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Developing Nano-Delivery Systems
for Agriculture and Food Applications
with Nature-Derived Polymers

Kaarunya Sampathkumar,’ Kei Xian Tan," and Say Chye Joachim Loo'?3*

The applications of nanotechnology are wide ranging, and developing functional
nanomaterials for agri-food applications from nature-derived polymers is widely
conceived as a sustainable approach that is safer for human and animal consump-
tion. In light of this, this review focuses on the advances in the development of
nano-delivery systems using nature-derived polymers for agri-food applications.
The review opens with a section detailing the different types of nature-derived
polymers currently being used in various applications in the agri-food industry
with a special mention on microbial extracellular polymeric materials. The major
applications of nano-delivery systems in the food sector, such as food fortification
and food preservation, as well as in the agricultural sector for controlled release
of agrochemicals using nature-derived polymers are discussed. The review ends
with a perspective on the safety and public perception of nano-enabled foods
with a concluding remark on future directions of incorporating nano-delivery sys-
tems for agri-food purposes.

INTRODUCTION

Nanotechnology has now been an intricate part of humanity, and more so in the recent decade. Even
before the phenomenal wonders of nanomaterials were uncovered by science, native nanomaterials
have always existed around us, be it in the smoke emanating from a fire or as volcanic ashes from an erup-
tion, or even casein micelles in milk that help to stabilize milk fats (Griffin et al., 2017). With the advancement
of tools to visualize and manipulate these tiny structures, nanomaterials have inevitably penetrated every
aspect of human life, starting with fabrics (e.g., antibacterial socks) (Rivero et al., 2015) to more complex
applications such as in the aerospace, agri-food, automobile, biomedical, and wastewater industries.
The usage and exploitation of nanomaterials provide superior properties not observed in larger size scales,
and with the boom of nanotechnology, the global market for this industry is estimated to be $ 125.7 billion
by 2024 (Global Industry Analysts Inc, 2019).

With an exploding global population that is estimated to hit eight billion in 2024 (Max et al., 2019), it is fore-
seeable that this will drive a surge in food demand that will put tremendous pressure on the agri-food in-
dustry. In fact, the current $5 trillion-worth agri-food industry will only continue to trend upward along with
an expected 70% increase in global caloric demand and a corresponding increase in crop demand of at
least 100% (Lutz et al., 2015; Adisa et al., 2019). There is now a strong belief that nanotechnology will bring
significant impact to the agri-food sector, especially in addressing food safety and sustainability, i.e.,
improving nutritional and food security, and even enhancing agricultural productivity. In fact, nanotech-
nology was introduced into both the agricultural and food industries since 2003, where it has been used
in food processing and preservation, to increase crop productivity, to improve animal feeds, and for envi-
ronmental monitoring (He et al., 2019).

Some of the world’s leading food companies, such as H.J. Heinz, Nestlé, Hershey, Unilever, and Kraft, are
now investing on nano-enabled foods and food packaging, where the growth of the nanofood sector is ex-
pected to surge beyond $20.4 billion by 2020 (Momin and Joshi, 2015). An example of a nano-enabled food
would be the low-fat ice creams from Nestlé that uses nanoemulsions to achieve a low-fat content (Wales
Maurya, 2019). In terms of food preservation, Ag, SiO,, and TiO, nanoparticles are added into food pack-
aging materials to impart antimicrobial and hygroscopic properties (Bajpai et al., 2018; Xing et al., 2019).
On the agricultural front, the main intent of using nanomaterials is to enhance agricultural yields via
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effective pest control and fertilization with the use of nanosensors, nanopesticides, and nanofertilizers (Pra-
sad et al,, 2017). Although nano-enabled products of herbicides, pesticides, and sensors are still very much
in the research and development phase, a few commercial products comprising mainly of nanoparticles of
micro and macro nutrients for plant growth, such as NanoPhos, NanoK, NanoZn, and Kocide 3000, are
already in the market (He et al., 2019).

Although the US Food and Drug Administration (FDA)-approved engineered nanomaterials (ENMs) are
found in a variety of consumer products, its usage in the agri-food sector has yet to be widely adopted.
The main reason for this stems from toxicity concerns of persistent ENMs, as these may not degrade safely
both in the physiological or natural environment (He et al., 2018). The release of non-degradable ENMs
would continue to be cycled in the environment leading to what is being termed as a nanomaterials cycle
(Hochella et al., 2019). As such, there is a pressing need for biodegradable alternatives, especially for agri-
food applications, and naturally occurring biopolymer is one such alternative. Nature-derived biopolymers
are polymeric macromolecular structures such as polysaccharides, proteins, and lipids that can be ex-
tracted from plants, animals, and microorganisms. Depending on the source, these biopolymers have vary-
ing degrees of branching structures that impart different properties and functions. Being renewable, eco-
friendly, sustainable, and cheap, these biopolymers could also be engineered into nanomaterials with
enhanced properties (Majeed et al., 2013; Mondal et al., 2019).

Given the surge in interest in exploring the use of biopolymeric nanomaterials in the agri-food sector, the
aim of this article is to provide an overview of the development of nano-delivery systems based on nature-
derived polymers for agricultural and food applications. More specifically, this review article will highlight
the types of nature-derived polymers that have been explored and how they are applied. For agri-food ap-
plications, encapsulation technologies are often required, where such technologies are meant to protect
active ingredients by minimizing interactions of the encapsulates with the environment, either through a
coating or a matrix material (Sinha et al., 2019). These protective technologies can also be tuned to impart
controlled release capabilities. Nature-derived biopolymeric nano- and sub-micron-sized particles are
generally preferred for encapsulation as these particles can be safely incorporated into the food matrix
without affecting their sensory properties (Valencia et al., 2019). In the agricultural sector, biopolymer-
based nanoparticles help local delivery of fertilizers and pesticides without polluting soil and air. The
immense impact of encapsulation technologies in the food industry is apparent with the global food
encapsulation market projected to be $54.846 billion by 2024 (Inkwood Research, 2019). This article will
also feature several notable applications in food, i.e., encapsulation of nutraceuticals and for food preser-
vation, as well as agriculture, i.e., encapsulation of fertilizers and pesticides. A section on public receptivity
of nanomaterials and the general perception of the toxicity of nanomaterials is also included toward the
end of this review.

