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PREFACE

Agriculture is one of the essential sectors where nanotechnology needs to be
applied as it directly affects the availability of food. Agriculture is becoming
increasingly challenging to feed the growing global population, which is expected to
exceed 10 billion by 2050. Over several cycles of intense farming, the soil quality
deteriorates owing to nutrient depletion, making all agricultural methods completely
dependent on fertilizers to increase the output from the soil. For the control of plant
diseases and to prevent crops from suffering substantial losses, modern agriculture
heavily relies on the use of pesticides, but many of the most crucial tools for disease
control are rapidly losing their effectiveness as a result of the emergence of resistance.
The usage of pesticides can have side effects that could be harmful to human health
and environment. To promote agricultural production, more sustainable techniques
are required to prevent crop loss, plant diseases and deterioration of arable lands. The
industry is actively pursuing conventional polymer film seed coatings employing
fluidized bed, rotary coater or rotating pan techniques. However, these contemporary
coating techniques produce thick, nonporous coatings that may restrict gas and water
exchange and have detrimental impacts on seed germination and seedling growth.
Majority of the coating materials used in conventional approaches is typically
dissolved in water, causing the active ingredients to be quickly and uncontrollably
released. The unsustainable aspect of existing conventional agricultural techniques as
well as future climatic scenarios, demand for alternatives that can maximize
agricultural productivity which may ensure environmental and economic
sustainability.

The goal of this research is to increase food security by creating cutting-edge
agricultural practices using nanotechnology. The introduction of innovative nano-
enabled seed coating platforms for precise and targeted agrichemical delivery is an
emerging research topic in this field. This investigation is an attempt to increase the
effectiveness of nutrient utilization and to reduce fertilizer leaching, which would
reduce agricultural production systems' nonpoint sources of pollution and lower
fertilizer costs. The agrichemicals are encapsulated inside the polymer and applied to
the seed as seed coats. The application of developed nanofiber seed coats in seed

germination and controlled release of fertilizers are analyzed. Ultrathin
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nanofibers fabricated using the electrospinning technique is the polymer morphology
selected for the application. For convenience and better understanding, the entire

work has been presented in this thesis as five chapters.

CHAPTER 1

This chapter is an introduction to nanotechnology in agriculture to solve
current agricultural issues and demands. Literature review reveals the importance of
seeds, different seed treatment methods, types of seed coatings and advantages of
electrospun nanofibers in seed coating. A thorough review of published work on
electrospun nanofibers in seed coating and agriculture is included. The method of
electrospinning and the parameters affecting the fabrication of nanofibers, the
importance of selected components in the present investigation are also explained in
this part. This chapter is concluded by giving the scope and aim of the present

investigation.

CHAPTER 2

The methods and reagents used for the preparation of nanoparticles,
nanofibers, porous film, seed coats and various characterization methods employed in
the investigation are included in this chapter. The various studies of nanofibers in
aqueous solution for the controlled release of agrichemicals are discussed. It also
includes the methods used for germination studies, antifungal and antioxidant studies

of developed nanofibers.

CHAPTER 3

This chapter discusses the application of fabricated poly(e-caprolactone) and
poly(e-caprolactone)/poly(ethyelene oxide) blend nanofibers incorporated with
nanohydroxyapatite, zinc oxide nanoparticles and Trichoderma viride as seed coats.
The nanofibers are applied as seed coats on Zea mays seeds to enable tunable
agrichemical release and to analyze the germination parameters in greenhouse studies.
Porous films of aforementioned materials were also developed for comparison. The
synthesized samples were successfully characterized by X-ray diffraction studies
(XRD), Fourier transform infrared spectroscopy (FTIR), Thermogravimetric analysis
(TGA), Scanning electron microscopy (SEM), EDAX, Transmission -electron
microscopy (TEM), static water contact angle measurement (SWCA) and porosity

measurements. The study of aqueous solution of nanofibers for the controlled release

XX



of agrichemicals includes variation in pH and conductance, swelling studies, stability
studies, imbibition studies and metal release study using ICP-OES. Germination
studies are explained by germination parameters, fresh seedling biomass of coated and
uncoated seeds and statistical analysis. A discussion on the antagonistic activity of
immobilized T.viride spores in nanofibers against Aspergillus pathogenic fungi is
included at the end. A summary of the investigation and bibliography is given at the

end of each chapter.

CHAPTER 4

This chapter describes the application of nanofiber immobilized a-amylase
for seed germination. PCL nanofibers with immobilized alpha-amylase in presence of
essential micronutrient, magnesium oxide nanoparticles and plant growth regulator,
gibberellic acid are applied as seed coats. The two methods of immobilization of
a-amylase is employed in this section. The synthesized MgO NPs, inorganic support
MCM-41 and nanofibers were successfully characterized by different analytical
techniques as mentioned above. Further studies for the controlled release of
agrichemicals and germination studies are done as discussed in the previous section.
Efficiency of immobilized enzyme was studied from the optimization of pH,
temperature and incubation time. The stability of immobilized enzyme was analyzed

from reusability and storage studies.

CHAPTER 5

This chapter mainly focused on the incorporation of biopolymers and
biofertilizers from biomass for controlled release of fertilizers. This chapter discusses
the application of fabricated PEO/Cellulose nanofibers incorporated with
nanohydroxyapatite, carbon dots as seed coats. The nanofibers are applied as seed
coats on Zea mays seeds to enable tunable agrichemical release and to analyze the
germination parameters in greenhouse studies. Characterization of cellulose
extracted from water hyacinth, carbon dots synthesized from water hyacinth and
fabricated nanofibers were done using FT-IR, XRD, TGA, SEM, EDAX, TEM, UV-
Visible spectroscopy and Photoluminescence spectroscopy (PL), static water contact
angle measure and porosity measurements. As mentioned in the previous section,

further investigation is being done on controlled release of agrichemicals and
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germination studies. A discussion on the antioxidant properties of nanofibers using

DPPH assay is included.
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Chapter 1

Introduction

1.1 Current Agricultural Issues and Demands

"Zero Hunger" is one of the sustainable development goals set by the United
Nations which demands sustainability in agriculture. Agriculture is becoming
increasingly challenging to feed the growing global population, which is expected to
exceed 10 billion by 2050'2. The "green revolution" of 1970’s used considerable
irrigation and the application of agrochemicals to improve agricultural productivity?.
As agricultural production reached a plateau now, such a boom in agriculture is the
need of the time. Growing biotic and abiotic stressors such as climate change, newly
developing plant pest species, lack of clean water and lack of arable land affect crop
productivity and quality. Without the use of agrochemicals like pesticides, fertilizers
etc., sustainable production and efficiency in modern agriculture is impossible. In
order to meet the ever-increasing demand for crop production, synthetic pesticides
have been used excessively. This increased resistance in pests, resulting in significant
ecotoxicity, which has an impact on all forms of life on earth both directly and
indirectly. Chemical fertilizers are delivered inefficiently in agri-food systems,
threatening the quality, safety and security of the food supply resulting in significant
environmental risks such as wastage of energy, water and eutrophication of aquatic
habitats. Particularly, it has been reported that 50-80% of fertilizer and insecticides
used are lost as a result of photodegradation, wind, hydrolysis, evaporation,
environmental runoff to water bodies, draining into the soil and microbiological
activity. Hence only a small portion is biologically available for the target organisms

as depicted in Fig.I.1.

