulsions, occurs due to the difference in
chemical potential of solute within droplets of different size. Coalescence involves
droplets merging together and forming a larger drop. It is often difficult to differen-
tiate between flocculation and coalescence in an emulsion (Gupta et al. 2016).

Chemical stability: Light-catalyzed reactions may occur more rapidly in trans-
parent nanoemulsions. Surface-catalyzed reactions, such as lipid oxidation or lipase
digestion tend to occur more rapidly. Nanoemulsions are isotropic, so they retain a
relatively high kinetic stability for a longer duration and, therefore, ideal nanoemul-
sion systems must retard any potential chemical degradation reactions (McClements
2013). Due to the ability of the solidified lipid phase to inhibit molecular diffusion
processes, solid liquid nanoemulsions may be able to protect encapsulated lipo-
philic components from chemical degradation by lipid crystallization of lipophilic
component (Joye et al. 2014).

The polarity property defines the interaction of the nanoemulsion or nanoparti-
cles in the biological system. Another property of nanoemulsions is digestibility,
which depends on the core shell structure composition (McClements 2013). As the
degree of unsaturation decreases, the digestion becomes easy (McClements 2013).

10.2.2 Characteristics of Nanoemulsions

Nanoemulsions can be characterized based on their size, pH, components compati-
bility, content uniformity, density, conductivity and surface tension (Dizaj et al.
2016). Nanoemulsions are nanoscale delivery systems which are formulated to
ensure their safety, economic viability and effectiveness. For application of nano-
emulsion based delivery system in food industry, number of characteristics is to be
considered specifically (McClements 2015).

10.2.3 Various Characteristic Features of a Nanoemulsion
to be Used in Food

The robustness of a nanoemulsion is important to maintain its chemical and
physical stability even when exposed to external factors such as environmental
stress. It must also preserve its desirable functional attributes.

Nanoemulsions must be commercially available to manufacture the food grade
ingredients with these delivery systems and also the processing methods that are
economically viable. High loading capacity is desired to be capable for encapsulat-
ing a significant quantity of the bioactive ingredient within the system.

Active compound retention and improved bioavailability: They should be able to
encapsulate the active form of the compound until its delivery to site of action. It
should be able to increase the chemical stability of the encapsulated compounds
during its processing, digestion in gastrointestinal tract or storage.
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Food matrix compatibility: The encapsulated bioactive agent should be capable
of being homogenized into the final food product with no damage to its distinctive
characteristics. It should mask the off-flavor, off-odor and after taste of the encapsu-
lated bioactive compound. The encapsulated bioactive agent should also be compat-
ible with food matrix or beverage in which it has been fortified and it should not
affect the sensory characteristic and overall acceptance of the food (Bhushani and
Anandharamakrishnan 2017; McClements 2015).

Safety

Safety of nanoemulsions is an important characteristic required for its use in the food
industry. If nanoemulsions are completely digested inside the gastrointestinal tract
(GIT) as aresult giving products of digestion that are same as those which are formed
by larger particles and are formed at a similar site, then they are expected to be more
toxic. However, if nanoemulsions are not digested completely, or if they are forming
products of digestion that are very dissimilar, or are being digested in different
regions of the GIT as compared to the bigger particles, then there might be few con-
cerns relating to toxicity. Therefore, potential toxicity testing of the food-grade nano-
emulsions stands great importance (McClements 2013).

10.3 Delivery Systems

The physical stability of food-grade nanoemulsions as it passes through the path that
includes the mouth, stomach and small intestine depends upon the emulsifier used
(Shu et al. 2018). The four mechanisms through which emulsifiers stabilize nanoemul-
sions are electrostatic, steric, electrosteric and electrostatic-steric mechanisms.
Emulsifiers adsorb onto the surface of the droplets acting as a barrier for the protection
of nano-sized droplets from coalescence and aggregation during emulsification pro-
cess and storage (Shariffa et al. 2016). An ideal emulsifier must exhibit the following
properties: surface activity, adsorption kinetics, interfacial tension reduction, stabiliza-
tion and surface coverage to produce nanoemulsions with smaller droplet size during
homogenization. Structure of emulsifiers influences the emulsifying and stabiliz-
ing mechanisms (Ozturk and McClements 2016). Based on the type of emulsifiers
used, food-grade nanoemulsion delivery systems can be divided into three groups:
lipid-based nanosystems, surfactant-based nanosystems and biopolymer-based
nanosystems (Table 10.1) (Bhushani and Anandharamakrishnan 2017).

10.3.1 Lipid-Based Nanosystems

Lipid-based nanoemulsions incorporated with bioactive compounds improves the
solubility property of active compounds, improves bioavailability, chemical and
gastrointestinal ~ stability (Yang and McClements 2013; Bhushani and
Anandharamakrishnan 2017). Lipid-based emulsifier such as lecithin is commonly
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used in the production of nanoemulsions. Surface active lecithin is extracted from
milk, soybeans, rapeseeds, sunflower kernels and egg yolk. Despite possessing the
surface-active property, phospholipids are not really good emulsifiers and are
prone to coalescence. They are often used in combination with other protein-
based emulsifiers.

10.3.2 Surfactant-Based Nanosystems

Non-ionic food-grade surfactants are relatively stable against coalescence and floc-
culation when compared to protein-based and lipid-based emulsifiers (Silva et al.
2015; Chang and McClements 2016; Ozturk and McClements 2016). Negatively
charged ionic surfactants are also used in food grade delivery system. Hydrophilic
lipophilic balance (HLB) value contributes significantly during the selection of sur-
factant in nanoemulsion fabrication (Sugumar et al. 2013; Dizaj et al. 2016). HLB
number indicates affinity of surfactant for oil phase or aqueous phase. Small
molecule surfactant used in low energy method differs by their HLB number and
molecular geometry. Molecular geometry of surfactant influences whether the
assembly of droplets will be into either O/W or W/O nanoemulsions. HLB >10
induces formation of O/W nanoemulsion with small droplet size (Ozturk and
McClements 2016). Propylene glycol, ethanol and glycerol are co-solvents surfac-
tants which change the properties of aqueous phase and the changes particle size in
nanoemulsions (Ozturk and McClements 2016).

10.3.3 Biopolymer-Based Nanosystems

When nanoemulsions are consumed, the biopolymer emulsifiers prevent the floc-
culation of oil droplets under acidic conditions in stomach (Zou et al. 2015).
Amphiphilic proteins and polysaccharides are biopolymers with high molecular
weight which act as good emulsifiers (Ozturk and McClements 2016). When two or
more biopolymer emulsifiers are combined, the resistance of nanoemulsions toward
droplet growth increases (Shu et al. 2018).

10.3.4 Natural Emulsifiers

Natural emulsifiers are currently used due to the demand for “clean-label” products
in food market. They exhibit good emulsifying properties, owing to their structure
of non-polar proteins being attached to their hydrophilic carbohydrate chains. Some
natural surface-active polysaccharides are used as emulsifiers. The most prominent
natural emulsifiers available in the market that exhibit surface activity are Casein
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and Whey proteins, which are derived from bovine milk (de Oca-Avalos et al. 2017).
Gelatins also exhibit surface activity, but cannot be used as an emulsifier as they do
not contribute significantly to stabilizing emulsions. Saponin based emulsifiers such
as Quillaja Saponin is commonly used to form emulsions with smaller droplets that
must be stable at wide range of environmental stresses (Yang and McClements
2013; Chen et al. 2016; Ozturk and McClements 2016).

10.4 In-Product and In-Body Behavior

Nanoemulsion digestion occurs mainly in the small intestine. Pancreatic lipases
in small intestine hydrolyze triglyceride or triacylglycerol (TAG) molecules.
Exogenous and endogenous surface-active molecules in bioactive compounds after
getting hydrolyzed by lipases are solubilized by intestinal fluids (Rao et al. 2013).
The formulation and processing of nanoemulsion in food matrix are done based on
functional design principles in order to deliver encapsulated compounds to the tar-
geted sites maintaining their functionality in product (in-product) and after con-
sumption (in-body). In-product behavior depends on the dispersion efficiency and
compatibility of nanoemulsion with food matrix of encapsulated compounds.
Stability of the absorbed encapsulated compounds within complex environment of
food matrices is decided by its reactivity with the food matrix as that environment
can be in aqueous or lipid phase. Food treatments processing, intense shearing,
preservation and storage at high or low temperature affects the property and reactiv-
ity of the bioactive compounds. Temperature changes can result in fragmentation of
the compounds making them inactive.

In-body behavior is affected by environment changes such as temperature (high
temperature during cooking, body temperature), addition of moisture (chewing), pH
(oral, gastrointestinal tract), mechanical shear (chewing, grinding and mastication)
and enzymes (gastrointestinal tract), which the encapsulated compounds undergoes
with the food matrix (Sessa and Donsi 2015). The bioavailability of encapsulated
products is affected by breaking or dissolving process of food matrix in order to
promote their absorption by GIT into blood streams, epithelial cell absorption trans-
porting them target sites.

To control and regulate in-body and in-product behaviors suitable delivery sys-
tem must be used. Solidified lipid phase delivery system can be used to promote
efficient dispersion; protecting the encapsulated compound during processing,
preservation, preparation and also controlling their release during mastication and
gastrointestinal digestion; enhancing taste, bio accessibility and bioavailability.
Adequate selection of stabilization layer will maintain electrostatic repulsion and
steric hindrance between nanoemulsion droplets. Surface composition and charge
plays an important role on nanoemulsion’s interaction with external environment
(Pinheiro et al. 2013; Majeed et al. 2016). Regulating mean particle size, formulation,
composition, concentration, number of lipid/polymer layers over of lipophilic core
can influence the rate of lipid digestion and its kinetic stability (Donsi et al. 2013).
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Lipase concentration present per unit surface area decreases with a decrease in
droplet size increasing lipid digestion rate (Salvia-Trujillo et al. 2013; Walker et al.
2015; Majeed et al. 2016). As the concentration of digestible TAG molecules
decrease in oil phase, the bioaccessibility of p-carotene-enriched nanoemulsions
also decreased (Rao et al. 2013). A contradictory phenomenon to that proposed by
Salvia-Trujillo et al. (2013) was reported by Yi et al. (2015) observing an increase in
bioavailability by decreasing the particle size of p-carotene. Compared to medium
chain triglyceride and non-digestible oil carrier, long chain triglyceride fatty acid oil
carriers of P-carotene were found to have higher bioaccesibility (Bhushani and
Anandharamakrishnan 2017). Curcumin incorporation within nanoemulsion has
increased its oral bioavailability up to nine folds and the anti-inflammatory activity
was also increased compared to unformulated curcumin (Dizaj et al. 2016). It was
found that the higher the lipid carrier chain length, the higher is the bioaccesibility of
curcumin (Salvia-Trujillo et al. 2017). Curcumin sustained release can also be
achieved using multilayer nanoemulsions (Sari et al. 2015; Pinheiro et al. 2016).