NATURE-DERIVED POLYMERS AND THEIR CURRENT USES

Polymer science was instrumental in advancing various developments in diverse fields. Both synthetic and
natural polymers have now become an integral part of the food industry right from food packaging appli-
cations to the employment of edible polymers for food formulations. Although nature-derived polymers,
e.g., polysaccharides and proteins, can be environmentally degraded into their monomers over time,
the same may not be the case of synthetic polymers. The persistence of synthetic polymers poses huge
problems to the environment. Some examples could be the rising concerns over the bioaccumulation
and environmental contamination of polyfluoroalkyl substances and micro/nanoplastics. In this section,
we shall focus on the use of bio-based polymers for agri-food applications, where such bio-based polymers
can be either naturally derived from plants, animals, food waste or fabricated via biological process such as
by living microorganisms.

Nature-Derived Polymers for Food Application

Food is naturally composed of polymers, i.e., polysaccharides, proteins, and also fats. The discussion here
would focus on the use of these natural polymers in altering the structure and function of food. The main
polymers in food formulation are mainly animal proteins (e.g., gelatin, egg protein, milk proteins-casein,
lactoglobulin), plant proteins (e.g., zein), and a variety of polysaccharides (e.g., starch, chitosan, alginate,
pectin, cellulose, gum arabic, carrageenan). These edible polymers have been used in modifying the prop-
erties of food, as a thickening or gelling agent, for emulsion stabilization, and even to enhance satiety (Ray-
ner et al., 2016). Polysaccharides are the most commonly used thickeners owing to their highly branched
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Food Agriculture
Stabilizer Thickener Gelling Food CRF (Akalin Pesticides Water
(Rayner et al.,  (Lovegrove (Lovegrove Packaging and Pulat, (Neri-Badang Retention
2016) et al., 2017) et al., 2017) (Gruji¢ et al., 2019; Jiao et and (Thombare
2017) al., 2018; Chakraborty, et al., 2018;
Perez and 2019; Campos Demitri et al.,
Francois, et al., 2015) 2013)
2016; Tang et
al., 2017)
Alginate v I I I I v
Carrageenan v v v v v
Cellulose 17 174 v 17
Chitosan v I I
Curdlan
Cyclodextrin ¥
Gelatin 17 I v
Guar gum v
Pectin 7
Starch I I I
Xanthan 17 17
gum

Table 1. Commercially Used Nature-Derived Polymers in the Agri-Food Sector

structures that can interact well with water and have good water solubility. This provides a large hydrody-
namic volume that is essential for thickening. Similarly, because of their good water-holding capacity, the
polymeric chains of polysaccharides like alginate and carrageenan form continuous networks leading to
the formation of gels, stabilized by ionic bridges such as calcium (Ca) and potassium (K) (Lovegrove
etal., 2017). Proteins are used as emulsion stabilizers due to their amphiphilic nature, that can help stabilize
oil-water interfaces. Different applications for each of these polymers in the food industry are tabulated in
Table 1.

Another area where polymers have been used extensively in the food industry is in food packaging. With an
alarming surge in plastic waste globally, there is now a shift in the attitude of manufacturers to consider
greener and sustainable sources—nature-derived polymers (Mangaraj et al., 2019). There is now greater
interest in exploring natural polymers for food packaging, by identifying cost-effective alternatives that
provide properties similar to that of synthetic polymers. In addition, there has been extensive research
on the use of edible polymers as smart edible food packaging that promises to maintain food freshness
for a longer period or to preserve the nutritional values of food. Starch and thermoplastic starch are
some of the commonly used materials in food packaging aside from other nature-derived polymers such
as cellulose, chitosan, whey protein, zein, and carrageenan. BioBag is one such example of a starch-based
commercial bio-packaging available in the market. These polymers can work as effective coating materials
to improve the barrier, mechanical, and thermal properties of the biopolymer films as well as enhance food
preservation at lower costs (Grujic¢ et al., 2017). Nonetheless, some challenges such as postharvest loss of
nutrition and quality of fresh foods remain to be resolved for fresh food products when transportation or
storage time is prolonged, which may be due to reactions between fresh products and these nature-
derived polymers (He et al., 2019).

Nature-Derived Polymers for Agricultural Application

Modern agriculture is seeking alternatives for the use of agrochemicals via green nanotechnology or
renewable nanomaterials. Synthetic polymers such as polycaprolactone, polyethylene, polyvinyl alcohol,
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and acrylate-based polymers are used to achieve slow release of fertilizers to improve soil conditions (as
superabsorbent polymers [SAPs]) and also as mulch to cover the soil to prevent loss of moisture (Ekebafe
etal., 2011, Steinmetz et al., 2016). These synthetic polymers may not be readily biodegradable, and envi-
ronmental concerns relating to the degradation of these materials could arise. For instance, polyethylene
and polypropylene used in agriculture can persist in the soil for prolonged periods, causing negative im-
pacts to the environment and living systems. The outlook toward synthetic polymers is therefore shifting
toward natural polymers, such as polysaccharides (Milani et al., 2017). The use of nature-derived polymers
is perceived as a means to reduce environmental pollution because of their biodegradability, via various
enzymatic actions by microorganisms and non-enzymatic mechanisms including chemical hydrolysis (Puoci
et al., 2008). Some of the areas in which such nature-derived polymers are beginning to be used are in
controlled release fertilizers (CRFs), for pesticide encapsulation, and as water-retaining agents. These ap-
plications with suitable examples have been discussed in the following paragraphs.