Food and Agriculture Organization of the United Nations (FAO) reports show
that plant diseases contribute nearly $220 billion to annual global economic loss while
plant pests reduce crop productivity to 20-40%*. The Global pesticide consumption
from 1990 to 2020 by top ten pesticide-consuming countries® is shown in Fig.I.2a.

(FAO data replotted)
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America stands as the largest consumer, Asia being the second (Fig.Ib). Since the

need for pesticides is not expected to decline any time soon, the growing health
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dangers and environmental issues associated with their excessive use should be

addressed.

Considering these constraints, in order to improve global food security and to
support the sustainable development goals, present agricultural sector must strive to
adopt technological advancements that offer healthy cost effective solutions for
production of crops and environmental sustainability®. Efforts to create alternative
strategies for the minimal and targeted use of pesticides have been made in response
to growing environmental issues and health dangers caused by excessive pesticide
usage’. The best strategies for fertilizer management aim to balance nutrient delivery
with crop requirements to maximise output and reduce nutrient losses to the
environment. Controlled and tailored pesticide release can help to increase
bioavailability for prolonged crop protection, preventing the emergence of pest
resistance, reducing pesticide residues in food and fields, reducing airborne
pesticides and pollution. The four dimensions of nutrient management- source, rate,
time and place - form the corner stone to utilise plant nutrients in an effective and

efficient manner.

Nanotechnology can provide unique solutions to tackle the restrictions and
challenges faced by today’s agricultural systems and seed management. Significant
innovations and advancements in this area have been recorded, particularly in water
retention gels, nutrient sensors, soil binders, soil management, nutrient absorption
enhancers, nanofertilizers, insecticide and pesticide delivery methods. Despite the fact
that agricultural nanotechnology has a lot of potential, it is still in its infancy and the

commercialization of the research is not yet complete.
1.2 Nanotechnology in Agriculture

Nanotechnology refers to the use of nanomaterials, whose measurements are
on a nanometric scale. The International Organization for Standardisation (ISO)
defines a nanomaterial as one that must have any of its dimensions on a nanometric
scale, either in its internal or surface structure, despite the lack of a formal definition®.
According to the international measurement system, a nanometer equals 10” meters,

hence the term "nanoscale" refers to measures between 1 and 100 nm. At this scale,
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matter attains unique physical and magnetic properties that make novel applications
possible. The evolution of the engineered smart technology using nanotools in the
high-tech agricultural system could bring about a revolution in farming methods and
thereby minimize or even eradicate the environmental impact of modern agriculture in
addition to increase the quality and quantity of crops’. The use of nanotechnology in
agriculture aids in enhancing soil fertility, maintaining balanced nutrition, controlling
weeds effectively, enhancing seed emergence and using biosensors to identify
nutrients and pollutants'®, Applications of nanotubes, fullerenes, biosensors,
controlled delivery systems, nanofiltration etc. have been employed in the agri-food
sectors!'!"1®, This method has been shown to be effective in managing agricultural field
resources, delivering drugs to plants and preserving the fertility of the soil.
Consideration of the nano-nano interaction to eliminate the toxic component of

agricultural soil and make it sustainable is an interesting phenomenon'*,

Nanosensors are widely utilised in agriculture due to their efficiency and
reliability in environmental monitoring of contamination in soils and water'!. The
sensitivity and performance of biosensors could be greatly increased in their
applications due to the unique features of nanomaterials'®. In addition, numerous new
signal transduction technologies are now able to be implemented in biosensors'®.
Furthermore, the utilisation of nanomaterials allowed the miniaturisation of several
sensors into small, lightweight and intelligent devices including nanosensors and
other nanosystems that are crucial for biochemical analysis'’. However, due to their
extremely high surface-to-volume ratio, nanoparticles (NPs) show excellent properties
that make them more appealing for use in agricultural product analysis compared to
conventional methods'®. Nanofertilizers have been widely accessible on the market
for the past ten years. Nanofertilizers may include nanoscale amounts of titanium
dioxide, silica, iron and other materials. By replacing traditional fertilizers with
nanofertilizers eutrophication and water pollution caused by the build-up of nutrients

in soils may be prevented'®2!,

The idea of applying nano-agroparticles is a potential method, which may help
to stimulate uptake of applied fertilizers in the soil. The root is the final pathway for
nutrient absorption. As a result, the prolonged release of fertilizers and other nutrients

to the roots and leaves in accordance with plant requirement is made possible by the

4
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co-application of agro-nanoparticles??. Application of ZnO, Ag and Co NPs etc. have
been used to increase plant growth and control of plant diseases*»**. Application of
nanoparticles are done to improve growth parameters, germination rate, chlorophyll
concentrations, microbial growth, nutrient uptake, chemical release, cell elongation
and crop productivity. The size range of less than 100 nm is a transitional size
between the size of individual atoms and related bulk materials, resulting in biological
effects on living plant cells?*. These outcomes have been investigated and understood
in a variety of seeds. Vigna radiata and Cicer arietinum seedlings grew more quickly
in the presence of nano zinc oxide (ZnO)?*®. According to reports, exposing seeds to
silver nanoparticles enhances germination and crop output in plants like maize and
watermelon. When compared to untreated plants, it was discovered that Ag NPs

treated plants demonstrated improved development?’

. Although the germination and
growth of plants are positively impacted by nanoparticles, there is an underground
concern that the features of nanomaterials and their use could be harmful to human
health and the environment. Therefore, it is important to employ these nanomaterials

properly to meet society's requirements in a sustainable manner.

Studies of numerous metal oxides, including Al203, TiO2, CeO2, FeO and ZnO
NPs, were conducted to determine their absorption, biological destiny and toxicity.
Due to the alkaline character of the soils, a zinc deficit has been identified as one of
the major issues restricting agricultural productivity?®. Since nutrient transport in soil-
plant systems depends on ion exchange, adsorption-desorption, aggregation-
dispersion and solubility-dissolution, nutrient management using nanotechnology
must take into account two key factors. Ions must be present in the soil system in
plant-available forms. Nanomaterials need to enable procedures that would make sure
that nutrients are available to plants at the rate and in the form they require. Aqueous
suspension and hydrogel forms of nanofabricated materials containing plant nutrients
can be used for risk-free application, simple storage and a practical delivery
mechanism. Based on an understanding of the nanodynamics of interacting
nanostructures, it may be possible to synthesize nanoparticles for use in farming by
combining the top-down and bottom-up methodologies. The methods of
nanosynthesis have given a long way to what Zubarev has termed "any way you want

9

it." This should also be the cornerstone of nanofabrication’’. For the reasons
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mentioned above, nanofabrication for agricultural purposes may necessitate a
different path than that of manufacturing industrial nanomaterials. Fig.I.3 shows the

application of nanotechnology in different agricultural sectors.