10.5 Production

The fabrication of nanoemulsion requires an organic phase, aqueous phase, surfac-
tant and energy. The formation of nanoemulsion is not a spontaneous process as
either an internal or external energy input is necessary (Karthik et al. 2017).
Production approaches of food-grade nanoemulsions are broadly categorized as
either ‘top-down’ or ‘bottom-up’ approach. Top-down approach of nanoemulsion
fabrication involves mechanical size reduction of the nanoemulsions, such as col-
loid milling and grinding. It is an energy intensive method, which is commonly
referred as a high energy method (Donsi and Ferrari 2016; Abdullaeva 2017;
Prakash et al. 2018). Bottom-up approach of nanoemulsion fabrication refers to the
synthesis of large structures by the controlled assembly of smaller particles such as
atoms and molecules (Abdullaeva 2017; McClements 2015). Bottom-up approach
requires low energy to produce very fine droplets using low cost equipment. It is
thus commonly known as a low energy method (Prakash et al. 2018). These meth-
ods applied in the fabrication of nanoemulsion have different emulsion composi-
tion and operating conditions, which regulates its droplet size (Table 10.2) (Karthik
et al. 2017).

10.5.1 High Energy Methods

Top-down high energy method involves the use of mechanical instruments such as
ultra sound generators, high-shear stirrer, and high-pressure homogenizer to produce
nanoemulsions by generating powerful disruptive forces (Solans and Solé 2012).
Intense energy generates high intensity disruptive forces which can disrupt the oil
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Table 10.2 Difference between low energy and high energy production methods

Basis High energy method Low energy method References
Quantity Less quantity of nanoemulsions | A relatively large quantity | Jasmina et al.
is formed. of nanoemulsions is (2017)
produced.
Solvent-oil Lower SOR is required to Higher SOR is required for | Yang et al.
ratio (SOR) produce small droplets. the formation of smaller (2012);
droplets. Jasmina et al.
(2017)
Energy Requires sophisticated Involves user-friendly Yang et al.
requirement | instruments which takes up large | equipment, with low (2012);
amount of energy. energy in-take. Thus, itis | Jasmina et al.
more acceptable in market. | (2017)
Cost Expensive procedure. Inexpensive procedure. Jasmina et al.
(2017)
Temperature | Large energy and high Temperature remains Jasmina et al.
temperature promote component | constant, degradation does | (2017)
degradation. not occur.
Ingredients Thermo-labile active ingredients | Any ingredient can be Yang et al.
incorporated | such as proteins and retinoids incorporated. (2012);
cannot be incorporated. Jasmina et al.
(2017)
Surfactant Flexible in the choice of the Only non-ionic surfactant | Jasmina et al.
internal structure and surfactant, | can be used, mostly all (2017)

as well as possibility of preparing | ingredients can be added.
nanoemulsions within a short
duration.

and water phase forming tiny oil droplets into aqueous phase (Yang et al. 2012;
Silva et al. 2015; Walker et al. 2015). The disruptive forces generated are larger than
the restoring forces, which helps to maintain the spherical shape of the droplets. In
high energy methods, the nanoemulsion droplet size depends on interfacial tension,
duration of energy input, energy intensity, relative viscosities of the phases, types of
emulsifier, concentration of emulsifiers and surfactant-to-oil ratio (SOR < 0.1)
(McClements 2012; Yang et al. 2012; Karthik et al. 2017). Smaller droplet sizes are
preferred by the food industry for the fabrication of food-grade nanoemulsions
which can be obtained by controlling the viscosity ratio, increasing the homogeni-
zation duration, or by increasing the emulsifier concentration (Karthik et al. 2017).
The high energy techniques widely used to produce food-grade nanoemulsions are
ultrasonication, high pressure valve homogenization and microfluidization (Yang
et al. 2012; Abdullaeva 2017).

High pressure valve homogenizer applies the principle of using multiple passes
and exceptional high pressure in the fabrication of nanoemulsion with the required
droplet size (Lee et al. 2014). The homogenizer generates small droplets through the
disintegration of large droplets by amalgamating the disruptive forces such as
shear stress, cavitation and turbulent flow. Nanoemulsions enriched with thyme oil,
curcumin and p-carotene are produced using high energy method with varying
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operating conditions (Karthik et al. 2017). Microfluidizer has a similar design,
but differs in the flow of emulsion channels. The principle is to divide an emulsion
flowing in a channel into two separate streams. Each stream then passes through a
distinct channel. These two streams are then directed towards each other in the inter-
action chamber. Interaction between the two fast-moving streams creates intense dis-
ruptive forces in the interaction chamber, which results in droplet distribution (Lee
et al. 2014; Komaiko et al. 2015; Ricaurte et al. 2016). In this method, the factors
affecting homogenization efficiency are emulsifier concentration, emulsifier type,
oil-water viscosity ratio and oil-water interfacial tension. Food-grade nanoemul-
sions from food ingredients can be produced using this method (Yang et al. 2012;
Karthik et al. 2017).

Nanoemulsions enriched with varieties of bioactive compounds are produced
through microfluidizer technique (Salvia-Trujillo et al. 2013; Karthik et al. 2017). The
flaw of microfluidization is that, in low surfactant concentration sufficient surfactant
quantity is not present to envelope the droplet surface, which causes the droplets to
come in close proximity resulting in coalescence. High surfactant concentration does
not affect droplet size during homogenization (Yang et al. 2012). Ultrasonication prin-
ciple states that high ultrasonic waves with a frequency greater than 20 kHz can form
nano-sized droplets of approximately 70 nm. The droplet size decreases with increase
in the emulsifier concentration, sonication time and power level (Karthik et al. 2017).
High energy methods can be applied to fabricate nanoemulsions in large scale, how-
ever there are several limitations associated with this method. The limitations of
high energy methods are the high cost of operation, the high initial equipment
required, the high-power requirement, the high probability of equipment break
down and the difficulty in producing fine droplets with food ingredients such as
highly viscous oils and slowly adsorbing emulsifiers (Yang et al. 2012).

10.5.2 Low Energy Methods

Energy efficient, bottom-up low energy method, utilizes the system’s internal chemi-
cal energy and simple stirring to produce nanoemulsions with smaller droplets sizes
and low polydispersity than high energy methods (Solans and Solé 2012; Karthik
et al. 2017). In low energy mode, nanoemulsions are produced due to the chemical
energy released from phase transitions which occurs during emulsification process
(Karthik et al. 2017). Fabrication of nanoemulsions through low energy method
requires internal energy of oil phase, aqueous phase and emulsifier system
(Abdullaeva 2017). There is substantial interest in this field as low energy techniques
are energy efficient, relatively inexpensive, facile, capable of producing smaller par-
ticle size, and prevent encapsulated compound from being degraded. In this method,
the spontaneous formation of smaller oil droplet size is dependent upon the system
composition (ionic strength, surfactant type and surfactant-oil-water ratio), and the
environmental conditions (stirring speed, duration and temperature) (Karthik et al.
2017; Walker et al. 2015). This phenomenon transpires through the alteration of
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environmental conditions such as temperature and composition (Silva et al.
2015; Karthik et al. 2017). Solans and Solé (2012) classified low energy methods as
spontaneous emulsification or self-emulsification (SE) and phase inversion method
(Bhushani and Anandharamakrishnan 2017). Emulsion phase inversion (EPI) and SE
are the two main isothermal methods involved in the production of food-grade nano-
emulsions. Other isothermal method includes emulsion inversion point (EIP), also
referred as phase inversion composition (PIC) and direct emulsification inversion
(DEI) method. Thermal method requires changes in temperature to fabricate nano-
emulsions, thus the main thermal method used is phase inversion temperature (PIT)
method (Komaiko and McClements 2016; Karthik et al. 2017). Low energy methods
can be applied to produce nanoemulsions incorporated with nutrients, nutraceuticals
and vitamins (Komaiko and McClements 2016). Flavored nanoemulsions can also be
prepared through this method (Gupta et al. 2016). However, food products with rela-
tively high levels of fat are not formed by low energy methods due to the presence of
excess levels of surfactant in product (de Oca-Avalos et al. 2017).