CRFs use a polymer coating on traditional fertilizers thereby providing a slower release of plant nutrients
and in turn improving nutrient utilization efficiency (NUE). A range of CRFs are available in the market under
the brand names such as Osmocote, Nutricote, and Plantacote (Parsons, 2017). CRF technology uses the
principle of osmosis to control the release of essential nutrients such as nitrogen (N), phosphorus (P),
and K, commonly referred to as NPK and other trace elements concealed within a biopolymeric or synthetic
polymer coating. The main criteria for a CRF to be commercialized economically is that it should have a
minimum of 85% encapsulation efficiency of the fertilizer that will enable the diffusion of nutrients when
the pellets come into contact with water (Majeed et al., 2015). Some examples of biopolymers studied
for use in CRF are starch (Naz and Sulaiman, 2014), chitosan (Perez and Francois, 2016), gelatin (Tang et
al., 2017), lignin (Jiao et al., 2018), cellulose, and k-carrageenan (Akalin and Pulat, 2019) as outlined in Table
1. Some of these biopolymers such as chitosan and cellulose are poorly soluble in water, whereas starch can
be chemically modified to possess various properties, which make them ideal for agricultural uses. The sig-
nificant advantage of natural polymers is that they can be degraded by soil microorganisms resulting in
environmentally non-toxic products, compared with their non-degradable synthetic counterparts (Sira-
cusa, 2019).

Nature-derived polymers are also being studied for pesticide encapsulation. Seltima is an example of a
commercial product using polymers for encapsulation of pesticides. Launched by BASF to protect rice
plants, the product uses a humidity responsive controlled release technology to release pesticides selec-
tively to the leaves of rice while avoiding release of the chemicals into the water in paddy fields thereby
greatly reducing the contamination of water sources (Huang et al., 2018).

Another application where polymeric materials are currently used in agriculture is for water retention in
drought-prone and semi-arid regions. Almost all of the current polymers used commercially for this pur-
pose are acrylate-based SAPs. Although many studies are ongoing for the generation of smart and
semi-synthetic SAPs, problems of non-biocompatibility, non-biodegradability, and non-renewal persist,
leading to the search of natural SAPs. Hence, substantial research is underway to improve the properties
of natural hydrogels like chitosan, alginate, pectin, and gellan, with longer lifespans, in order to replace
synthetic polymers for water retention purposes (Mignon et al., 2019).

Extracellular Polymeric Materials

Although starch, cellulose, chitosan, and alginate derived from plant sources are some examples of
commonly used biopolymers, this section aims to mention a special group of polymers secreted by mi-
crobes. Alginate, cellulose, chitosan, and dextran are some examples of polysaccharides that have been
obtained from microbial origin. Although the knowledge of microbial secretion of polysaccharides has
been present forlong (Paul et al., 1986), their applications are only recently realized and have seen dramatic
growth (Jindal and Khattar, 2018). A recent review outlines the many health-benefitting properties of not
just the probiotic bacteria but also some of the exopolysaccharides (EPSs) secreted by these probiotic bac-
teria such as dextran, levan, and kefiran as shown in Figure 1 (Rahbar Saadat et al., 2019). Xanthan and Gel-
lan are FDA-approved microbial polymers used as thickeners and stabilizers in the food industry. Dextran
has been used as an anticoagulant and plasma volume expander in medical field. Some EPSs have been
shown to have applications in soil remediation in removing heavy metal contaminants (Sardar et al.,
2018). Although these materials have been used and are being further researched for their incorporation
into the agri-food sector, how this nature-derived microbial EPSs can be put to use as a nano-encapsulating
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Figure 1. Graphic Showing the Various Possible Benefits of EPS

delivery system in food and agriculture would be an interesting scope for discussion (discussed in section
Nutraceutical Encapsulation for Food Preservation). Being of polysaccharide origin, these materials would
be possible candidates for fabricating nanoencapsulates. In fact, EPS secreted by microbial communities
to protect themselves from the surrounding environment have been shown to possess antimicrobial prop-
erties. This promising property of EPS could be used advantageously in food packaging applications to
protect against spoilage from pathogenic strains and prolong the shelf life of food (Moscovici, 2015).

The main challenge in EPS production industrially is the proper maintenance of culture conditions such that
the consistency of the product is maintained. Cost is another important consideration in terms of energy
requirements during the fermentation process as well as solvents used in the extraction and purification
stages. Using cheaper substrates such as biomass from food wastes is one way of reducing the cost, which
can also make the production sustainable (Ozcan and Toksoy Oner, 2015).

NANO-DELIVERY SYSTEMS BASED ON NATURE-DERIVED POLYMERS

Nanomaterials based on nature-derived biopolymers are gaining significant attention for their potential
applications in both food and agriculture sectors owing to their advantageous properties as well as sustain-
ability by minimizing ecological impacts. The current limitation encountered by inorganic nanomaterials
like TiO,, ZnO, and SiO, and organic nanomaterials like carbon nanostructures is the lack of robust infor-
mation on their toxicity as most of the toxicity studies conducted are in vitro rather than in vivo (He et al.,
2019; Dorier et al., 2017). Some of the in vivo studies conducted are also short-term studies, investigating
the effects of high-dose exposure. A comprehensive study on the chronic exposure of such nanomaterials
would be more representative of realistic conditions (Bandala and Berli, 2019). This, combined with the lack
of proper regulation and legislation, has now shifted the focus to nature-derived polymeric nanoparticles
owing to their biocompatible and low or negligible toxic properties. Figure 2 summarizes the different ap-
plications of nature-derived nano-delivery systems in the agri-food sector discussed below.

Nano-Delivery Systems in Food

Nano-delivery systems for food applications could be formulated as nanocapsules, nanospheres, and
nanoemulsions using many well-reported techniques such as solvent evaporation, emulsification, precipi-
tation, coacervation, electrospraying, and spray drying (Jafarizadeh et al., 2019). A variety of nature-derived
polymers have been fabricated into nano-delivery systems using the above-mentioned techniques to
encapsulate bioactive molecules such as nutraceuticals, antimicrobials, antioxidants, and flavors (Luo
and Hu, 2017). These nanoparticles can then be introduced into the food matrix to function as nutrient sup-
plements, preservatives, and flavor enhancers. The most important advantage of using nanoparticles for
encapsulation in comparison with their micron-sized counterparts is that nano-sized particles do not gener-
ally affect the organoleptic properties of food as opposed to the micron-sized particles. Another distinct
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Figure 2. Applications of Biopolymeric Nano-Delivery Systems in the Agri-Food Sector

advantage is that, owing to their increased surface-volume ratio, nanoparticles offer increased bioavail-
ability of the encapsulated nutrient.