The virtually uncontrollable fate and behaviour of nanoparticles is another
interesting aspect of the farm production system. When sprayed to soils, plants or
during irrigation, nanomaterials would never stay at source application, but would
instead disperse throughout the land. They cannot be disposed of in the same way as
the majority of consumer goods. The diffusion issues can be reduced by encapsulation
of active ingredients (Als) in matrices. Since it is generally known that insect pests
predominate in agricultural fields, NPs may play a critical role in the management of
insect pests and host infections®®>. A new pesticide formulation with
nanoencapsulation offers improved solubility, specificity, permeability and stability
with gradual release characteristics®!. These advantages are primarily attained by
either preventing the encapsulated active components from premature deterioration or
lengthening the duration of their pest control efficiency. Pesticide dose and human
exposure have decreased as a result of the development of nanoencapsulated
pesticides, which is environmentally friendly for crop protection®?. Therefore,
development of non-toxic and promising pesticide delivery technologies to boost
global food production while minimising adverse environmental effects on

ecosystems is necessary>>.
1.3 Importance of Seeds and Seed Treatments

Food security is a major issue in India and in many other emerging nations
since agricultural productivity is substantially lower than population growth**. Food
security is based on seed security because majority of the food crops are grown from
seed®. Seed is the most vital and crucial input for crop production and the key to
agriculture progress. The significance of seeds in the agricultural sector is
crucial in developing nations like India, where the agricultural sector strongly
affects both the population and economy>®. Fig.I.4a shows market share by crop
type, maize, soybeans and vegetables being the three most important crops (Data
replotted from report published by IHS markit). Maize contributes about 42% of the

market. The world seed market’s estimated value is shown in Fig.I.4b?’. The seed



Chapter 1

used for sowing affects the crop's health in a significant way. The response of
other agricultural production inputs is controlled by the seed used. Inadequate
nutrient delivery during the germination phases, seed-borne infections and other
factors can have disastrous effects if they are not promptly controlled. Due to
ageing, dangerous chemicals including volatile aldehydes are released during seed
storage. Therefore, judgments regarding seed storage can be made by identifying
these gases and removing the damaged seeds. In modern agriculture, the focus is on
producing more with less land, water and labour. It is advisable to prioritize crop
management improvements on safeguarding and storing seeds. The traditional
and chemical seed management techniques have already lost their acceptability
because of its limitations such as cost, selectivity, effect on target organisms,
development of pest resistance, resurgence of pests, pollution of food and feed, health

hazards, toxicity towards plants and animals etc®.
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Fig.1.3 Application of nanotechnology in different agricultural field

It was discovered that cowpea seeds primed with fertilizers and microdosed or applied
fertilizer in the seed hole, resulted in a 26% improvement in stand establishment®°.
Ageing of seeds is an expected and irreversible process that can be attributed to both

biotic and abiotic influences. This issue needs to be resolved in order to achieve good
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germination. This can be done by regulating the storage conditions or via seed

coating.
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Fig. 1.4 a) Market share by crop type.
b) The statistics on the global seed market

To increase seed germination and seedling growth, the post-harvest treatment
of the seed may involve hydrating it before planting or seed priming, coating and

conditioning***!. Seed enhancements are the combined name for these procedures.

1.4 Seed Treatment Methods

Seed treatment can range from a simple dressing to coating and pelleting*?. Seed
treatment refers to the exposure of the seeds to specific physical, chemical, or
biological agents. These are not employed to make the seeds, pest or disease free but
treated to provide the possibility of pest and disease control**. With the use of highly
successful technologies, seed treatments offer a cost-efficient agricultural input.
Different methods have occasionally been offered for use and more sophisticated
methods are needed to control plant diseases while having the least negative impact
on seed health. Seed treatment provides several benefits compared to other pest
control or crop enhancement techniques**. This helps to preserve the seed from pre-
and post-soil planting. More effective chemical alternatives are available in seed
treatments. A significantly smaller initial inoculum is required. Seed treatments can

limit the exposure to non-target organisms, eliminate drift issues and reduce the
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amount of land exposed to active chemicals while maintaining maximum efficacy.
Also helps to reduce the rate of application per hectare to achieve excellent control of
foliar, soil-borne and seed-borne diseases while lowering the cost of disease control
per hectare. Seed vigour, which is essential for a successful field's emergence,
establishment and breaking seed dormancy can be boosted by seed treatments. This
ensures a uniform stand across a wide variety of soil types, cultural methods and

environmental circumstances.
1.5 Seed Coating and Types

The act of applying materials to the surface of seeds in order to create a
continuous layer on the surface is known as seed coating®. Seed coating alters the
physical properties of seeds to produce uniform seed sizes, which makes handling
seeds and precise sowing easier. Aside from acting as a channel for agricultural active
ingredients (Als), seed coatings can also promote seed germination, growth, and pest
protection before and after germination*®*’. The precise application of the Al on the
seed through coatings reduces off target exposure and minimises the need to apply the
Al throughout the entire field. Thus the limitation associated with aerial spraying can
be overcome and make the Al treatment process more ecologically friendly and

sustainable*®.

Seed coating entails creating a film coating with polymers and other materials
such that it also serves as a delivery mechanism. Coating the seeds with polymers is
one method for preserving seed quality. Surface film*, colouring®®, pelleting®' and
nano range polymer coating are among the suitable techniques that are currently
available®. A polymer coating can regulate both moisture and temperature variations

that cause poor stand establishment.

Depending on the size and weight of the coat, three types of seed coatings

usually employed are coating with polymer films, seed encrusting and pellatization’>.

147 1.54

Fig.I.5a-d (partially adapted from the studies by Pedrini ef a./*’ and by Farias ef a
(Copyright American Chemical Society, 2019 and Elsevier, 2017) displays a
schematic diagram of various recent seed coating approaches. The movement

direction of the movable parts is indicated by green arrows. To increase the pellet
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size, rotating drums use a moderate rotating motion and progressive material addition.
Liquids are administered with a spray nozzle, fillers are added manually or through a

hopper to the seeds already in the pan.

a) Rotating drum b) Rotary coating c) Fluidizedbed d) Electrospinning

Binder Binder Fillers Polymer solution +Al

Q4
e | ® |

pelleting m film coating nanofiber coating

Binder|

Grounded electrode

Fig.I.5 Schematic of several seed coating methods

Pelleting and film coating are also possible with rotary coating. Fluidized beds
are utilised to coat the seeds with a film that holds the seeds air buoyant in the
cylinder while they are exposed to subfloor air flow. In each of these methods, the
seeds are coated with the Als, either singly or in combination with filler or binder. A
polymer solution containing the Al is electrospun directly onto the seeds while being

driven by an electric field.