10.5.2.1 Spontaneous Emulsification

Spontaneous emulsification (SE) is the spontaneous formation of nanoemulsions
when aqueous and organic phase are mixed at constant temperature (Yang et al.
2012; Solans and Solé 2012; Komaiko and McClements 2014; Karthik et al. 2017).
The organic phase of emulsion is concocted by lipophilic surfactant, water miscible
solvent and oil. The aqueous phase is composed of hydrophilic surfactant and water.
When both aqueous and organic phases are mixed, a non-equilibrium stage is
achieved. At this stage, rapid diffusion of the water miscible solvent occurs without
any phase transition between organic and aqueous phase which increases the interfa-
cial area, resulting in a metastable system also the surfactant spontaneous curvature
remains unvaried (Bhushani and Anandharamakrishnan 2017). Mercuri et al. (2011)
proposed that when a surfactant/oil (S/O) mixture is in contact with the aqueous
phase, a boundary initially forms between the S/O and aqueous phase. Water then
penetrates the S/O layer causing swelling to occur, which initially results in a W/O
microemulsion, then forms liquid crystalline phases. A liquid crystalline fragment
crosses the boundary and enters into aqueous phase. Here the fragments further
break down to form nano-sized emulsions (Yang et al. 2012). The turbulence
caused during solvent diffusion aids in the formation of nanoemulsion (Solans and
Solé 2012). The mechanisms having a key role in nanoemulsion fabrication are
interfacial turbulence, negative interfacial tension, diffusion, stranding and dispersion
(Bhushani and Anandharamakrishnan 2017). SE forms smaller droplet sizes; how-
ever, it requires high surfactant concentration when compared to high energy meth-
ods. SOR (surfactant-oil-ratio) for microfluidization is SOR < 0.1, whereas SOR for
SE is SOR >1 (Yang et al. 2012). Spontaneous formation of nanoemulsions can be
carried out by varying the composition of both phases, environmental conditions such
as pH, ionic strength and temperature and mixing conditions which includes order of
addition, agitation speed and rate of addition.
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10.5.2.2 Phase Inversion Method

Phase inversion methods are followed if surfactant spontaneous curvature changes
from negative to positive producing O/W nanoemulsions or from positive to negative
producing W/O nanoemulsions during emulsification (Solans and Solé 2012). Phase
inversion methods are categorized into two: PIT and PIC (Solans and Solé 2012;
Walker et al. 2015). Phase transitions occur by changing the composition (PIC) or the
temperature (PIT) (Kotta et al. 2013). PIT was pioneered in 1968 by Shinoda. Here
the temperature is varied to alter the solubility and optimum curvature of non-ionic
surfactants. This converts O/W emulsions into W/O emulsions or vice versa. In this
method, the mixture is heated to a temperature higher than the PIT, followed by
instant cooling by constant stirring which forms nanoemulsions (Walker et al. 2015).
PIT method is applicable only for temperature sensitive surfactants such as polyoxy-
ethylene-type nonionic surfactants that undergo hydration in poly (oxyethylene)
chain and change its curvature as temperature changes. When the system’s lipophilic
and hydrophilic properties are balanced, the mean spontaneous curvature of surfac-
tant molecule is zero. In PIC method phase transitions are introduced by changing
the composition at a steady temperature during emulsification. This method can be
applied to any type of surfactant (Solans and Solé 2012).

Recent methods used to produce nanoemulsions are evaporative ripening and
bubble bursting methods at oil/water interface. Bubble bursting method involves the
bubbling of gas through an aqueous phase containing surfactant. Once the bubble
arrives at the interface, the oil film formed between the water phase and interface
drains slowly, and a dimple is created in the water-air interface which generates and
nucleates spatters of oil droplets in the water phase. In Evaporative Ripening
method, smaller emulsion droplets are prepared using high viscosity oils. The initial
droplets produced from HPH are a mixture of non-volatile (high molecular weight)
and volatile (low molecular weight) oils. During heating, the volatile components
present in the droplets evaporate causing the droplets to shrink and thus allows the
formation of rich oil phase in the high molecular weight oil (Gupta et al. 2016).

10.6 Applications of Nanoemulsions

Nanotechnology has found ways for its application in the food industry by using
nanoparticles in packaging and active/intelligent packaging. The latter can extend the
shelf-life of the food, as well as maintaining the quality and safety of them (Bracone
et al. 2016). The components involved here are indicators such as antioxidants, min-
eral oils, sugars, methylene blue and nanosensors for contamination detection
(Abdullaeva 2017). Nanoemulsions are used to design smart foods with ingredients
that are usually difficult to incorporate due to low water stability improving nanode-
livery of nutrients (Gupta et al. 2016). Their various other applications in the food
industry includes protection, encapsulation and delivery of food bioactives, nutrients,
vitamins and controlled release of flavors and incorporation of antimicrobial and
anti-oxidant compounds (Bhushani and Anandharamakrishnan 2017).
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Catechins, nonpolar components such as triacylglycerol (corn, soybean, algae,
fish oil), free fatty acids, mineral oils, waxes, acids are some of the compounds when
encapsulated in nanoemulsions possess properties such as high stability, high reten-
tion time, improved solubility and increased absorption due to their direct absorption
from gastro intestinal tract (Dizaj et al. 2016; Bhushani and Anandharamakrishnan
2017; Gadkari et al. 2017). Work has been done by several scientists in development
of soya protein based nanoemulsion with improved chemical stability and bioacces-
sibility, docasahexaenoic acid nanoemulsion with improved physical and chemical
stability and monolayer permeability of Caco-2 cells of green tea catechins (Bhushani
et al. 2016; Karthik and Anandharamakrishnan 2016).

Nanoemulsions can fortify foods, such as milk cereal products or bread and can
also be incorporated into beverages (Oztiirk 2017). These are also used as nutraceu-
ticals (quercetin, vitamins as D3 carotenoids) and food supplements (Bhushani and
Anandharamakrishnan 2017). For a modest preservative in food industry especially
for minimally processed fruits and vegetables (MPFV) essential oils are used. Due
to their small size and presence of emulsifiers it gets easily transported through
porin proteins of the outer membrane in gram negative bacteria, causing the leakage
of cytoplasmic constituents which in turn results in cell viability (Donsi and Ferrari
2016). Some of the other applications of nanoemulsion in food industries are shown
in Table 10.3.

10.7 Limitations

Nanoemulsions have great benefits over conventional emulsions, especially in the
food and beverage industry. But along with its advantages it has some challenges
such as the risks associated with its intake, digestion and potential toxicity to the
human body (McClements 2013). There are apprehensions regarding the toxicity
associated with its applications in food. Some concerns were raised regarding the
incorporation of nanoparticles into foods including the delivery systems for colors,
flavors, preservatives, nutraceuticals and those used to alter the properties of food or
food packaging. The prospective toxicity mechanisms of different food grade
nanoparticles include physiological and physiochemical mechanisms. Most of them
may not have adverse effects on human health but some could have. There has been
a considerable increase in the study of the potential toxic effects of food-grade
nanoparticles in the past few years. These studies concluded that food grade nanopar-
ticles may have unfavorable effects on health. But there is still some uncertainty in
this area (McClements and Xiao 2017).

ADME (absorption, distribution, metabolism, excretion) is also affected in a
negative way due to the potential toxicity of nanoemulsions (McClements 2013).
Due to small size of nanoemulsions, their behavior within the human body may dif-
fer from conventionally utilized larger particles or bulk materials ingredients.
Depending on the nature of the nanoemulsions and the properties of the food matrix
they are dispersed. The safety of nanoemulsions should be judged on a case-by-case
basis (McClements and Xiao 2017). To test the toxicity under reproducible and
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realistic conditions, there is need to standardize and develop systematic methods
(McClements and Xiao 2017).

Scarcity of natural food compatible emulsifiers limits its use in large scale industry.
Also, the capital cost of homogenization system required for high-throughput is typi-
cally high for food industry. Regulatory bodies have concerns about the acceptance of
nanotechnology in foods as there are hardly any predictable interactions available till
date between nanoemulsions and its complex food system. All these reasons limit the
use of nanoemulsions as bioactive compounds delivery through food (Donsi 2018).

10.8 Conclusion and Future Aspects

Nanoemulsions with a droplet size of 20—1000 nm are used for the controlled and
targeted release of lipophilic, amphiphilic and hydrophilic bioactive compounds, and
nutraceuticals, as they are chemically unstable. The O/W nanoemulsions can effec-
tively deliver bioactive compounds, antimicrobial agents, dyes, flavors, etc., and at
the same time maintain and improve their chemical stability, thus increasing the bio-
availability of the loaded substances. These compounds improve the nutritional con-
tent, the aroma, the shelf life, the pharmacokinetics of foods and control the release,
digestion and absorption of products encapsulated in the gastrointestinal tract,
making the healthier food product. Due to its potential advantage over conventional
emulsions, it is receiving great attention from the food industry, although they are
still not widely used today. The emulsifying properties using natural surfactants
(sugar esters and lecithin), lipids and biopolymers (vegetable and animal proteins,
modified starch and natural gums) are improved using nanometric emulsion meth-
ods. Nanoemulsions can also impart functional properties through the encapsulation
of active substances, which can be benefits on the food quality and safety. A reduc-
tion in equipment costs and the development of new production methods for nano-
emulsions will give rise to a greater boom. Since in the future functional, healthy and
medicinal foods will be increasingly demanded by society, nanoemulsion systems
being applied to active food ingredients will be a valuable tool.

Acknowledgments The authors wish to acknowledge Vellore Institute of Technology, Vellore,
India for providing the opportunity to write this book chapter.

Conflicts of Interest The authors declare no conflict of interest.

References

Abdullaeva, Z. (2017). Nanomaterials in food industry and packaging. In Nanomaterials in daily
life (pp. 23—46). Cham: Springer. https://doi.org/10.1007/978-3-319-57216-1_2.

Aditya, N. P., Macedo, A. S., Doktorovova, S., Souto, E. B., Kim, S., Chang, P. S., & Ko, S.
(2014). Development and evaluation of lipid nanocarriers for quercetin delivery: A com-
parative study of solid lipid nanoparticles (SLN), nanostructured lipid carriers (NLC), and
lipid nanoemulsions (LNE). LWT-Food Science and Technology, 59(1), 115-121. https://doi.
org/10.1016/j.1wt.2014.04.058.


https://doi.org/10.1007/978-3-319-57216-1_2
https://doi.org/10.1016/j.lwt.2014.04.058
https://doi.org/10.1016/j.lwt.2014.04.058

178 S. Agarwal et al.

Balcdo, V. M., Costa, C. I., Matos, C. M., Moutinho, C. G., Amorim, M., Pintado, M. E., Gomes,
A. P, Vila, M. M., & Teixeira, J. A. (2013). Nanoencapsulation of bovine lactoferrin for
food and biopharmaceutical applications. Food Hydrocolloids, 32(2), 425-431. https://doi.
org/10.1016/j.foodhyd.2013.02.004.

Bhushani, A., & Anandharamakrishnan, C. (2017). Food-grade nanoemulsions for protection and
delivery of nutrients. In Nanoscience in food and agriculture (Vol. 4, pp. 99-139). Cham:
Springer. https://doi.org/10.1007/978-3-319-53112-0_3.

Bhushani, J. A., Karthik, P., & Anandharamakrishnan, C. (2016). Nanoemulsion based delivery
system for improved bioaccessibility and Caco-2 cell monolayer permeability of green tea
catechins. Food Hydrocolloids, 56, 372-382. https://doi.org/10.1016/j.foodhyd.2015.12.035.