Nutraceutical Encapsulation for Food Functionalization

Some of the commonly studied bioactive agents for nanoencapsulation could be categorized as vitamins
(D, A, C, B); minerals (Ca, iron [Fe]); carotenoids (beta carotene, lycopene, astaxanthin, lutein); polyphenols
(resveratrol, curcumin, catechins), and fatty acids (omega-3). The recently investigated biopolymeric deliv-
ery systems for encapsulation of nutraceuticals have been tabulated in Table 2. Chitosan is the most widely
reported natural polymer for nanoencapsulation of nutraceuticals (Tan et al., 2016; Akbari-Alavijeh et al.,
2020), given its mucoadhesive property and the ability of these particles below 200 nm to enhance pene-
tration by opening the tight junctions in the intestinal epithelium. lonic gelation is the most commonly re-
ported method for fabricating chitosan nanoparticles (Calvo et al., 1997). Other methods of fabricating chi-
tosan nanoparticles for food applications include electrospraying (Yilmaz et al., 2019) and complex
coacervation (Azevedo et al., 2014; Ren et al., 2019).

Starch is another nature-derived polymer that has been studied for nanoencapsulation. The natural
amylose helices can serve to host the guest molecules, thereby improving their solubility and stability. A
comprehensive review by Rosatmabadi et al. outlines the use of starch nanostructures produced from
both top-down and bottom-up approaches for the encapsulation of nutraceuticals with proven health ben-
efits. Given its Generally Recognized As Safe (GRAS) status and many sustainable techniques available for
fabrication, starch serves as a good candidate for nanoencapsulation of various flavors, essential oils, vita-
mins, and carotenoids (Rostamabadi et al., 2019). Another important consideration is the ability of certain
types of starch and processing conditions to moderate the release of the active ingredients within the
gastrointestinal tract (GIT), thereby protecting some of the labile nutrients from degradation in the upper
GIT (Sampathkumar and Loo, 2018).

B-Lactoglobulin, obtained from whey is a promising material for the preparation of nutraceutical carriers.
Its high solubility, natural nutrient-binding capacity, and resistance against peptic digestion are advanta-
geous for the encapsulation and complexation of various molecules, either by itself or in combination with
other polymers (Teng et al., 2015). Zein, a protein extracted from maize, is another material used in the
encapsulation of nutraceuticals (Horuz and Belibagli, 2019). Owing to its low cost and hydrophobic nature,
it can be engineered to encapsulate hydrophobic nutrients (Pascoli et al., 2018).

Nutraceutical Encapsulation for Food Preservation

Certain substances produced naturally in foods have the potential to inhibit the growth of pathogenic or-
ganisms thereby offering food preservation. Essential oils obtained from a variety of food sources such as
cinnamon oil, thymol, garlic oil, and citrus oil have been shown to be effective in retarding the growth of
pathogenic bacteria (Pisoschi et al., 2018). These natural antimicrobials have been used advantageously
in active food packaging by encapsulating them into a nano-delivery system, which can then be incorpo-
rated into packaging materials to provide a sustained release of the compounds, thereby extending the
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Bioactive Bioactive Nature-Derived Advantage of Reference
Compound Compound  Polymer Used Nanoencapsulation
Category
Polyphenols Curcumin Chitosan and gum Improved stability and (Tan et al., 2016)
arabic® antioxidant activity of
curcumin
Curcumin Soluble soya bean Improved the anti-cancer  (Pan et al., 2018)
polysaccharides property of curcumin
Resveratrol Chitosan/y-poly Improved the solubilityand  (Jeon et al., 2016)
(glutamic acid) cellular uptake
Resveratrol Zein® Improved bioavailability (Jayan et al.,
2019)
Lutein Chitosan/poly-glutamic ~ Improved the solubility (Lee and Lee,
acid 2016)
Green tea Zein® Improved cell uptake (Bhushani et al.,
catechins 2017)
Carotenoids Beta carotene  Starch® Intestine specific release of  (Santoyo-Aleman
beta carotene etal., 2019)
Lutein Starch® Improved solubility and (Fu et al., 2019)
stability of lutein
Lycopene Zein® Improved antioxidant (Horuz and
activity Belibagli, 2019)
Vitamins Folate B9 Whey protein isolate and  Improved stability of folic ~ (Pérez-Masia
resistant starch acid et al., 2015)
Cobalamin Soy protein Improved intestinal (Zhang et al.,
B12 transport 2015)
Vitamin D Fish oil Improved bioavailability (Walia et al.,
2017)

Table 2. Biopolymeric Delivery Systems for Encapsulation of Nutraceuticals
“Considered GRAS by FDA (21 CFR Ch. | [4-1-11 Edition]).

shelf-life of food substances. For example, edible films made of cellulose nanofibers incorporated with
ginger oil and citric acid have been shown to impart antimicrobial and antioxidant properties to the films
and also improved the shelf-life of ready-to-cook chicken by é days (Khaledian et al., 2019).

Nanoemulsions, formed by stabilizing two immiscible contents, are being studied extensively in the
context of incorporating essential oils into edible coatings for food preservation (Aloui and Khwaldia,
2016). Salvia et al. used edible nano-coatings based on lemongrass essential oil (LEO) emulsified in alginate
to improve the quality and safety parameters of freshly cut Fuji apples. It was observed that, during the
study period of 2 weeks, the nano-coatings containing 0.5% or 1% LEO, inhibited the growth of Escherichia
coli to undetectable amounts (2 log units), and minimized ethylene production (to nearly zero) and respi-
ration rates in the apples. This study has shown the possibilities of using nanoemulsion-based coatings as
delivery carriers of anti-microbial ingredients for protection of cut fruits (Salvia-Trujillo et al., 2015). Figure 3
shows a graphic of how such coatings can be achieved on food matrices. A recent study described the use
of thymol nanoemulsion-loaded quinoa protein/chitosan edible coatings to preserve the quality and safety
of refrigerated strawberries with reduced loads of yeast and fungus (2 log units) as well as lowered weight
loss by 20% during the entire storage time (Robledo et al., 2018).