1.5.1 Seed Pelleting

Seed pelleting is the most comprehensive seed treatment technology, which
alters a seed's physical form to improve pelletability and handling. To produce an
overall globular form, seeds are covered with an exterior substance. Seed pellets were
first prepared to obtain uniform seed dimensions for precise sowing but they can also
be used to protect seeds and improve germination. The seeds are first stamped with an
adhesive during the pelleting process and then the pelleting material is sprayed on top
of the seeds to adhere it. The coated seeds are then rolled to create an even layering on

the seeds' top. Common fillers used in seed pellets include ingredients like peat, sand

10
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and chalk®. Fillers like peat, serve as transporters for beneficial bacteria in seed
pellets because of their high porosity and water holding capacity. Pelleting offers the
chance to increase material loading surrounding the seeds and allows for variable
spatial orientation of the active component within the pellet. Seed pelleting can carry
any chemical in a reasonable amount with no phytotoxic effect on seeds. Pelleting is
one of the most expensive applications which call for specific equipment and

application methods>®.
1.5.2 Encrusting

During seed encrusting or intermediate pelleting, exterior material is
accumulated on the seed surface without appreciably altering the original seed
morphology. The seed weight may increase by 30—-180% after encrusting. Encrusting
is used to achieve consistent seed dimensions and to load the seeds with the

appropriate Al, much like pelleting.
1.5.3 Film Coating

Film coating involves coating the seed with a thin layer (less than 10% of seed
weight), whereas encrusting and pelleting produce coatings that are significantly
thicker (~ 100- 500% and >500% of seed weight, respectively). It is hard to identify
the initial seed shape because of the heavy coating during pelleting. A mixture of
binders, fillers and Als is used as seed coating mixture. The binders are polymeric
solutions that adhere to the seed and carry active ingredients. To improve seed shape
and size, fillers- mostly inert powdered materials like talc, sand or clays are often
added. The Als must be compatible with both binders and fillers. According to a
recent investigation, covering the seeds improves the plant's ability to withstand stress
during seed germination and seedling development®’.

Over the past 20 years, biodegradable polymers have been employed in seed
coating in an effort to replace fossil fuel-based polymers. This is due to their
biodegradable properties, accessibility and relatively inexpensive price of the
precursor materials. Biopolymers such as gums, gelatin®®, chitosan®®, starch®,
cellulose and its derivatives®' and alginates ¢ are utilised either independently or in

conjunction with other materials as seed coatings for better and targeted Al delivery,

11
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improved growth and protection of plants. Majority of biopolymers require
application of additional materials, namely surfactants and film formers. The
hydrophilic property of the seed coat is one of the primary shortcomings of
biopolymers, particularly polysaccharide-based seed coats®>. In order to preserve the
integrity of seed coats for extended periods of time, more recent research has
concentrated on the development of hybrid coatings that exhibit lower water
solubility. However these methods have some limitations including time

requirements, combinations of limited material ranges, cost and manufacturing rates.

Even though now a days polymer films with strong adhesion to seeds are
available abrasion which causes the loss of material in film coated seeds, still remains
as a challenge®. The field of biobased plastics has undergone significant progress
over the past ten years. These materials are made of organic carbon-based polymers
generated from biobased materials (plant biomass, algae and fungi)®>*°. Bioplastics
are utilised in many industries, including construction, transportation and
agriculture®”. Although mulching is the primary application for bioplastics in
agriculture, they are also thought to be a viable choice for covering seeds®®. The
application of film coating of maize and canola seeds by bioplastic incorporated with
starch was assessed. The biodegradable nature of the coat contributes to faster
disintegration of bioplastic components, which speeds up the release of Als. All
bioplastics are not fully biodegradable, even though primarily made from biobased
precursors (corn, sugarcane and waste fats/oils), which ultimately lead to the inclusion
of undesired elements in the soil. Recent years have seen a rise in interest in creating
bioplastics from lignocellulosics developed from biomass and agricultural products to
solve this issue®. The main obstacles to the widespread use of bioplastic-based seed
coatings, however, are the time-consuming processing steps (such as pre-treatment,
liquid detoxification, fermentation, conversion, separation and purification) as well as
the use of high-cost solvents (ionic liquids) or microemulsions for fractionation.
Primary challenges to the strategy include a reduction in water permeability and a

reduction in gas exchange due to the film-based nature of the coatings®’.

Recent agricultural research has seen the development of novel seed coatings
by employing nanotechnology principles in seed treatment processes to promote crop

yields. This can be accomplished by increasing the agrochemical's efficacy by
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targeted distribution and gradual release. Along with increasing productivity, it
benefits the economy and the environment. Such very inventive nanoagrochemicals
reduce the need for fossil fuel-based chemicals. For this purpose, research on
"sustainable nano-enabled seed treatments™ has recently attracted substantial attention
in order to minimize the inefficiencies of pesticides and fertilizers to provide novel

crop protection solutions’®"3,

A high surface area would assist effective coating because the polymer surface
area is crucial in determining the even distribution of polymer on the surface of the
seed. Therefore, porous polymer membranes such as nano-fibers using
electrospinning and porous polymer films using dipcoating has been used to improve
agricultural production through development of efficient seed coats. Such coatings aid

in the efficient and even application of chemicals and fertilizers’*.
1.6 Techniques for the Preparation of Porous Polymer Membranes

1.6.1 Electrospinning

Electrospinning is a simple, promising, low-cost and a top-down micro and
nanoscale technique to produce continuous nanoscale fibers from various polymer
materials with the aid of a high-voltage electric field””. The "top-down"
manufacturing approach of fiber production was more efficient and less expensive
than the difficult "bottom-up" techniques. By using this technique, fibers between 100
nm and Ipm are fabricated’®. Electrospinning offers the most potential
properties because of its reproducibility, control of fiber morphology, fineness and
resemblance to the extracellular matrix etc. The rapidly expanding field of
electrospinning includes the creation of membranes more water-repellent than lotus
leaves, scaffolds that mimic tissue to enable tissue growth and threads finer than
spider webs. This method can be applied to synthetic and natural polymers as well as
polymers loaded with nanoparticles, drugs, vitamins, antioxidants, ionic liquids,
metals and other substances. The procedure has been planned so that the polymeric
substance will not suffer any chemical reactions, temperature fluctuations or

decomposition, making it appropriate for producing nanofibers.
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Both organic and inorganic materials can be employed to create the nanofibers
as there was no heating involved in the process, chemical and physical properties are
not affected much. This method can be used to incorporate changes in the polymer
such as chemical modifications, incorporation of materials from the macro range such
as complex enzymes, polymer, bacteria and materials from the nano range such as
carbon nanotubes and metal nanoparticles. By altering the electrospinning conditions,
the macroscopic characteristics of the fiber system, such as chemical, physical,
biological etc., that are observed in the nonwoven mats, can be improved at the
molecular level. The process appears to be a straightforward application of
electrostatic forces, but it is actually controlled by a complex interplay of physical,
chemical, technological and molecular characteristics. The next section gives a
description of these variables (section 1.6.1.2). Regarding the quantity of polymer
utilised, the electrospinning method also provides an advantage. Using the
electrospinning approach, nanofibers can be created using extremely small amounts

(50 mg) as contrast to conventional techniques, which need huge amounts of polymer.