Bracone, M., Merino, D., Gonzdlez, J., Alvarez, V. A., & Gutiérrez, T. J. (2016). Chapter 6.
Nanopackaging from natural fillers and biopolymers for the development of active and intel-
ligent films. In S. Ikram & S. Ahmed (Eds.), Natural polymers: Derivatives, blends and com-
posites (pp. 119-155). New York. EE.UU. ISBN: 978-1-63485-831-1: Editorial Nova Science
Publishers, Inc.

Bush, L., Stevenson, L., & Lane, K. E. (2017). The oxidative stability of omega-3 oil-in-water
nanoemulsion systems suitable for functional food enrichment: A systematic review of the
literature. Critical Reviews in Food Science and Nutrition, 1-15. https://doi.org/10.1080/1040
8398.2017.1394268.

Chang, Y., & McClements, D. J. (2016). Influence of emulsifier type on the in vitro digestion of
fish oil-in-water emulsions in the presence of an anionic marine polysaccharide (fucoidan):
Caseinate, whey protein, lecithin, or Tween 80. Food Hydrocolloids, 61, 92—101. https://doi.
org/10.1016/j.foodhyd.2016.04.047.

Chellaram, C., Murugaboopathi, G., John, A. A., Sivakumar, R., Ganesan, S., Krithika, S., & Priya,
G. (2014). Significance of nanotechnology in food industry. APCBEE Procedia, 8, 109-113.
https://doi.org/10.1016/j.apcbee.2014.03.010.

Chen, X. W., Chen, Y. J., Wang, J. M., Guo, J., Yin, S. W., & Yang, X. Q. (2016). Phytosterol
structured algae oil nanoemulsions and powders: Improving antioxidant and flavor properties.
Food and Function, 7(9), 3694-3702. https://doi.org/10.1039/c6fo00449k.

Cho, H. T., Salvia-Trujillo, L., Kim, J., Park, Y., Xiao, H., & McClements, D. J. (2014). Droplet
size and composition of nutraceutical nanoemulsions influences bioavailability of long chain
fatty acids and coenzyme Q10. Food Chemistry, 156, 117-122. https://doi.org/10.1016/].
foodchem.2014.01.084.

Dasgupta, N., Ranjan, S., Mundra, S., Ramalingam, C., & Kumar, A. (2016). Fabrication of food
grade vitamin E nanoemulsion by low energy approach, characterization and its application.
International Journal of Food Properties, 19(3), 700-708. https://doi.org/10.1080/10942912.
2015.1042587.

David, A. V. A., Arulmoli, R., & Parasuraman, S. (2016). Overviews of biological importance
of quercetin: A bioactive flavonoid. Pharmacognosy Reviews, 10(20), 84-89. https://doi.
org/10.4103/0973-7847.194044.

Davidov-Pardo, G., & McClements, D. J. (2014). Resveratrol encapsulation: Designing delivery
systems to overcome solubility, stability and bioavailability issues. Trends in Food Science and
Technology, 38(2), 88—103. https://doi.org/10.1016/j.tifs.2014.05.003.

de Oca-Avalos, J. M. M., Candal, R. J., & Herrera, M. L. (2017). Nanoemulsions: Stability and
physical properties. Current Opinion in Food Science, 16, 1-6. https://doi.org/10.1016/].
cofs.2017.06.003.

Dizaj, S. M., Yaqoubi, S., Adibkia, K., & Lotfipour, F. (2016). Nanoemulsion-based delivery sys-
tems: Preparation and application in the food industry. In Emulsions (pp. 293-328). https://doi.
org/10.1016/b978-0-12-804306-6.00009-x.

Donsi, F. (2018). Applications of Nanoemulsions in foods. In Nanoemulsions (pp. 349-377).
https://doi.org/10.1016/b978-0-12-811838-2.00011-4.

Donsi, F., & Ferrari, G. (2016). Essential oil nanoemulsions as antimicrobial agents in food.
Journal of Biotechnology, 233, 106—120. https://doi.org/10.1016/j.jbiotec.2016.07.005.


https://doi.org/10.1016/j.foodhyd.2013.02.004
https://doi.org/10.1016/j.foodhyd.2013.02.004
https://doi.org/10.1007/978-3-319-53112-0_3
https://doi.org/10.1016/j.foodhyd.2015.12.035
https://doi.org/10.1080/10408398.2017.1394268
https://doi.org/10.1080/10408398.2017.1394268
https://doi.org/10.1016/j.foodhyd.2016.04.047
https://doi.org/10.1016/j.foodhyd.2016.04.047
https://doi.org/10.1016/j.apcbee.2014.03.010
https://doi.org/10.1039/c6fo00449k
https://doi.org/10.1016/j.foodchem.2014.01.084
https://doi.org/10.1016/j.foodchem.2014.01.084
https://doi.org/10.1080/10942912.2015.1042587
https://doi.org/10.1080/10942912.2015.1042587
https://doi.org/10.4103/0973-7847.194044
https://doi.org/10.4103/0973-7847.194044
https://doi.org/10.1016/j.tifs.2014.05.003
https://doi.org/10.1016/j.cofs.2017.06.003
https://doi.org/10.1016/j.cofs.2017.06.003
https://doi.org/10.1016/b978-0-12-804306-6.00009-x
https://doi.org/10.1016/b978-0-12-804306-6.00009-x
https://doi.org/10.1016/b978-0-12-811838-2.00011-4
https://doi.org/10.1016/j.jbiotec.2016.07.005

10 Nanoemulsions: Industrial Production and Food-Grade Applications 179

Donsi, F., Sessa, M., & Ferrari, G. (2013). Nanometric-size delivery Systems for Bioactive
Compounds for the nutraceutical and food industries. In Bio-nanotechnology: A revolution in
food, biomedical and health sciences (pp. 619-666). https://doi.org/10.1002/9781118451915.
ch37.

Donsi, F., Cuomo, A., Marchese, E., & Ferrari, G. (2014). Infusion of essential oils for food stabili-
zation: Unraveling the role of nanoemulsion-based delivery systems on mass transfer and anti-
microbial activity. Innovative Food Science and Emerging Technologies, 22, 212-220. https://
doi.org/10.1016/j.ifset.2014.01.008.

Gadkari, P. V., Shashidhar, M. G., & Balaraman, M. (2017). Delivery of green tea catechins
through oil-in-water (O/W) nanoemulsion and assessment of storage stability. Journal of Food
Engineering, 199, 65-76. https://doi.org/10.1016/j.jfoodeng.2016.12.009.

Gupta, A., Eral, H. B., Hatton, T. A., & Doyle, P. S. (2016). Nanoemulsions: Formation, properties
and applications. Soft Matter, 12(11), 2826-2841. https://doi.org/10.1039/c5sm02958a.

Gutiérrez, T. J. (2018a). Are modified pumpkin flour/plum flour nanocomposite films biode-
gradable and compostable? Food Hydrocolloids, 83, 397-410. https://doi.org/10.1016/].
foodhyd.2018.05.035.

Gutiérrez, T. J. (2018b). Chapter 55. Processing nano- and microcapsules for industrial appli-
cations. In C. M. Hussain (Ed.). Editorial Elsevier. EE.UU. ISBN: 978-0-12-813351-4.
Handbook of nanomaterials for industrial applications (pp. 989—-1011). https://doi.org/10.1016/
B978-0-12-813351-4.00057-2.

Gutiérrez, T. J., & Alvarez, K. (2017). Chapter 6. Biopolymers as microencapsulation materials in
the food industry. In M. Masuelli & D. Renard (Eds.), Advances in physicochemical properties of
biopolymers: Part 2 (pp. 296-322). Bentham Science Publishers. EE.UU. ISBN: 978-1-68108-
545-6. eISBN: 978-1-68108-544-9,. https://doi.org/10.2174/9781681085449117010009.

Gutiérrez, T. J., & Alvarez, V. A. (2018). Bionanocomposite films developed from corn starch and
natural and modified nano-clays with or without added blueberry extract. Food Hydrocolloids,
77, 407-420. https://doi.org/10.1016/j.foodhyd.2017.10.017.

Gutiérrez, T. J., Ponce, A. G., & Alvarez, V. A. (2017). Nano-clays from natural and modified mont-
morillonite with and without added blueberry extract for active and intelligent food nanopack-
aging materials. Materials Chemistry and Physics, 194, 283-292. https://doi.org/10.1016/].
matchemphys.2017.03.052.

Gutiérrez, T. J., Toro-Marquez, L. A., Merino, D., & Mendieta, J. R. (2019). Hydrogen-bonding
interactions and compostability of bionanocomposite films prepared from corn starch and
nano-fillers with and without added Jamaica flower extract. Food Hydrocolloids, 89, 283-293.
https://doi.org/10.1016/j.foodhyd.2018.10.058.

Guttoff, M., Saberi, A. H., & McClements, D. J. (2015). Formation of vitamin D nanoemulsion-
based delivery systems by spontaneous emulsification: Factors affecting particle size and sta-
bility. Food Chemistry, 171, 117-122. https://doi.org/10.1016/j.foodchem.2014.08.087.

Hategekimana, J., Chamba, M. V., Shoemaker, C. F., Majeed, H., & Zhong, F. (2015). Vitamin E nano-
emulsions by emulsion phase inversion: Effect of environmental stress and long-term storage on
stability and degradation in different carrier oil types. Colloids and Surfaces A: Physicochemical
and Engineering Aspects, 483, 70-80. https://doi.org/10.1016/j.colsurfa.2015.03.020.

Helgeson, M. E. (2016). Colloidal behavior of nanoemulsions: Interactions, structure, and rheol-
ogy. Current Opinion in Colloid and Interface Science, 25, 39-50. https://doi.org/10.1016/].
cocis.2016.06.006.

Homs, M., Calder6, G., Monge, M., Morales, D., & Solans, C. (2018). Influence of polymer con-
centration on the properties of nano-emulsions and nanoparticles obtained by a low-energy
method. Colloids and Surfaces A: Physicochemical and Engineering Aspects, 536, 204-212.
https://doi.org/10.1016/j.colsurfa.2017.06.009.