Chitosan nanoparticles have also been widely studied for the encapsulation of essential oils that possess
antibacterial properties. This, when combined with the inherent antibacterial property of chitosan, would
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Figure 3. Incorporation of Nano-Delivery Systems in Edible Coatings

provide a synergistic effect in killing the pathogens. Stoleto-Boyas et al. have encapsulated both LEO and
thyme essential oil in chitosan nanoparticles and found that encapsulation increased the antibacterial ac-
tivity (Sotelo-Boyas et al., 2017a, 2017b). Mohammadi et al. have also shown that chitosan nanoparticle
encapsulated with cinnamon essential oil (CEO) could provide a sustained release of the bioactive ingre-
dient over a period of 21 days. These CEO-loaded particles were also tested on cucumbers in cold storage
and were able to prevent the fungal decay of cucumbers for 21 days, with the coated ones having a firmer
texture and brighter color, whereas the uncoated ones turned moldy (Mohammadi et al., 2015).

Another aspect of food preservation is the prevention of oxidation in foods. This has also been shown to be
possible using biopolymeric nanoparticles. Liang et al. encapsulated the natural antioxidant epigallocate-
chin gallate (EGCG) extracted from green tea into zein/chitosan nanoparticles to provide a controlled
release of the compound that helped to protect fatty foods from oxidation for longer periods. The free
radical scavenging activity of EGCG in zein-coated chitosan nanoparticles was found to be four times
higher than free EGCG (Liang et al., 2017). A CEO nano formulation made with chitosan has also been
shown to retain the metmyoglobin content and color of beef patties in cold storage and increase their shelf
life by 6 days compared with control (Ghaderi-Ghahfarokhi et al., 2017).

Nano-Delivery Systems Based on EPS

EPS materials are gaining interest to be engineered for encapsulating bioactive ingredients for food appli-
cations owing to their many beneficial properties (as illustrated in Figure 1), safety, and sustainability. These
polymers have been studied for the encapsulation of probiotics as they would function as a prebiotic, re-
sulting in a symbiotic relationship (Ispirli et al., 2018). In some cases, EPS has also been shown to increase
survivability of the encapsulated probiotics by protecting them in the gastric environment (Cabuk and
Harsa, 2015). Nanoparticles of EPS have only recently been explored for encapsulation of nutraceutical
for food-related applications. There are previous reports of EPS materials being used for encapsulation
of anticancer drugs, where Raveendran et al. developed composite EPS nanoparticles made of Mauran,
an EPS from a halophilic bacterium Halomonas maura, together with chitosan for the sustained release
of the anticancer drug, 5-fluorouracil (Raveendran et al., 2013). Nanoparticles of B-glucan, loaded with anti-
cancer drug epirubicin, have been shown to provide a sustained release of the drug resulting in increased
drug uptake in tumors and reduced tumor volume by 70% in mice (Gao et al., 2010). A nanohydrogel system
based on gellan was developed for encapsulating hydrophobic paclitaxel and hydrophilic prednisolone to
provide a synergistic effect. Promising synergistic effects were noticed on three different cancer cell lines
in vitro (D'Arrigo et al., 2014). Given that the reports of EPS nanoparticles being used in agri-food applica-
tions are scarce, barring a few mentioned below, the above examples establish the possibility of using
these nature-derive polymers for encapsulation and sustained release of active ingredients.

Semyonov et al. used an enzymatic method for the synthesis of dextran nanoparticles using the enzyme
dextransucrase. The size of the particles could be tuned by varying the concentration of the enzyme.
The particles were also shown to be able to host a hydrophobic nutraceutical, the isoflavone genistein
and the loading could be increased by optimizing the synthesis conditions (Semyonov et al., 2014). This
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Figure 4. Graphic Enunciating the Need for Nano-Delivery Systems in Agriculture
SEM micrographs adapted with permission from (Hazra and Kumar, 2015; Marchiol et al., 2019; Iswanti et al., 2019).

work serves as an example of how EPS materials could be used to encapsulate nutraceuticals for food ap-
plications through a non-toxic synthesis technique. Food packaging could be another application for EPS
materials. Pullulan is a microbial EPS obtained from the fungus Aureobasidium pullulans. With its excellent
film-forming properties, pullulan is a good example for non-toxic edible films obtained from a sustainable
source (Krasniewska et al., 2019). Morsy et al. had previously shown that essential oils and nanoparticles
with antimicrobial properties could be incorporated into edible pullulan films to inhibit the growth of path-
ogenic microorganisms. In field studies, the pullulan incorporated films were able to inhibit pathogens in
meat and poultry for up to 3 weeks when stored at4°C (Morsy et al., 2014). Edible films with antioxidant and
antimicrobial properties were developed by Silva et al. by incorporating lysozyme nanofibers into pullulan
films. The homogeneous transparent films even showed augmented antibacterial efficacy against a lyso-
zyme-resistant Staphylococcus aureus strain, providing promising example of how EPS could help create
environment friendly active packaging materials (Silva et al., 2018).

Nano-Delivery Systems in Agriculture

Conventional agricultural practices may no longer be able to sustain the food demands of a growing
population without damaging the environment. Sustainable agricultural practices need to be adopted
in every sector, as urgently as possible to solve some of the growing problems of toxic pesticides, resis-
tant pests, and increasing soil contaminants (Lowry et al., 2019). Modern agriculture is seeking alterna-
tives for the use of agrochemicals via green nanotechnology with renewable nanomaterials to implement
precision farming that aims at increasing productivity sustainably with minimal resources (Figure 4) (Fra-
ceto et al., 2016; Rai and Ingle, 2012). The two main fields where nanotechnology can contribute to agri-
culture are improving crop yields and increasing resource utilization efficiency, mainly by reducing exces-
sive wastage. The fertilizers used currently have less than 50% use efficiencies, with only 45% of P and
30%-40% of N being absorbed from the applied fertilizers (Su et al., 2019). Nature-derived polymeric
nanoparticles can be utilized in varying applications including nanoherbicides, nanodetectors, and nano-
fertilizers to resolve conventional challenges of agriculture including environmental contaminations and
human health concerns. These engineered nanoproducts help enhance food production and nutritional
value by improving the quality of pesticides, fertilizers, and growth regulators. For instance, nanocarriers
are employed to carry and deliver pesticides in a more controlled and slow release profile to achieve
“precision farming,” which targets only crop productions without affecting the water and soil (Duhan
et al., 2017).