The first continuous nanofibers made from electrospun polymers were created
and patented by Anton Formhals in 193477, Taylor investigated the cone shape of
electrically generated jets at the needle tip in great detail and gave it the name "Taylor

Cone" in 196078,
1.6.1.1 Fundamental Principle of Electrospinning

A glass syringe with the polymer solution, a metallic needle, a power supply, and
a metallic collector make up the basic electrospinning setup (with a variable
morphology). The electrospinning procedure is carried out in an air environment at
ambient temperature. Fig.1.6 depicts the electrospinning setup employed in this study.
Using this method, polymers are dissolved in a solvent to create a solution that is then
drawn into a syringe by applying an electric field to the polymer solution, which is
being held at its own surface tension at the tip of the needle. A charge is induced on
the surface of a polymer liquid droplet when a suitably high voltage is applied to it.
The liquid's surface tension is reduced by electrostatic repulsion, which also causes

the liquid droplet to elongate and take on the Taylor cone shape. A stream of charged
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liquid erupts from the tip of the Taylor cone when the electric field's strength reaches

a critical level.

Fig. 1.6 Electrospinning set up

(a)
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Polymer solution
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Fig. 1.7 Schematic representation of electrospinning apparatus

The discharged polymer solution jet is subsequently stretched out by a whipping
process brought on by electrostatic repulsion that begins at tiny bends in the fiber, as
shown in Fig. 1.779%, As the jet moves through the air, the solvent evaporates and a

thin, long, uniform nanofiber with a diameter of a few nanometers is formed as a

a) horizontal set up b) vertical setup

result of bending instability and elongation®!.
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1.6.1.2 Electrospinning Parameters

The electrospinning variables determine the characteristics of nanofibers.
Despite having drawbacks including flammability, toxicity and corrosiveness,
electrospinning from organic solvents offers the convenience of a wide range of
solvent properties. Melt electrospinning has advantages in terms of productivity and

the environment, but it has the drawback of having larger fiber diameter.

Different types of fibers can be produced depending on the polymer selected
and the electrospinning settings used. Fig.l.8 displays the various types of fibers
developed. The formation of beads during spinning is possible (Fig.1.8a), these beads
may have deformities because they decrease the surface area, mechanical strength and
uniformity of the fiber's dimensions. These are flaws that must be fixed through
spinning parameter optimization. These beaded fibers can exhibit particular
characteristics, making them suitable in some applications. Ribbon-like fibers, which
reduce surface area, can occasionally occur as in Fig.I.8b. It is also known that the
production of twisted fibers Fig.I.8c. necessitates optimising the voltage parameter.
Electrospraying would result from a low polymer concentration or low polymer

molecular weight (Fig.1.8d).

The effectiveness of an electrospinning process depends on interrelated
variables, thus it is essential to strike a delicate balance between the processing
parameters, solution parameters and ambient characteristics. In order to understand
how the electrospinning process might be optimised, these factors have been
examined. The results of the electrospinning procedure are determined by these
parameters. The following is a summary of how various parameters affect

electrospinning.
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Fig. 1.8 a) Beaded nanofibers b) Ribbon like nanofibers
¢) Twisted nanofibers d) Spray type nanofibers

1. Choice of Polymer

Based on the qualities and intended uses of the fiber, the polymer material
should first be optimised for electrospinning. Typically, nanofibers with important
qualities can be easily formed from polymers with high molecular weight. Chitosan,
cellulose, gelatine, collagen, silk fibroin/chitin and agarose/PVA are examples of
biopolymers and blends of biopolymers with synthetic polymers that have been

electrospun.

Electrospinning has been used to turn variety of polymers into nanofibers,
including water-soluble polymers like poly(ethylene oxide) (PEO), polyvinyl alcohol
(PVA) and polyvinyl pyrrolidone (PVP) as well as organosoluble polymers like
polyimides (PI), Polyvinyl chloride (PVC), Poly(methylmethacrylate) (PMMA),
Poly(vinylidenefluoride) (PVF) and poly(benzimidazole) (PVB). Electrospinning has
been used to transform bioerodible polymers (polyanhydrides, polyphosphazenes, and

aliphatic polyesters) into nanofibers®!.
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2. Solution Parameters

> Concentration

The viscosity and surface tension of the utilised polymer solution determine
the polymer concentration. Surface tension takes over at very low concentrations and
viscosities of the polymer, causing droplets to form rather than fibers. The result will
be a mixture of beads and fibers if the concentration is a bit high. The shape of the
beads shifts from spherical to spindle-like as the concentration rises and eventually
uniform fibers with larger diameters are produced. This is due to the fact that an
increase in the concentration of the polymeric solution causes a rise in chain
entanglement between the polymer chains, which reduces surface tension and
produces homogeneous beadless nanofibers. Because it is very challenging to force
the polymer solution through the syringe needle at very high concentrations,
continuous fiber production is prohibited. Consequently, it is necessary to maintain an

ideal solution concentration to produce smooth and uniform fibers®?.

> Surface tension

In the electrospinning process, surface tension is the main force that opposes
the applied voltage. A jet of charged polymer solution is ejected from the needle's tip.
When the surface tension caused by the applied voltage is overcome, the bead less
nanofibers are formed. Surface tension is a solvent-related characteristic and different
solvents may contribute to the surface tension in different ways. The ratio of the

utilised solvent mixture affects the surface tension®>.

> Viscosity

Molecular weight, polymer concentration and viscosity are all connected.
While a highly viscous polymer solution hinders the ejection of the polymer jet from
the needle tip, a low viscosity polymer solution produces droplets of polymer
(electrospray). Optimizing the polymer solution's viscosity will produce fibers that are
uniformly smooth and bead-free3*. The differences in fiber shape are caused by

variations in viscosity.
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> Conductivity

The quantity of electric charges that can be discovered on the surface of the
electrospun polymer solution is implied by conductivity. It has been shown that the
polymer solution's jet radius is inversely proportional to the cube root of electrical
conductivity®. If the solution's conductivity is extremely poor, there won't be any
charge on the droplet's surface, making the electrospinning process impossible. The
fiber diameter decreases when the conductivity of the solution is raised to a critical

level.