Jasmina, H., Dzana, O., Alisa, E., Edina, V., & Ognjenka, R. (2017). Preparation of nanoemulsions
by high-energy and lowenergy emulsification methods. In cmbebih (pp. 317-322). Singapore:
Springer. https://doi.org/10.1007/978-981-10-4166-2_438.


https://doi.org/10.1002/9781118451915.ch37
https://doi.org/10.1002/9781118451915.ch37
https://doi.org/10.1016/j.ifset.2014.01.008
https://doi.org/10.1016/j.ifset.2014.01.008
https://doi.org/10.1016/j.jfoodeng.2016.12.009
https://doi.org/10.1039/c5sm02958a
https://doi.org/10.1016/j.foodhyd.2018.05.035
https://doi.org/10.1016/j.foodhyd.2018.05.035
https://doi.org/10.1016/B978-0-12-813351-4.00057-2
https://doi.org/10.1016/B978-0-12-813351-4.00057-2
https://doi.org/10.2174/9781681085449117010009
https://doi.org/10.1016/j.foodhyd.2017.10.017
https://doi.org/10.1016/j.matchemphys.2017.03.052
https://doi.org/10.1016/j.matchemphys.2017.03.052
https://doi.org/10.1016/j.foodhyd.2018.10.058
https://doi.org/10.1016/j.foodchem.2014.08.087
https://doi.org/10.1016/j.colsurfa.2015.03.020
https://doi.org/10.1016/j.cocis.2016.06.006
https://doi.org/10.1016/j.cocis.2016.06.006
https://doi.org/10.1016/j.colsurfa.2017.06.009
https://doi.org/10.1007/978-981-10-4166-2_48

180 S. Agarwal et al.

Joye, 1. J., & McClements, D. J. (2013). Production of nanoparticles by anti-solvent precipitation
for use in food systems. Trends in Food Science & Technology, 34(2), 109-123. https://doi.
org/10.1016/j.tifs.2013.10.002.

Joye, L. J., Davidov-Pardo, G., & McClements, D. J. (2014). Nanotechnology for increased micro-
nutrient bioavailability. Trends in Food Science and Technology, 40(2), 168—182. https://doi.
org/10.1016/j.tifs.2014.08.006.

Karthik, P., & Anandharamakrishnan, C. (2016). Fabrication of a nutrient delivery system of doco-
sahexaenoic acid nanoemulsions via high energy techniques. RSC Advances, 6(5), 3501-3513.
https://doi.org/10.1039/C5RA12876E.

Karthik, P., Ezhilarasi, P. N., & Anandharamakrishnan, C. (2017). Challenges associated in sta-
bility of food grade nanoemulsions. Critical Reviews in Food Science and Nutrition, 57(7),
1435-1450. https://doi.org/10.1080/10408398.2015.1006767.

Komaiko, J., & McClements, D. J. (2014). Optimization of isothermal low-energy nanoemulsion
formation: Hydrocarbon oil, non-ionic surfactant, and water systems. Journal of Colloid and
Interface Science, 425, 59-66. https://doi.org/10.1016/j.jcis.2014.03.035.

Komaiko, J. S., & McClements, D. J. (2016). Formation of food-grade nanoemulsions using low-
energy preparation methods: A review of available methods. Comprehensive Reviews in Food
Science and Food Safety, 15(2), 331-352. https://doi.org/10.1111/1541-4337.12189.

Komaiko, J., Sastrosubroto, A., & McClements, D. J. (2015). Formation of oil-in-water emul-
sions from natural emulsifiers using spontaneous emulsification: Sunflower phospholipids.
Journal of Agricultural and Food Chemistry, 63(45), 10078—10088. https://doi.org/10.1021/
acs.jafc.5b03824.

Kotta, S., Khan, A. W., Ansari, S. H., Sharma, R. K., & Ali, J. (2013). Formulation of nanoemul-
sion: A comparison between phase inversion composition method and high-pressure homog-
enization method. Drug Delivery, 22(4), 455-466. https://doi.org/10.3109/10717544.2013.86
6992.

Lee, L., Hancocks, R., Noble, 1., & Norton, I. T. (2014). Production of water-in-oil nanoemul-
sions using high pressure homogenisation: A study on droplet break-up. Journal of Food
Engineering, 131, 33-37. https://doi.org/10.1016/j.jfoodeng.2014.01.024.

Li, P. H., & Lu, W. C. (2016). Effects of storage conditions on the physical stability of
d-limonene nanoemulsion. Food Hydrocolloids, 53, 218-224. https://doi.org/10.1016/].
foodhyd.2015.01.031.

Li, M., Cui, J., Ngadi, M. O., & Ma, Y. (2015). Absorption mechanism of whey-protein-delivered
curcumin using Caco-2 cell monolayers. Food Chemistry, 180, 48-54. https://doi.org/10.1016/].
foodchem.2015.01.132.

Littarru, G. P., & Tiano, L. (2007). Bioenergetic and antioxidant properties of coenzyme Q 10:
Recent developments. Molecular Biotechnology, 37(1), 31-37. https://doi.org/10.1007/
$12033-007-0052-y.

Lorenzo, G., Zaritzky, N., & Califano, A. (2018). Food gel emulsions: Structural characteristics and
viscoelastic behavior. In T. J. Gutiérrez (Ed.), Polymers for food applications (pp. 481-507).
Cham: Springer. https://doi.org/10.1007/978-3-319-94625-2_18.

Majeed, H., Antoniou, J., Hategekimana, J., Sharif, H. R., Haider, J., Liu, F,, Ali, B., Liang Rong,
L.,Ma,J., & Zhong, F. (2016). Influence of carrier oil type, particle size on in vitro lipid diges-
tion and eugenol release in emulsion and nanoemulsions. Food Hydrocolloids, 52, 415-422.
https://doi.org/10.1016/j.foodhyd.2015.07.009.

McClements, D. J. (2012). Advances in fabrication of emulsions with enhanced functionality using
structural design principles. Current Opinion in Colloid and Interface Science, 17(5), 235-245.
https://doi.org/10.1016/j.cocis.2012.06.002.

McClements, D. J. (2013). Edible lipid nanoparticles: Digestion, absorption, and potential toxic-
ity. Progress in Lipid Research, 52(4), 409—-423. https://doi.org/10.1016/j.plipres.2013.04.008.

McClements, D. J. (2015). Nanoscale nutrient delivery systems for food applications: Improving
bioactive dispersibility, stability, and bioavailability. Journal of Food Science, 80(7), N1602—
N1611. https://doi.org/10.1111/1750-3841.12919.


https://doi.org/10.1016/j.tifs.2013.10.002
https://doi.org/10.1016/j.tifs.2013.10.002
https://doi.org/10.1016/j.tifs.2014.08.006
https://doi.org/10.1016/j.tifs.2014.08.006
https://doi.org/10.1039/C5RA12876E
https://doi.org/10.1080/10408398.2015.1006767
https://doi.org/10.1016/j.jcis.2014.03.035
https://doi.org/10.1111/1541-4337.12189
https://doi.org/10.1021/acs.jafc.5b03824
https://doi.org/10.1021/acs.jafc.5b03824
https://doi.org/10.3109/10717544.2013.866992
https://doi.org/10.3109/10717544.2013.866992
https://doi.org/10.1016/j.jfoodeng.2014.01.024
https://doi.org/10.1016/j.foodhyd.2015.01.031
https://doi.org/10.1016/j.foodhyd.2015.01.031
https://doi.org/10.1016/j.foodchem.2015.01.132
https://doi.org/10.1016/j.foodchem.2015.01.132
https://doi.org/10.1007/s12033-007-0052-y
https://doi.org/10.1007/s12033-007-0052-y
https://doi.org/10.1007/978-3-319-94625-2_18
https://doi.org/10.1016/j.foodhyd.2015.07.009
https://doi.org/10.1016/j.cocis.2012.06.002
https://doi.org/10.1016/j.plipres.2013.04.008
https://doi.org/10.1111/1750-3841.12919

10 Nanoemulsions: Industrial Production and Food-Grade Applications 181

McClements, D. J., & Xiao, H. (2017). Is nano safe in foods? Establishing the factors impacting
the gastrointestinal fate and toxicity of organic and inorganic food-grade nanoparticles. npj
Science of Food, 1(1), 6. https://doi.org/10.1038/s41538-017-0005-1.

Merino, D., Gutiérrez, T. J., Mansilla, A. Y., Casalongué, C., & Alvarez, V. A. (2018). Critical
evaluation of starch-based antibacterial nanocomposites as agricultural mulch films: Study
on their interactions with water and light. ACS Sustainable Chemistry & Engineering, 6(11),
15662-15672. https://doi.org/10.1021/acssuschemeng.8b04162.

Mercuri, A., Passalacqua, A., Wickham, M. S., Faulks, R. M., Craig, D. Q., & Barker, S. A. (2011).
The effect of composition and gastric conditions on the self-emulsification process of ibupro-
fen-loaded self-emulsifying drug delivery systems: A microscopic and dynamic gastric model
study. Pharmaceutical Research, 28(7), 1540-1551. https://doi.org/10.1007/s11095-011-0387-8

Merino, D., Gutiérrez, T. J., & Alvarez, V. A. (2019). Structural and thermal properties of agri-
cultural mulch films based on native and oxidized corn starch nanocomposites. Starch-Stcrke.
71(7-8), 1800341. https://doi.org/10.1002/star.201800341.

Mostafa, D. M., Kassem, A. A., Asfour, M. H., Al Okbi, S. Y., Mohamed, D. A., & Hamed, T. E.
S. (2015). Transdermal cumin essential oil nanoemulsions with potent antioxidant and hepato-
protective activities: in-vitro and in-vivo evaluation. Journal of Molecular Liquids, 212, 6-15.
https://doi.org/10.1016/j.molliq.2015.08.047.

Odriozola-Serrano, 1., Oms-Oliu, G., & Martin-Belloso, O. (2014). Nanoemulsion-based deliv-
ery systems to improve functionality of lipophilic components. Frontiers in Nutrition, 1, 24.
https://doi.org/10.3389/fnut.2014.00024.

Oztiirk, B. (2017). Nanoemulsions for food fortification with lipophilic vitamins: Production
challenges, stability, and bioavailability. European Journal of Lipid Science and Technology,
119(7), 1500539. https://doi.org/10.1002/ej1t.201500539.