Controlled Release of Agrochemicals—Nanofertilizers

The main aim of encapsulation of fertilizers is to increase the nutrient conversion ratio and reduce wastage
of the minerals. The polymer-coated controlled releasing fertilizers, loaded with N, P, K and other micro
nutrients, as discussed in section Nature-Derived Polymers for Agriculture Application, are still being
used extensively in agriculture. Nanoencapsulation is more prominently applied to pesticide encapsulation
than fertilizers. With regards to nanotechnology in fertilizer applications, inorganic nanoparticles of zinc
(Zn), copper (Cu), Fe, cerium (Ce), and titanium (Ti) are studied extensively both in laboratory and field con-
ditions when compared with encapsulation of these nutrients into nanoparticulate systems (Raliya et al.,
2018). A recent review on the use of engineered nanomaterials in different aspects of agriculture, such
as delivery of nutrients to crops and insecticide and pesticide functions, discusses the whole range of
ENMs, both organic and inorganic, that are being studied currently in this field (Adisa et al., 2019).
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Chitosan is one of the nature-derived polymers that has many implications in agriculture. With its inherent
growth enhancement and antimicrobial properties, chitosan could be exploited in agriculture, either stand
alone or as an encapsulation matrix for nutrients (Kumaraswamy et al., 2018). Owing to the greater disper-
sibility of chitosan nanomaterials, it is preferred to be used in the nano from rather than in the macro form.
Heba et al. have demonstrated the ability of chitosan nanoparticles loaded with nutrients N, P, and K, to
accelerate plant growth, thereby shortening the life cycle of wheat plants they were tested on from 170
to 130 days (Abdel-Aziz et al., 2016). Barley field tests on using chitosan nanoparticles by itself have demon-
strated their ability in improving grain yield through soil application to barley plants under drought stress
(Behboudi et al., 2018).

Hydroxyapatite (HA), the mineral component of bone and teeth, is a naturally occurring mineral form of
calcium apatite and has been applied for the delivery of macronutrients to soil. Kottegoda et al. used HA
crystals modified with urea as a means of increasing the nitrogen utilization ratio of conventional fertil-
izers. The natural cellulose and lignin pores in wood stem were used as a reservoir for nano fertilizers,
and HA urea-loaded wood chips were tested for N release under different soil conditions. This nano fer-
tilizer provided a sustained release of N for more than 60 days compared with the initial burst and fluc-
tuating N amounts releasing from conventional fertilizers (Kottegoda et al., 2011). The group also did a
follow-up field study using the HA-based nanofertilizer on rice fields and showed an increase in yield
compared with the conventional urea fertilizer, using only 50% of fertilizer used in the conventional treat-
ment (Kottegoda et al., 2017).

Controlled Release of Agrochemicals—Nanopesticides

The main advantage of nanoencapsulation of pesticides is that encapsulation greatly reduces the amount
of pesticides used, by solubilizing them and providing a controlled release of these chemicals at the target
site. This in turn checks the development of resistant pest species that arise from overexposure and
contamination of soil and water bodies with excess chemicals.

Nano complexation is an encapsulation technique using cyclodextrins, which are cyclic derivatives of starch
containing a hydrophilic exterior and a hydrophobic interior, forming excellent complexes with molecules
that have low solubility in agueous media. Campos et al. have exploited this property of cyclodextrin to
form inclusion complexes with two plant-derived compounds, carvacrol and linalool, that have insecticidal
and repellent properties. The cyclodextrins were then used to functionalize chitosan before forming chito-
san nanoparticles to facilitate easier application to crops. Given the high volatility of the natural com-
pounds, nano complexation improved the lifetime of the compounds when exposed to the environment
(Campos et al., 2018). Another work from the same group uses zein, a nature-derived protein, to form nano-
encapsulates of plant-derived insecticides, namely, citronella oil (Oliveira et al., 2018), geraniol, eugenol,
and cinnamaldehyde (de Oliveira et al., 2019). The use of such botanical extracts helps to check develop-
ment of resistance in insects to commonly used insecticides as well. Encapsulation was shown to help pre-
vent the degradation of the compounds, lower the ICso, and also provide prolonged release of
compounds.

Biopolymeric nanocarrier made up of natural polymers, chitosan, and pectin was developed by Sandhya
et al. to provide a sustained and controlled release of encapsulated carbendazim with good bio-efficacy
and inhibition against fungi such as Fusarium oxysporus and Aspergillus parasiticus. Moreover, the phyto-
toxicity assessment showed that carbendazim-loaded polymeric nanoformulation provides better germi-
nation and root growth for the seeds of Zea mays, and Cucumis sativa (Sandhya et al., 2017). Encapsulation
in chitosan alginate systems has shown to decrease the toxicity by 50% and improve the efficiency of two
herbicides, imazapic and imazapyr, used to combat weeds in maize and peanut fields (Maruyama et al,,
2016). Similar studies have also been done previously to demonstrate the ability of nanoencapsulation in
chitosan nanoparticles to reduce the toxicity of the herbicide, Paraquat, by four folds, while preserving
its activity (Grillo et al., 2014). Nanocapsules prepared by the polyelectrolyte complexation of chitosan
and alginate were used to retard the fast release of the water-soluble insecticide acetamiprid. The carrier
was able to slow down the release of the chemical, providing a controlled release of the chemical for 36 h
(Kumar et al., 2015).

Chitosan nanoparticles have also been shown to boost the inherent immunity of plants thereby inducing
disease resistance in them. Maize plants treated with Cu-chitosan nanoparticles were able to resist
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Curvularia leaf spot disease by boosting its antioxidant activities and defense enzymes (Choudhary et al.,
2017). Similarly, in another study, chitosan nanoparticles were found to impart antifungal properties to the
finger millet plants tested by inducing reactive oxygen species and activating peroxidases in the plant (Sa-
thiyabama and Manikandan, 2016). The functional properties of such EPS-derived nanoparticles in plant
protection have been demonstrated by Anusuya et al. The group prepared B-d-glucan nanoparticles
that showed antifungal activity against Pythium aphanidermatum, a fungus affecting rhizome plants (Anu-
suya and Sathiyabama, 2014). As a follow-up field study, the group has also shown the ability of the bio-
polymeric nanoparticles in crop protection by application of the nanoparticles as foliar spray, which offered
77% protection to the turmeric plants tested (Anusuya and Sathiyabama, 2015). All these reported studies
indicate the superior advantages of nanoformulations in minimizing the concentrations and amounts of
herbicide or pesticide needed for effective treatments by providing a more targeted and precise delivery
system with reduced adverse environmental effects. The quantitative benefits of the above-mentioned
nano-delivery systems have been summarized in Table 3.