> Molecular weight

One of the solution parameters that has the biggest impact on the shape of
the electrospun nanofibers is molecular weight. Chain entanglement in polymer
solutions during the creation of nanofibers is influenced by the polymer's molecular
weight®®. Changes in the polymer's molecular weight while maintaining a constant
concentration have a significant impact on its fiber structure. An increase in the
solution's molecular weight results in the development of micro-ribbon structure.
Instead of fibers, a lower molecular weight solution typically forms beads or drops.
Additionally, smooth fibers would result from a molecular weight solution that was

optimal.

> Selection of solvent

The production of smooth and beadless nanofibers is significantly influenced
by the solvent choice. For efficient electrospinning, the solvent must have the
following properties: (i) the polymers must be entirely soluble in the chosen solvent
(i1) the solvent must have a moderate boiling point and volatility and (iii) the solvent
must have a good dielectric constant. While electrospinning creates nanofibers from a
solvent with optimum volatility, a solvent with excessive volatility will stop
electrospinning by drying the jet at the needle tip. Beaded nanofibers may occur as a
result of the deposition of nanofibers with solvent on the collector®®. High dielectric
constant solvents are helpful for successful polymer spinning. The electrostatic field
strength increases along with the solvent's dielectric constant, creating the steady

polymer jet needed for efficient electrospinning®’.
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3. Processing Parameters

> Voltage

Since the threshold voltage must be exceeded for the charged jet to be
ejected from the Taylor cone, the applied voltage across the needle and the collector is
a crucial component in electrospinning. Electrospinning begins when the threshold
voltage is reached. An increase in voltage leads the polymer solution to stretch and
produce smooth nanofibers with a small diameter by increasing the electrostatic
repulsion force on the jet. Beads or beaded nanofibers form when the applied voltage
is raised above the critical level. This occurs as a result of the increase in jet velocity

as the applied voltage is increased while maintaining the same flow rate®¢.

> Distance between the collector and the needle tip

The morphology of the electrospun nanofibers is influenced by the distance
between the collector and the needle tip. In order for the fibers to have enough time to
dry completely before reaching the collector, a crucial distance must be maintained.
The formation of beaded and large-diameter nanofibers depends on the distance. As

the distance increases, the fiber diameter decreases®®.

> Flow rate

The jet velocity and the rate of material transfer are influenced by the flow
rate of polymer solution from the syringe. In order to allow sufficient solvent
evaporation and the production of smooth fibers, a minimal flow rate was preferred. If
the flow rate is raised over the ideal level, beaded fibers, ribbon-like fibers, droplets
etc. will form. These flaws were mostly related to the solvent's slow rate of
evaporation and the solution's minimal stretching during its passage between the

needle and the collection®.

> Collectors

Nanofibers are collected using collectors as a conducting substrate. The
productivity, alignment and ultimate structure of the nanofibers are influenced by the
various types of collectors that are utilised. Frequently, aluminium foil is utilised as
the collector. Additional materials include wire mesh, rotating rods, conductive paper

or cloth and parallel or gridded bars.
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4. Ambient Parameters
> Moisture content and temperature

The diameter and shape of nanofibers are altered by humidity. The rate of
solvent evaporation reduces as humidity rises. Porous or beaded nanofibers develop
from an increase in humidity. Low humidity causes nanofibers with a small diameter
to develop and dries the solvent. Temperature affects the viscosity of the solution, the
rate of solvent evaporation, and the diameter of the fiber. A higher temperature
accelerates the solvent's evaporation rate and reduces the solution's viscosity,
producing nanofibers with a smaller diameter®®. Even though the electrospinning
process appears simple, parameter optimization makes it more complex. By managing
these parameters, it is possible to generate nanofibers with the necessary diameters

and morphologies for targeted applications.
1.6.1.3 Applications of Electrospinning

Several applications of electrospinning technology are depicted in Fig 1.9.

Enzyme
Immobilization

Agriculture

Drug Delivery ", e Protective
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Fig. 1.9 Applications of electrospun nanofibers
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1.6.2 Phase Inversion

The most flexible way for creating porous polymer membranes is phase
inversion. In this procedure, a homogenous polymer solution is changed from a
liquid to a solid state. Immersion precipitation, thermally induced phase
separation, evaporation-driven phase separation, and vapour-induced phase
separation are the four primary fundamental methods for creating phase inversion
membranes®. Immersion precipitation is one of these methods that are frequently
used to create porous membranes with various morphologies. The Loeb-

Sourirajan technique is another name for this technique®.
1.6.2.1 Immersion Precipitation

This method involves dissolving the polymer in a suitable solvent, casting the
homogeneous polymer solution onto a glass sheet and then soaking the glass sheet
in a non-solvent solution. Exchange of solvents and non-solvents causes

precipitation, phase separation and mass transfer determine membrane shape.
1.6.2.2 Thermally Induced Phase Separation

This process makes use of a polymer that can be dissolved in a particular
solvent only above a certain temperature and then cast on a glass sheet to form a
film. The homogeneous solution is then cooled down below the dissolving
temperature which leads to a phase separation. A polymer rich phase and a
solvent rich phase is observed and finally the polymer rich phase solidifies to

form a membrane.

1.6.2.3 Vapour Induced Phase Separation

In this method of separation, the chosen polymer is dissolved in a specific
solvent and formed into a film. Then, this film was introduced to a vapour
environment that included non-solvent. A porous membrane forms without a top

layer as the non-solvent penetrates the cast film.

1.6.2.4 Evaporation Induced Phase Separation
A relatively easy method for creating polymer films with controlled porosity

and both symmetric (pores spread evenly throughout the film) and asymmetric
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(non-porous top layer supported by porous layer) morphologies is the evaporation
induced phase separation (EIP) process. This method involves dissolving a
polymer in a combination of solvent and non-solvent, with the solvent being more
volatile than the non-solvent. The polymer solution splits into two phases when
the solvent evaporates, the non-solvent richer droplets increase®. By evaporating
the solvent, the polymer rich phase solidifies to form a solid membrane, while the
polymer lean phase, which is rich in non-solvent, permeates the solid membrane
and creates pores in it*®. Fig. 1.10 depicts a schematic design of an evaporation-

induced phase separation method.

U@E@%@

Polymer solution

Polymer solutionwithsolvent ~ Casting the polymer
Inonsolventphaseseparation ~ solution

Porous polymer film

Fig.1.10 Evaporation-induced phase separation method to make porous
polymer film

1.7 Nanofibers in Agriculture and Nanofiber Seed Coatings

Currently, nanofibers are considered as the nanostructured material that is
being investigated and used for a variety of applications in various sectors, including
tissue engineering, filtration, health, materials science, bioengineering, catalysis,
energy, water and soil remediation, sensors, textile and food industry and
agriculture®'*>. Drugs, semiconductors, catalysts and nanoparticles can be added to
the developed fibers to functionalize them. Overall porosity, pore size and specific
surface area are factors that aid in gas and active ingredient diffusion, resist airflow
and serve as efficient filters and carriers in tissue engineering. Numerous methods for
creating polymeric fibers, particularly those in the nanometer range, have been
developed. These methods include drawing, template synthesis, self-assembly, phase
separation, melt blowing, spun-bonding, fibrillation, carbon dioxide (CO2) laser

96-100

supersonic drawing (CLSD) and electrospinning . The following are some
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advantages of electrospun nanofibers: i) High surface-to-volume ratio ii) high porosity
ii1) ease of functionalization for various applications iv) superior mechanical property
v) simple process vi) relatively low start-up cost vii) capability of mass production;

viii) Ease of material combination and ix) small amount of required materials.