Ozturk, B., & McClements, D. J. (2016). Progress in natural emulsifiers for utilization in
food emulsions. Current Opinion in Food Science, 7, 1-6. https://doi.org/10.1016/j.
cofs.2015.07.008.

Pinheiro, A. C., Lad, M., Silva, H. D., Coimbra, M. A., Boland, M., & Vicente, A. A. (2013).
Unravelling the behaviour of curcumin nanoemulsions during in vitro digestion: Effect of the
surface charge. Soft Matter; 9(11), 3147-3154. https://doi.org/10.1039/c3sm27527b.

Pinheiro, A. C., Coimbra, M. A., & Vicente, A. A. (2016). In vitro behaviour of curcumin nano-
emulsions stabilized by biopolymer emulsifiers—effect of interfacial composition. Food
Hydrocolloids, 52, 460-467. https://doi.org/10.1016/j.foodhyd.2015.07.025.

Prakash, A., Baskaran, R., Paramasivam, N., & Vadivel, V. (2018). Essential oil based nanoemul-
sions to improve the microbial quality of minimally processed fruits and vegetables: A review.
Food Research International, 111, 509-523. https://doi.org/10.1016/j.foodres.2018.05.066.

Rao, J., Decker, E. A., Xiao, H., & McClements, D. J. (2013). Nutraceutical nanoemulsions:
Influence of carrier oil composition (digestible versus indigestible oil) on p-carotene bio-
availability. Journal of the Science of Food and Agriculture, 93(13), 3175-3183. https://doi.
org/10.1002/jsfa.6215.

Ricaurte, L., de Jests Perea-Flores, M., Martinez, A., & Quintanilla-Carvajal, M. X. (2016).
Production of high-oleic palm oil nanoemulsions by high-shear homogenization (micro-
fluidization). Innovative Food Science and Emerging Technologies, 35, 75-85. https://doi.
org/10.1016/j.ifset.2016.04.004.

Salvia-Trujillo, L., Qian, C., Martin-Belloso, O., & McClements, D. J. (2013). Influence of particle
size on lipid digestion and p-carotene bioaccessibility in emulsions and nanoemulsions. Food
Chemistry, 141(2), 1472—1480. https://doi.org/10.1016/j.foodchem.2013.03.050.

Salvia-Trujillo, L., Martin-Belloso, O., & McClements, D. J. (2016). Excipient nanoemulsions for
improving oral bioavailability of bioactives. Nanomaterials, 6(1), 17. https://doi.org/10.3390/
nano6010017.

Salvia-Trujillo, L., Soliva-Fortuny, R., Rojas-Graii, M. A., McClements, D. J., & Martin-Belloso, O.
(2017). Edible nanoemulsions as carriers of active ingredients: A review. Annual Review of Food
Science and Technology, 8, 439-466. https://doi.org/10.1146/annurev-food-030216-025908.


https://doi.org/10.1038/s41538-017-0005-1
https://doi.org/10.1021/acssuschemeng.8b04162
https://doi.org/10.1007/s11095-011-0387-8
https://doi.org/10.1002/star.201800341
https://doi.org/10.1016/j.molliq.2015.08.047
https://doi.org/10.3389/fnut.2014.00024
https://doi.org/10.1002/ejlt.201500539
https://doi.org/10.1016/j.cofs.2015.07.008
https://doi.org/10.1016/j.cofs.2015.07.008
https://doi.org/10.1039/c3sm27527b
https://doi.org/10.1016/j.foodhyd.2015.07.025
https://doi.org/10.1016/j.foodres.2018.05.066
https://doi.org/10.1002/jsfa.6215
https://doi.org/10.1002/jsfa.6215
https://doi.org/10.1016/j.ifset.2016.04.004
https://doi.org/10.1016/j.ifset.2016.04.004
https://doi.org/10.1016/j.foodchem.2013.03.050
https://doi.org/10.3390/nano6010017
https://doi.org/10.3390/nano6010017
https://doi.org/10.1146/annurev-food-030216-025908

182 S. Agarwal et al.

Sari, T. P,, Mann, B., Kumar, R., Singh, R. R. B., Sharma, R., Bhardwaj, M., & Athira, S. (2015).
Preparation and characterization of nanoemulsion encapsulating curcumin. Food Hydrocolloids,
43, 540-546. https://doi.org/10.1016/j.foodhyd.2014.07.011.

Sessa, M., & Donsi, F. (2015). Nanoemulsion-based delivery systems. In Microencapsulation
and microspheres for food applications (pp. 79-94). https://doi.org/10.1016/b978-0-12-
800350-3.00007-8.

Severino, R., Vu, K. D., Donsi, F., Salmieri, S., Ferrari, G., & Lacroix, M. (2014). Antibacterial
and physical effects of modified chitosan based-coating containing nanoemulsion of mandarin
essential oil and three non-thermal treatments against Listeria innocua in green beans.
International Journal of Food Microbiology, 191, 82-88. https://doi.org/10.1016/j.
ijfoodmicro.2014.09.007.

Shariffa, Y. N., Tan, T. B., Abas, F., Mirhosseini, H., Nehdi, I. A., & Tan, C. P. (2016). Producing
a lycopene nanodispersion: The effects of emulsifiers. Food and Bioproducts Processing, 98,
210-216. https://doi.org/10.1016/j.tbp.2016.01.014.

Shu, G., Khalid, N., Tan, T. B., Zhao, Y., Neves, M. A., Kobayashi, I., & Nakajima, M. (2018). In
vitro bioaccessibility of ergocalciferol in nanoemulsion-based delivery system: The influence
of food-grade emulsifiers with different stabilising mechanisms. International Journal of Food
Science and Technology, 53(2), 430—440. https://doi.org/10.1111/ijfs.13601.

Silva, H. D., Cerqueira, M. A., & Vicente, A. A. (2015). Influence of surfactant and processing
conditions in the stability of oil-in-water nanoemulsions. Journal of Food Engineering, 167,
89-98. https://doi.org/10.1016/j.jfoodeng.2015.07.037.

Solans, C., & Solé, I. (2012). Nano-emulsions: Formation by low-energy methods. Current Opinion
in Colloid and Interface Science, 17(5), 246-254. https://doi.org/10.1016/j.cocis.2012.07.003.

Sotomayor-Gerding, D., Oomah, B. D., Acevedo, F., Morales, E., Bustamante, M., Shene, C.,
& Rubilar, M. (2016). High carotenoid bioaccessibility through linseed oil nanoemulsions
with enhanced physical and oxidative stability. Food Chemistry, 199, 463—470. https://doi.
org/10.1016/j.foodchem.2015.12.004.

Sugumar, S., Nirmala, J., Ghosh, V., Anjali, H., Mukherjee, A., & Chandrasekaran, N. (2013).
Bio-based nanoemulsion formulation, characterization and antibacterial activity against food-
borne pathogens. Journal of Basic Microbiology, 53(8), 677-685. https://doi.org/10.1002/
jobm.201200060.

Toro-Marquez, L. A., Merino, D., & Gutiérrez, T. J. (2018). Bionanocomposite films prepared from
corn starch with and without nanopackaged Jamaica (Hibiscus sabdariffa) flower extract. Food
and Bioprocess Technology, 11(11), 1955-1973. https://doi.org/10.1007/s11947-018-2160-z.

Walia, N., Dasgupta, N., Ranjan, S., Chen, L., & Ramalingam, C. (2017). Fish oil based vitamin D
nanoencapsulation by ultrasonication and bioaccessibility analysis in simulated gastro-intestinal
tract. Ultrasonics Sonochemistry, 39, 623-635. https://doi.org/10.1016/j.ultsonch.2017.05.021.

Walker, R., Decker, E. A., & McClements, D. J. (2015). Development of food-grade nanoemul-
sions and emulsions for delivery of omega-3 fatty acids: Opportunities and obstacles in the
food industry. Food and Function, 6(1), 41-54. https://doi.org/10.1039/c4fo00723a.

Yang, Y., & McClements, D. J. (2013). Vitamin E bioaccessibility: Influence of carrier oil type on
digestion and release of emulsified a-tocopherol acetate. Food Chemistry, 141(1), 473-481.
https://doi.org/10.1016/j.foodchem.2013.03.033.

Yang, Y., Marshall-Breton, C., Leser, M. E., Sher, A. A., & McClements, D. J. (2012). Fabrication
of ultrafine edible emulsions: Comparison of high-energy and low-energy homogenization
methods. Food Hydrocolloids, 29(2), 398-406. https://doi.org/10.1016/j.foodhyd.2012.04.009.

Yi, J.,, Lam, T. I, Yokoyama, W., Cheng, L. W., & Zhong, F. (2015). Beta-carotene encapsu-
lated in food protein nanoparticles reduces peroxyl radical oxidation in Caco-2 cells. Food
Hydrocolloids, 43, 31-40. https://doi.org/10.1016/j.foodhyd.2014.04.028.