PUBLIC RECEPTIVITY—REVIEWING TOXICITY AND PUBLIC PERCEPTIONS ON
NANOMATERIALS

The functionalities of nanomaterials, their properties, physiological interactions (pharmacokinetics and
pharmacodynamics), toxicity, and interaction with other materials or chemicals under different environ-
ments are important considerations before they are commercialized for use in the market. Although
some products, like the Smartcap by BASF and Amblyline cu by Syngenta for the controlled release of pes-
ticides, and nano-enabled supplements like Nutralease, are already available in the market, it is important
to consider the consequences and impact of these engineered nanomaterials (Grillo et al., 2016). An exten-
sive review by McClements provides insights into the toxicity and fate of different organic and inorganic
nanoparticles (McClements and Xiao, 2017). Cao et al. have studied the interactions of ENMs when in-
gested together with pesticides in foods. It was observed that the ENMs could increase the bioavailability
of the pesticides when consumed together (Cao et al., 2019). Such unanticipated consequences require
robust toxicological studies that better simulate the gastrointestinal environment, to understand how
these nano-foods would be presented to and perceived by the GIT. One important consideration in the
case of nano-fortified foods is that, because of their ability to improve the bioavailability of the nutrients,
toxic effects may also arise owing to the accumulation of these extra amounts of nutrients in the body. A
possible solution would be to redefine the daily requirements of the nanoencapsulated nutrients (Singh,
2016).

Although transport of nanomaterials in the GIT is being discussed widely, the transport of these materials
through the plant system is also an important consideration and there seems to be a lack of knowledge in
the understanding of these transport processes. Investigating these processes could provide better in-
sights into these systems (Raliya et al., 2018). Joginder et al. in their perspectives article on using nanotech-
nology in agriculture have discussed some of the adverse effects observed in plants when nanoparticles of
silver (Ag), aluminum (Al), Ti, Ce, and Zn were used on different plant varieties (Duhan et al., 2017).

Public awareness and acceptance are important for bringing such new technologies to the consumer. Pub-
lic opinion surveys conducted around the world seem to concord that public are wary about nanotech-
nology and nano-enabled foods owing to the possible adverse health effects (Siegrist et al., 2007; George
et al., 2014). Public awareness and acceptance toward nature-derived polymer nanoparticles tend to be
more positive. This is mainly attributed to the natural ingredients or polymers used, which are GRAS-recog-
nized by FDA (Duncan, 2011). Hence, using nature-derived polymers as delivery systems for nutrients, an-
timicrobials, pesticides, and fertilizers could be a favorable step in bringing these products to the market
faster in the agri-food sector.

Nanotechnology stakeholders and companies have been engaging the public actively in promoting public
awareness on the benefits as well as regulations of nanomaterials in both food and agricultural industries.
The transparent bidirectional communications between the stakeholders and public on the risk assessment
and management, as well as policy evaluation, have been carried out constantly to improve the health and
environmental regulations for public acceptance (Kuzma et al., 2008). This has helped to promote public
confidence and acceptance on the applications of nanotechnology in various sectors. According to a
recent commentary published by Neena Mitter and Karen Hussey, there is a stark imbalance between
the number of papers published, patents filed regarding nanotechnologies in food and agriculture, and
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Nature-Derived Delivery System or Active Beneficial Effect
Polymer Used Technology Ingredient
Cellulose Edible films with nanofibers  Ginger oil and Improved shelf-life of ready-to-
citric acid cook chicken by 6 days (Khaledian
etal., 2019)
Alginate Edible films containing LEO Inhibited the growth of
nanoemulsions Escherichia coli to 2 log units and

minimized ethylene production to
nearly zero for 2 weeks on cut
apples (Salvia-Trujillo et al., 2015)

Quinoa protein and Nanoemulsion-loaded edible  Thymol Decreased yeast and fungal

chitosan coatings growths to 2 log units and
reduced weight loss by 20% on
refrigerated strawberries
(Robledo et al., 2017)

Chitosan Nanoparticles CEO Prevented fungal decay of
cucumbers for 21 days
(Mohammadi et al., 2015)

Zein-chitosan Nanoparticles EGCG Prevented oxidation of fatty foods
(Liang et al., 2017)

Chitosan Nanoparticles CEO Increased shelf-life of beef patties
by 6 days (Ghaderi-Ghahfarokhi
etal., 2017)
Chitosan Nanoparticles Nutrients—N, P, Shortened the life cycle of wheat
and K plants from 170 to 130 days

(Abdel-Aziz et al., 2016)

Hydroxyapatite Nanofertilizer Urea Increase in yield with only 50% of
the conventional fertilizer used
(Kottegoda et al., 2017)

Chitosan-alginate Nanoparticles Imazapic and Decreased the toxicity of
Imazapyr pesticides by 50% (Maruyama
et al., 2016)
Chitosan Nanoparticles Paraquat Reduced the toxicity of the
herbicide by 4-fold (Grillo et al.,
2014)
Chitosan-alginate Nanocapsules Acetamiprid Provided a controlled release of

the insecticide for 36 h (Kumar
et al., 2015)

Table 3. Beneficial Effects of Nanoencapsulation in Agri-Food Applications

the number of nano-enabled products being available in this sector. They attribute this difference to the
lack of fit for purpose regulatory frameworks, as the existing frameworks cannot be used in context of
nano-enabled foods (Mitter and Hussey, 2019).