Even though electrospinning is still a process that has not fully developed in
agriculture, its applications in the fields of medical, food, textiles and agriculture have
been growing in recent years. The application of electrospun nanofibers in agriculture
is still relatively new and still in infancy. Agriculture has advanced greatly as a result
of the nanotechnology breakthrough in fertilizers. Various nanomaterials including
silver, iron, zinc, titanium, carbon nanotubes, molybdenum and silica have been
produced and used in crops. Depending on the concentrations used, these compounds
have a significant impact on floor biomass, root and shoot elongation and seed
germination. Due to the tailoring qualities of nanofibers such as high surface area,
porosity, ease of adding active ingredients (such as fungicides, insecticides,
herbicides, pesticides, hormones and pheromones), flexibility, biocompatibility and
biodegradability, numerous researchers have recently examined the major
applications of nanofibers in agriculture'®!. The major applications of nanofibers in

102,54

the agricultural sector may include seed coating , nanofiber-based irrigation

system filters'®, nanofibers for plant protection'® by encapsulation of fungicides'*or

7

detecting trace amounts of pesticides in water'%®, nano-silica grafted fiber'?’, smart

nanotextiles for sustainable agriculture!%, nanofibers for encapsulating agrochemicals

110

such as fertilizers'® and phytohormones For enhanced germination and seedling

HLI2 cowpea!??, groundnut!'!® and sesame!!'* nanofibers can be used as

growth in rice
an efficient and sustained delivery system for agricultural inputs through seeds. The
functionalization (i.e., adsorption, filtration and sterilisation) of nanofibrous filters by
bioactive compounds may be required for their use in irrigation systems. This
functionalization may be accomplished through interfacial polymerization, doping
nanoparticles, self-assembly and layer-by-layer cross-linking or grafting of surface

coatings'!>.

The most popular fertilizers on the market are those containing nitrogen,
phosphorous and potassium since they deliver plants nutrition. However, because

these ingredients are very soluble in water, they have a short shelf life. After
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electrospinning, the fertilizers can be encapsulated in nanofibers without affecting
their structure and morphology. Polyvinylpyrrolidone (PVP) and poly(diethoxy)
phosphazene (PPZ), which are rich in nitrogen and phosphorus, have been utilised as
encapsulants for phosphates and urea, which also deliver nutrients to the plant. The
best candidate for agriculture has been compared after being analysed at various

concentrations''°.

Encapsulation of urea is advantageous in agriculture as it is toxic to farmers'
health when inhaled or in touch with the skin. Urea forms a homogeneous solution
with PEO because of its bonding interactions''”. In addition to providing water
resistance, coatings in plants and fruits must also have the desired wettability for a
uniform coverage on the fruit surface and sufficient flexibility to permit the
continuing growth of fruit prior to harvest. To prevent the usage of pesticides, which
are mostly environmental pollutants, biocontrol agents like Trichoderma and Bacillus
subtilis are utilised. These agents serve to extend storage period and provide
protection from external influences. Chitosan, polyacrylamide, and polyethylene
oxide (PEO) polymers are employed for this purpose and have been shown to have a
high level of protection against phytopathogenic agents'!®. There have also been

reports of nanofibrous membranes that can immobilise enzymes'°.

In order to immobilise enzymes, a variety of nanostructured support materials
have been utilised, including nanoparticles, nanofilms, nanofibers, nanotubes,
nanosheets and mesoporous/nanoporous silica'?!. Due to their interconnectivity and
high porosity, nanofibers have demonstrated numerous benefits among the support
materials, including self-assembling performance, surface area, enzyme binding and
homogenous dispersion'??, The main purpose of enzyme immobilization is to make it
easier to handle the enzyme and allow for its on-going or repeated use. Enzyme
immobilization typically involves the option of altering enzyme parameters including

activity, stability, selectivity, efc. in addition to these technical benefits.

In seed coating research, a variety of seeds have been coated with nanofibers
that have been loaded with the necessary active ingredients. The two different ways
that seeds can be coated with nanofibers: (a) directly by electrospinning the solution

on top of the seeds (b) indirectly by first preparing fiber mats and then wrapping them
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around the seeds. Various research teams have recently conducted experiments to
investigate the potential of electrospun nanofibers for the controlled distribution of
agrichemicals'?®. It was seen that the seed germination was not hindered by the
coatings, at the same time the localized release of active ingredients are ensured.
Based on the experiments mentioned above, it is clear that the hydrophobicity of the
coating is crucial in regulating the rate at which certain Als are released. To transport
Als effectively while preventing germination inhibition, there may be an optimal
level of hydrophobicity, although this information is not currently available in the
literature. The porosity of nanofibers and the extent of interactions between the
polymer used in the nanofiber and Al will determine how effectively the Als are
delivered. Comparing electrospun nanofibers to the frequently applied film coatings,
electrospun nanofibers appear to be a promising method with several benefits. They
have a larger surface area, a porous surface and no residual solvents. When compared
to dip-coated film coatings, fiber-based coatings function better because nanofibers

help to overcome limited gas permeability across the coating and seed pore clogging.

1.8 Importance of Polymer Selection in Seed coating

The polymer should be affordable, have good coating properties,
biocompatible and biodegradable'?*. Such coatings permit the soil's nutrients to be
retained, making it possible to supply the plant without incurring any losses. In
addition to the aforementioned characteristics, the acceptance of the polymer coating
also depends on how the polymer and the nutrients interact physically and

125

chemically Better loading and regulated release are produced when weak

intermolecular forces of attraction, such as hydrogen bonds that exist between the

polymer and the additional active ingredients'2®.