Zahi, M. R., Liang, H., & Yuan, Q. (2015). Improving the antimicrobial activity of d-limonene using
a novel organogel-based nanoemulsion. Food Control, 50, 554-559. https://doi.org/10.1016/j.
foodcont.2014.10.001.


https://doi.org/10.1016/j.foodhyd.2014.07.011
https://doi.org/10.1016/b978-0-12-800350-3.00007-8
https://doi.org/10.1016/b978-0-12-800350-3.00007-8
https://doi.org/10.1016/j.ijfoodmicro.2014.09.007
https://doi.org/10.1016/j.ijfoodmicro.2014.09.007
https://doi.org/10.1016/j.fbp.2016.01.014
https://doi.org/10.1111/ijfs.13601
https://doi.org/10.1016/j.jfoodeng.2015.07.037
https://doi.org/10.1016/j.cocis.2012.07.003
https://doi.org/10.1016/j.foodchem.2015.12.004
https://doi.org/10.1016/j.foodchem.2015.12.004
https://doi.org/10.1002/jobm.201200060
https://doi.org/10.1002/jobm.201200060
https://doi.org/10.1007/s11947-018-2160-z
https://doi.org/10.1016/j.ultsonch.2017.05.021
https://doi.org/10.1039/c4fo00723a
https://doi.org/10.1016/j.foodchem.2013.03.033
https://doi.org/10.1016/j.foodhyd.2012.04.009
https://doi.org/10.1016/j.foodhyd.2014.04.028
https://doi.org/10.1016/j.foodcont.2014.10.001
https://doi.org/10.1016/j.foodcont.2014.10.001

®

Check for
updates

Chapter 11

Biodegradable Plastic Mulch Films
for Sustainable Specialty Crop Production

Douglas G. Hayes, Marife B. Anunciado, Jennifer M. DeBruyn,
Sreejata Bandopadhyay, Sean Schaeffer, Marie English, Shuresh Ghimire,
Carol Miles, Markus Flury, and Henry Y. Sintim

Abstract Plastic mulch films are employed in the production of vegetables and
other specialty crops worldwide due to the benefits they provide, such as reduction
of weeds and water loss by evaporation, and control of soil temperature. The bene-
fits can lead to better product quality and yield, and to a more efficient utilization of
agricultural inputs such as water. Unfortunately, polyethylene (PE), the most com-
monly employed constituent of plastic mulches, is poorly biodegradable, thereby
requiring the mulch’s’ expensive and laborious retrieval after harvest. The opportu-
nities for recycling and landfilling of PE mulches are not readily available or are
impractical. Residual PE fragments are readily dispersed in soil-related ecosystems
and watersheds, where they can harm micro- and macro-organisms. Biodegradable
plastic mulches (BDMs) have been developed to address the disposal-related defi-
ciencies. Although the purchase costs of BDMs are over two-fold higher than PE
mulches, BDMs are inexpensively plowed into the soil after harvest. Despite the
environmental benefits of replacing PE plastic mulches with BDMs, and potential
savings of labor costs at harvest, the long-term impact of multiyear BDM employ-
ment on soil health and specialty crop productivity is still a concern. This chapter
provides a review of BDMs in specialty crop production, including commonly
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employed polymeric constituents. The authors’ recent interdisciplinary research
on the long-term impacts of BDMs on specialty crop production and soil fertility
will also be discussed.

Keywords Agro-food industry - Agroindustrial inputs - Plasticulture - Polymers

11.1 Plastic Mulches in Specialty Crop Production

Polyethylene (PE) mulch film has been used in agriculture for more than 60 years
as it improves crop yield and quality by reducing weed pressure and the use of
herbicides, moderating soil temperature, conserving soil moisture and preventing
nutrient leaching (Emmert 1957; Ibarra-Jimenez et al. 2006; Kasirajan and Ngouajio
2012; Lamont 2005). Despite these benefits, PE mulch poses economic and envi-
ronmental challenges at the end of the cropping season as it should be removed from
the field and properly disposed. PE mulch is poorly biodegradable and is not easily
recyclable. Most plastic recyclers in the U.S. do not accept used PE mulch because
it is contaminated with soil and crop debris up to 50% by weight (Kasirajan and
Ngouajio 2012). Thus, < 10% of PE mulch is currently recycled in the U.S. (Miles
et al. 2017). In some areas (e.g. China and southern Spain), some farmers have
incorporated PE mulch into soil annually, and PE mulch accumulation in field soil
is so significant that soil water retention and crop yield are reduced (Liu et al. 2014;
Steinmetz et al. 2016). Many farmers stockpile PE mulch due to the absence of
disposal options, leading to its slow deterioration (Staub 2018). PE mulch
fragments from these fields are dispersed into the environment by wind and
water erosion, thereby causing further pollution.

11.2 Biodegradable Plastic Mulches: Motivation
and Advantages Compared to Conventional
PE Mulches

Biodegradable plastic mulch films, or biodegradable mulches (BDMs; see Fig. 11.1)
address many of the concerns that arise from the use of PE mulches due to their
lower impact on the environment. BDMs, prepared from biodegradable polymers,
are designed to be tilled into the soil after their service life, after which they will be
subjected to aerobic biodegradation by soil microorganisms, producing CO,, water
and biomass (Kasirajan and Ngouajio 2012; Steinmetz et al. 2016). A new standard
pertaining to BDMs in the European Union, EN 10733, specifies that the BDMs
must undergo 90% conversion into CO, within 2 years using a standardized labora-
tory test for assessment (discussed below). Soil incorporation is attractive to farm-
ers, not only because of the reduction of environmental impact compared to the use
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Fig. 11.1 Biodegradable
mulch films (BDMs). (a) a
after machine-laying the
BDM and then
transplanting; (b) during
specialty crop production;
(c) BDM microplastic
fragments recovered from
the field after crop harvest
and BDM soil
incorporation

of PE mulch, but also for the labor cost savings involved with the retrieval of PE
mulch from the fields after harvest. It is worth noting that BDMs are not designed
to be used for fumigation (European Committee for Standardization 2018).

Yet, there is not widespread adoption of BDMs as replacements for PE mulches.
Sociological studies on farmers’ perceptions identified several barriers to the
adoption of BDMs by farmers, among which are the higher purchase cost of BDMs
relative to PE mulches and the “unpredictable breakdown” of the BDMs during
their deployment in the field (e.g. premature tearing and ripping) and in the soil
(uncertainty of achieving full biodegradation in a reasonable period of time, leading
to persistent residues) (Goldberger et al. 2013; Cowan et al. 2015). Another barrier
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to adoption in the USA is that BDMs have not been approved for certified organic
agriculture. The research community in academia, industry, and government labora-
tories have addressed these concerns during the last decade, including the authors’
research. Results demonstrate that BDM performance in specialty crop production
is generally equal to that of PE mulches, and that soil incorporation of BDMs does
not affect soil quality or soil microbial communities to a significant extent. These
results partially address concerns of certified organic growers and the USDA
National Organic Program (NOP); but, other criteria specified by the NOP, such as
fully biobased content for BDMs and the exclusion of genetically modified (GM)
organisms in their manufacture, have not yet been fully addressed.

The remainder of this chapter provides an overview of BDMs: their composition
and manufacture, their physicochemical properties, and their life cycle, from deriva-
tion from feedstocks (raw materials) to deployment in the field (during which their
physicochemical properties may change due to agricultural weathering; see Sect.
11.4.2) to their end-of-life. Subsequently, recent research on the performance of
BDMs in specialized crop production and impacts on soil ecosystems (soil quality,
carbon pools, and microbial communities) will be described, which is partially based
on the authors’ research.

11.3 Mechanical and Physicochemical Properties of BDMs

11.3.1 Preparation of Biodegradable Mulch Films

Plastic films are processed by extrusion, which starts with melting of pellets (resins)
of a thermoplastic polymer till they become pliable. The major components of the
pellets are polymeric constituents and several additional minor components occur,
such as fillers, plasticizers and processing aids. The molten plastic is pushed
(extruded) from a circular die to form a continuous tube of plastic called the bubble.
The bubble is inflated with air to reduce its thickness to the desired diameter and
then it is drawn vertically upward in a tower, in which it is allowed to cool before it
is flattened to its lay flat width (blowing extrusion methodology). The speed at
which film is pulled from the die determines the film’s thickness whereas the width
of the film is controlled by the amount of air inserted in the bubble. Film color can
be changed during extrusion by adding resin pellets that contain colored pigment,
referred to as a “master batch” (Plastics Technology 2019). Master batches are also
employed to add other minor components such as fillers and plasticizers
(Kijchavengkul et al. 2008b).

Typically, mulch films are prepared by a local manufacturer, often referred to as
a “converter”, who will purchase polymeric feedstocks from bioplastics manufactur-
ers, and blend the polymers with the other components (via master batches), such as
processing aids, plasticizers and colorants, and then perform the film extrusion and
processing (U.S. Department Agriculture 2015). For example, in North America,
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agricultural film manufacturers such as BioBag Americas (Dunevin, FL, USA),
Organix Solutions (Maple Grove, MN, USA) and Dubois Agrinovation (Saint-Remi,
QC, Canada) prepare BDMs from commercially available polymeric feedstocks
such as Mater-Bi® (Novamont, Novarra, Italy) or ecovio® (BASF, Germany) and
other components described above.

11.3.2 Physical and Mechanical Properties

The ideal polymer for BDMs would possess similar mechanical properties as PE,
such as a high tensile strength (peak loads of ~8—20 Pa in the machine direction) and
high % elongation (~500%). Most commercially available BDMs have 1.5-2-fold
lower elongation (~200-400%); but, this is adequate for mulch function (Hayes
et al. 2017; Touchaleaume et al. 2016). Because biodegradable polymers are more
expensive than PE, the thickness of commercially available BDMs typically is
lower than those of PE (Hayes et al. 2017). As a result, the machine-laying of BDMs
on an agricultural field must be performed carefully, with minimal applied tension,
so that the BDM does not tear. EN 17033 is a new EU standard for biodegradable
mulch films, where several specifications for the mechanical properties of the
mulches are listed (European Committee for Standardization 2018).