Owing to the big impact of nanotechnology in many consumer products, there are currently efforts world-
wide to address and regulate the safe production and handling of nanomaterials. This is especially impor-
tant, considering the fact that nanomaterials can have very different properties from its larger sizes, whose
impact on human health and environment is still yet to be well understood (Amenta et al., 2015). Current
regulations and tests that are applied to chemicals may not be relevant for nanomaterials (Mitter and Hus-
sey, 2019), and it is only time that framework and legislations be laid out to meet the growing number of
nano-based products in the market. The European Union has taken the lead in this regard especially
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with European Food Safety Authority (EFSA) in charge, by establishing guidelines on the risk assessment of
the application of nanoscience in the food and feed chain. Itis also recommending revaluation of toxicity of
the nanoform of the same materials previously approved (Rauscher et al., 2017). In terms of labeling, the
most important consideration would be to list out specifically the ingredients present in nanoform, mainly
to enable the consumer to make an informed choice of the product.

CONCLUSION AND PERSPECTIVE

The various advantages and applications of nano-delivery systems, outlined above, definitely holds
promise that nanotechnology could potentially revolutionize the agri-food sector, while helping to
solve major problems such as food scarcity, crop yield, and sustainability. An array of nature-derived
polymers that can be engineered into nano-delivery systems for agri-food applications has been pre-
sented. A special mention on EPS materials throws light on these promising but less applied materials
for encapsulation. The encapsulation capabilities of these biopolymers have been reviewed in the
context of various nutraceuticals, plant-derived bioactive molecules, fertilizers, and pesticides that
could be encapsulated into the biopolymeric nanoparticles for applications in food fortification, edible
packaging, and agricultural practices. Although each of these materials has been shown to be useful
in the various aspects of nutraceutical and agrochemical encapsulation and delivery, some materials
are more widely used over others owing to their distinctive favorable properties. Starch and chitosan
are two such examples. Starch, being a major component of food, can be engineered to possess
different properties to suit the application based on its source and processing conditions, whereas chi-
tosan has been the material of choice for agrochemical delivery, as the release can be triggered upon
a stimulus such as change in soil pH. It should also be noted that the cost of the material and its
processing into nano-delivery systems would be an important factor in the choice of the material
and its use in any of the applications discussed above.

The concerns over the safety of the nanomaterials used directly affects the public acceptance of such new
technologies especially in the agri-food sector. The reassurance, in the case of biopolymeric nanomateri-
als, comes from the fact that all of the materials discussed here are polymers that can be easily degraded in
the body or soil, unlike inorganic nanoparticles, which continue to be cycled in the environment and be pre-
sented in different environments whereby the toxicity cannot be predicted. Also, showcasing the number
of possibilities where nature-derived biopolymers can be used to replace inorganic nanoparticles in their
existing roles in both food and agriculture serves as a step toward making nanotechnologies safer and
more acceptable by the public enabling us to reap the full benefits of nanotechnology.

Given the promise of nature-derived polymers for encapsulation in agri-food applications, it is foreseeable
that its usage will undoubtedly increase. In addition, the biodegradable and safe nature of such materials
puts them in good stead for consumption (i.e., food) and environmental (i.e., agriculture) usage. The use of
these materials would therefore be a sustainable approach to agri-food purposes. In a circular economy,
the goal is to minimize waste by reusing and recycling materials. One excellent source of sustainable na-
ture-derived polymers would be from food industry waste, such as bagasse and okara, given their high con-
tents of polysaccharides. The successful use of food waste for bioplastic production (Tsang et al., 2019),
which is now a burgeoning industry, is an example of how food wastes or even by-products of the agri-
food industry could be put to useful applications. For instance, okara, the by-product of the tofu industry,
is of immense interest for such applications, particularly in countries like Japan, Korea, China, and
Singapore, where disposing off the tons of okara waste is a big challenge. There has been a recent break-
through in this field with the making of okara-cellulose based packaging materials (Boh, 2017). Such devel-
opments are only promising that these materials have great potential and could definitely be engineered
into safe nanomaterials for various applications in the agri-food sector.

Another potential source of biopolymers discussed in this review is that of microbial EPS. Microbes are seen
as a sustainable and stable source of producing biopolymers with various advantageous properties. Poly-
hydroxyalkonates, biopolymer secreted from bacteria and used by companies successfully and cost-effec-
tively to replace single-use plastic products such as straws and disposable cups, is a testimony to the many
potentials that these microbe-derived polymers could offer. EPS materials especially from Lactobacillus
bacteria is viewed with special interest because of its food origin and the numerous potential health-
benefitting attributes (Oleksy and Klewicka, 2018). The successful engineering of these materials into
nano-delivery systems would help us reap more benefits of their inherent beneficial properties.
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In terms of production scale-up, all of the nature-derived polymer-based nano-delivery systems discussed
above are still in their very early stages of development and considerable time and effort is required in or-
der to commercialize them. Currently, large-scale production methods are only well established for inor-
ganic nanoparticles and carbon-based nanomaterials. In order to successfully scale up some of the
above-mentioned encapsulation and delivery systems, a great deal of technological and scientific investi-
gation would be required, followed by a pilot plant setup before full-scale production. Quality control is an
important factor to be considered. As the dimension becomes smaller, quality control becomes increas-
ingly difficult. Cost would be another mitigating factor given that the presence of these new components
should not lead to a huge increase in the price of the final product. Addressing some of these issues would
help accelerate bringing these nano-based products to use.

Food fortification is seen as a means to provide better and balanced nutrition to children in developing
countries to counter for any deficiencies in diet, and it is also viewed as a better source of offering care
to the aging global population in order to keep them healthy. Encapsulation technology would comple-
ment food fortification, offering enhanced bioavailability while preserving the bioactivity of the active in-
gredients, by protecting them from any adverse exposure in the surrounding environments. Besides,
encapsulation also helps to significantly lower the amount of active ingredients required, which would
otherwise be lost due to incomplete absorption or degradation and hence be required to be added in
large quantities. Since the materials used for encapsulation in food fortification applications would be
considered a direct food additive, it is only justifiable why nature-derived materials such as polysaccharides
and proteins, mainly obtained from food ingredients, are better candidates for this purpose. Having shown
previously in our research as to how nature-derived polymers could be used as enteric coating materials
over nano-delivery systems, it is another direction that nature-derived polymers could be used increasingly
in the agri-food sector to maximize the nutrient value. In all, the sustainable approach of exploiting nature-
derived polymers in the agro-food industry is expected to rise in the near future.
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