11.3.3 Polymeric Constituents of Biodegradable Plastic
Mulches

Commonly used biopolymers and biopolymeric feedstocks for preparation of BDMs
are given in Table 11.1 and the polymers’ molecular structures are provided in Fig. 11.2.
Many of the polymers are polyesters that are biodegradable. One of the most frequently
employed polymers in BDMs is polybutylene adipate-co-terephthalate (PBAT), a
random block copolymer consisting of the terephthalate (T) and adipic acid (A)
diacid groups and 1, 4-butanediol (B). It possesses good tensile strength, an elonga-
tion near ~200-300% (which is lower than the ~500% elongation possessed by PE),
and is certified by the Biodegradable Products Institute (BPI) as “compostable”.
Ester bonds enhance PBAT’s biodegradability (via hydrolysis) and its T groups con-
tribute to its stability and mechanical properties (Coltelli et al. 2008; Shah et al.
2008). Ester groups in soft aliphatic BA-rich regions are more susceptible to hydro-
lysis than those in the hard BT-rich regions, consequently making the BA-rich regions
more readily biodegradable (Herrera et al. 2002). Other commonly employed poly-
mers include polybutylene succinate (PBS) and PBS-co-adipate (PBSA). Polypropylene
carbonate (PPC), prepared from propylene oxide and CO, via a cycloaddition reac-
tion (Adeleye et al. 2014), has also been recently employed to prepare BDMs
(Touchaleaume et al. 2016). PPC is therefore partially biobased, and is readily biode-
gradable, especially when in contact with water (Touchaleaume et al. 2016).
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Table 11.1 Commercially available polymers and polymer blends employed in biodegradable
agricultural mulches*®

Product Name | Polymer®? Manufacturer

Biocycle® Sucrose / PHA blend PHB Industrial (Brazil)

Bio-Flex PLA / copolyester blend FKUR, Willich (Germany)

Biomax TPS Starch + thermoplastic starch DuPont (USA)

Biomer L PHA Biomer (Germany)

Biopar Starch co-polyester United Biopolymers (Portugal)

BioPBS PBS MCPP (Division of Mitsubishi
Chemicals, Japan)

Biosafe™ PBAT / starch blend; PBS; PBSA | Xinfu Pharmaceutical Co (China)

ecoflex® PBAT / starch blend BASF (Germany)

ecovio® Ecoflex® + PLA BASF (Germany)

EnPol PBS IRE Chemical (Korea)

Envio® Ecoflex® + PLA + starch blend BASF (Germany)

GreenBio PHA Tianjin GreenBio Materials (China)

Ingeo® Starch + PLA; PBS + PLA NatureWorks (USA)

Mater-Bi® PBAT + starch blend Novamont (Italy)

Naturecycle Starch-copolyester blend Custom Bioplastics (USA)

ReNew Polyhydroxy alkanoate (PHA) Danimer Scientific (USA)

Succinity PBS Succinity (Germany)

Information taken from (Martin-Closas and Pelacho 2011; Kijchavengkul and Auras 2008;
Tullo 2012; Hayes et al. 2012)
"Ttalicized entries are products that are almost entirely biobased

¢Abbreviations:

PBAT: polybytylene adipate terephthalate;

PHA: polyhydroxyalkanoate;

PLA: polylactic acid; PBS: polybutylene succinate; PBSA: PBS-co-adipic acid
9The molecular structure for several of the polymers is given in Fig. 11.2

PBAT (Siegenthaler et al. 2012), PBS and PBSA are often blended with copolymers

that are highly biodegradable, such as starch [at 10-30%; e.g. Mater-Bi® (Elfehri
Borchani et al. 2015)], to enhance overall biodegradability (Table 11.1). To enhance
their materials-related properties and their biodegradability, starch is often blended
with plasticizers and other polymers, thereby producing thermoplastic starch
(Dufresne et al. 2000, Zhang et al. 2014; Gutiérrez 2018a; Gutiérrez et al. 2019;
Herniou--Julien et al. 2019). In addition, the blend can be used to overcome defi-
ciencies exhibited by a single homopolymer as a polymeric material, such as
embrittlement (Gutiérrez and Alvarez 2017a, b). Several examples of the commer-
cially available blends are given in Table 11.1. It is important to note that companies
frequently produce several different varieties or grades of the blends, which may
vary in molecular weight and composition. Therefore, it is important for the manu-
facturer’s identification code for the grade employed in the preparation of the BDMs
to be included in any publications or presentations.

Polylactic acid (PLA) serves as another polymer that is commonly blended,
because, although it possesses good strength (30-70 MPa) and is one of the least
expensive biopolymers (Sodergard and Stolt 2010; Inkinen et al. 2011; Madhavan
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Fig. 11.2 Molecular structures of polymers and biopolymers employed in biodegradable plastic
mulches

Nampoothiri et al. 2010; Shen et al. 2010), it is very crystalline (observed by a high
glass transition temperature of 55-60 °C) and brittle as a homopolymer (Sodergard
and Stolt 2010). Its highly crystalline nature reduces % elongation and biodegrad-
ability in soil (Shi and Palfery 2012; Rudnik and Briassoulis 2011) [but not in com-
post, due to the latter’s higher temperature, ~40-60 °C (Kawai 2010; Hakkarainen
et al. 2000; Hablot et al. 2014; Karamanlioglu and Robson 2013)]. To address the
deficiencies, PLA is commonly blended with plasticizers such as citrate derivatives
and other polymers such as polyhydroxyalkanoate (PHA) (Detyothin et al. 2010;
Hu et al. 2008; Weng et al. 2013; Zhang and Thomas 2011; Dharmalingam et al. 2015)
and PBAT (Coltelli et al. 2008). PLA is typically employed in polymeric blends for
BDMs in relatively small proportions (Detyothin et al. 2010). PLA, derived from
polymerization of lactides, dimers of lactic acid, a commonly produced metabolite
during fermentation. The properties of PLA are controlled through molecular
weight and enantiomeric distribution of L- and D- monomeric units. Microorganisms
produce L-lactic acid; however, D-lactic acid can be produced by the former’s race-
mization. An increase of D-lactic acid groups increases mechanical strength and
reduces the crystallinity (Sodergard and Stolt 2010).

PHAs are produced by fermentation using genetically-modified bacteria, and
serve as a organisms’ long-term energy storage source (Posada et al. 2011; Roohi
et al. 2018). They have several applications in biomedicine, injection molding and
packaging. PHAs frequently occur as a random block copolymer, with commonly
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Table 11.2 Effect of plastic mulch colors on light and weed control*

Soil Temperature Light Light Light Weed
Color Increase (°C)° Reflectivity | Absorptivity | Transmission | Suppression
Black 1.7-2.8 Low High Low Excellent
Clear 3.3-7.8 Low Low Very high Poor
White/ | —1.1-0.4 High Low Low Excellent
silver
IRTe 1.7-2.8 Low High High Excellent

aSource: (Maughan and Frost 2016)
"At 5-35 cm depth
“Infrared transmitting

encountered monomeric units including 3- and 4-hydroxybutyric acid and
3-hydroxyvaleric acid. PHA 1is readily biodegradable in soil and compost, but is ther-
mally unstable, highly crystalline and therefore brittle in its homopolymeric form
(Vroman and Tighzert 2009; Zhang and Thomas 2011). It thus is most commonly
encountered as a component of polymeric blends (Detyothin et al. 2010).

11.3.4 Color

Polymers are blended with chemicals, “additives” (e.g. plasticizers, fillers, lubricants,
nucleating agents, stabilizers, colorants), to improve their mechanical and other func-
tional properties (Mormile et al. 2017). One of the additives used is a colorant that
controls the optical and radiometric properties of plastic mulches (ISO 9050:2003).
Colorants modify the absorption and reflection of light radiation that reaches the soil,
thereby affecting the soil temperature (Kasirajan and Ngouajio 2012). The color of
mulch is an important parameter of the microclimate around a crop plant (Mitchell
et al. 2004). Depending on the color, soil microclimate conditions can vary and affect
the mulch performance of soil (Table 11.2).

Carbon black is one of the most commonly used colorants and may or may not
be naturally-derived (U.S. Environmental Protection Agency 2012; Miles et al.
2017). Black mulch prevents the weed growth by limiting the light transmittance to
the soil and will warm the soil between 1-4 °C more than the temperature on bare
soil. Carbon black derived from fossil fuel resources are extremely fine black fluffy
particles (10-500 nm in diameter), which is the portion of unburned carbon pro-
duced by the reaction of a hydrocarbon fuel (e.g. oil or gas) during combustion
(1320-1540 °C) (U.S. Environmental Protection Agency 2012). Biobased carbona-
ceous black powder from bioethanol is now being examined as a potential substitute
for fossil fuel-derived carbon black (Snowdon et al. 2014). Carbon black is not only
used as a colorant but also a photo-stabilizer that prevents the polymer breakdown
by ultraviolet (UV) light through selective screening of UV radiation. The addition
of carbon black prevents light absorption to the polymer-bonded chromophores in
the film, thus stabilizing the polymer of the potential photodegradation reactions
(Kijchavengkul et al. 2008b).
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For some geographical regions and cropping systems, clear and white plastics
are chosen over black mulches. Clear plastic mulch has the highest soil warming
capability (5-8 °C higher than bare soil); but, weed growth underneath them can be
substantial and herbicide may be necessary (Melek and Atilla 2009). Clear mulches
effectively retain much of the heat otherwise lost to the atmosphere, and have the
greatest soil warming potential among the various mulch colors (Lamont 2001).
Clear plastic BDMs can also be employed for soil solarization (Mitchell et al. 2004).

Titanium dioxide (TiO,) is traditionally used as a white colorant (Kijchavengkul
et al. 2008b). However, concerns have been raised about its potential hazards to the
ecosystem, including the marine environment. Direct evidence of toxicological
impact of TiO, nanoparticles on marine microalgae was observed through cell wall
damage derived from algae entrapment, positively correlated with the growth inhi-
bition of algae (Wang et al. 2016a). In addition, TiO, represents a threat to human
health. The inhalation of TiO, nanoparticles increases the potential pulmonary
health risks by inducing oxidative stress, genotoxicity and apoptosis in human lung
cancer cell line, A549 (Srivastava et al. 2012). Some biopolymer producers, such as
Heritage Plastics, now use talc and calcium carbonate (CaCOs) as a white colorant
and as a filler for PHA to modify the films’ stiffness and toughness (Sherman 2008).
Unlike carbon black, TiO, in white plastic mulch catalyzes photodegradation
(Kijchavengkul et al. 2008b). White or coextruded white-on-black mulches can
reduce surface soil temperature relative to bare soil due to most incoming solar
radiation is reflected on the soil surface and atmosphere. It is reported that the silver
mulches have activity against insects (e.g. aphids) and microorganisms (e.g. fungi),
mainly due to the reflected sunlight (Lamont 1999). Other colorants have also
been used in plastic mulch films (Lamont 1999).

Research shows that green or brown infrared transmitting (IRT) plastics allow IR
light waves to selectively penetrate through the plastic and absorb UV radiation in
the photosynthetic spectral regions, allowing for soil warming without any weed
growth (Lamont 1999; Maughan and Frost 2016). IRT mulches possess the weed
control properties of black mulch; but, they increase the soil temperature at an inter-
mediate level between black and clear mulch. The color of IRT mulches can be
blue-green (IRT-76, AEP Industries Inc.) or brown (Lamont 1999). Recently, plastic
mulch color is becoming a factor in the aesthetics of farms due to negative percep-
tions of visitors when there are fragments of residual black plastic on the farms, as
they connote unclean agricultural practices. Therefore, growers have shown interest
in brown and green mulches.

11.3.5 Minor Components of Biodegradable 