Biodegradable polymers are intriguing biomaterials because they have a regulated
rate of deterioration and are hydrolytically sensitive. They degrade into non-toxic
compounds that can be reabsorbed into or expelled from the system in use. Such
polymers can be made into scaffolds and used in a variety of industries, including
agriculture, medicine and energy storage. The degradation of polymers is also
influenced by environmental parameters, which promote polymer degradation and
have an impact on the activity of microorganisms. Numerous variables, including pH,

humidity, temperature, salinity and oxygen level, influence the breakdown by
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microorganisms. The structure and chemical makeup of the used polymer have an
impact on how quickly it degrades. Additionally, these depend on factors like

crystallinity, morphology, crosslinking, additives etc., which can vary over time.
1.8.1 Polymer Blends

Polymer blends are bound by weak chemical intermolecular forces between
two or more polymers. Polymers have special qualities that have made them
indispensable and are employed in a wide variety of applications. To achieve all the
requirements, these polymer properties must be further improved. In order to reach
commercial viability, costs must be reduced, certain properties must be improved,
degradability must be increased and reuse or recycling must be made easier. Thus,
polymer blending has emerged as a useful method whereby two polymers with
desired features can be mixed in a way that overcome the drawbacks of each polymer
alone. The intermolecular attraction between the two polymers, such as hydrogen
bonds, ionic attraction, and others, decide whether they are completely immiscible,
partially miscible, or miscible. These forces of attraction, which are adhesive forces,
function to control the phase separation and outweigh the resulting entropy of mixing.
Therefore, the issue is to incorporate hydrogen bonding networks effectively while
maintaining other qualities such as mechanical strength'?’. Blends of both
poly(e-caprolactone) (PCL) and poly(ethylene oxide) (PEO) have been extensively
fabricated and studied. The superior rheological and viscoelastic characteristics of
PCL over many of its aliphatic polyester competitors make PCL simple to
manufacture and manipulate into a wide variety of applications. However, its
hydrophobic nature restricts the use in delivery and agricultural applications that is
primarily hydrophilic. As a result, its modification via surface potential'?® or the use
of hydrophilic synthetic and biopolymers opens up new possibilities for agricultural

applications'?’.

Both amphiphilic blends, such as those with gelatin or PEO, or grafting
hydrophilic moieties onto PCL'® can be used to make the changes. An intriguing
class of biomaterials that can be customised for certain systems in terms of
morphological, mechanical and degrading features are biodegradable polymer blends.

Due to a number of technical applications, PCL/PEO blends attracted interest from
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both academic and industry sectors. In particular, PCL/PEO blends have been studied
for the creation of biodegradable membranes'?!, controlled drug delivery'3?, scaffolds
for tissue engineering'®®. Literature survey reveals that PCL/PEO blends has not

explored in agricultural applications so far.
1.8.2 Cause for Interest in Inorganic Polymers

One of the main fields of molecular and material sciences, polymer chemistry
and technology covers many facets of contemporary life, including electronics,
medicine and agriculture. Although there is a wide range and variability of organic
polymers, the application of inorganic polymers finds much attention. The reaction
between the organic polymer backbone and oxygen and ozone causes them to lose
their beneficial features. They can emit poisonous smoke sometimes and degrade
when exposed to gamma and UV rays. The availability of these organic polymers
would be constrained as a result of the predicted scarcity of petroleum. The bonds
created in inorganic polymers are stronger for longer periods of time and provide
diverse combinations of features. As a result the bond angle, bond torsional mobility
and ultimately the polymer's property are altered. The C-C backbone found in the
synthetic polymers makes them resistant to degradation. The chance of degradation
from hydrolysis or microbial attack is increased by the presence of a heteroatom or a
heteroatomic functional group in the chain. Today, polyphosphazenes, polysiloxanes
and polysilanes - all inorganic polymers made from silicon and phosphorus are well-

known.

With the aforementioned considerations in mind, it was proposed to use
nanotechnology in agriculture by focusing on the fabrication of nano fibrous polymer
seed coatings using electrospinning technique. This research is aimed at a potent
strategy to develop a biocompatible seed coat that may aid in germination and would
preserve the seed against a wide range of diseases and infections and so increase crop
yield. A facile approach is developed using electrospun nanofibers and porous
polymer membranes loaded with essential nutrients and fungicides and applied as a
combined delivery system via seed coat. Most of the coating materials used in
conventional approaches, such as starches, alginate, poly(vinyl alcohol) and

polyethylene glycol are typically dissolved in water. As a result, the active
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ingredients, such as pesticides, antimicrobials, fertilizers and micronutrients are
uncontrollably released*’. A large portion of the active substances flow out into the
field, resulting in poor delivery effectiveness and perhaps serious adverse
environmental effects. Therefore hydrophobic polymer, PCL was employed aiming at
controlled release of agrichemicals for a prolonged time and protection of seed.
However during the course of the investigation, blends of PEO were added. The
nanohydroxyapatite (nHAP) as a nontoxic fertilizer, which may act as a rich source of
calcium and phosphorous and the micronutrient zincin the form of zinc
oxide nanoparticles (ZnO NPs) were added to these polymer coatings. The Zea mays
(corn) seed was employed in the investigation. Studies are conducted by incorporating
the biofungicide Trichoderma viride within the nanofibrous matrix to analyse the

effect of immobilized plant beneficial microbes under pathogen infected conditions.

The hydrolysis of endosperm starch into metabolizable sugars during cereal
seed germination by the enzyme a-amylase in the aleurone layer is crucial for the
formation of roots and shoots'**. 90% of the amylolytic activity in maize seeds is
attributed to the a- amylase enzyme, which is vital for starch hydrolysis. The embryo
creates and secretes natural gibberellins to the endosperm during the germination of
maize seeds. These hormones promote the growth of hydrolytic enzymes like o-
amylase and beta amylase in the aleurone layer, which are in charge of breaking down
the endosperm reserves. In dried seeds, a- amylase enzymes are typically absent since
they are produced and secreted by the aleurone layer. With this view, it is further
sought to assess the activity of a-amylase immobilized on the PCL nanofiber in
presence of plant growth promoting hormones such as gibberellic acid and

magnesium oxide nanoparticles as a seed coat in the germination of maize seeds.

The characteristics of being stable and reusable inorganic carriers are more
acceptable than their organic supporters and in some cases this can lower the actual
cost of the immobilization support. The enzyme immobilised on inorganic support is
less prone to degradation, aggregation, or denaturation than organic carriers - which
are more easily degraded by the presence of microbes and various environmental
factors. For these reasons, herein an attempt was carried out to immobilize the
a-amylase on MCM-41, one member of the M41S family of silicate or aluminosilicate

mesoporous materials through surface functionalization and covalent grafting.
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In order to accurately transport agrichemicals to the proper location and in the
right dose to promote seed germination and seedling growth, the adaptable
biopolymer-based nanofibers can be employed as seed coating. With this view the
present investigation is focused on the development of nanofibrous seed coating
platform made from natural biopolymer cellulose, extracted from water hyacinth
(Eichhornia crassipes). The aquatic habitat can be harmed by this plant growth rate
and consider as a weed'*®. The nanofibers loaded with active ingredients applied as
seed coat and analysed for improved germination and seedling growth of maize seeds.
Towards the end of the work, carbon dots are prepared using water hyacinth and
encapsulated as nanofertilizer within nanofiber matrix. This would be advantageous
because it would decrease production time, chemical costs and also reduce the aquatic
pollution. The fabricated nano enabled seed coat direct sowing technology would be
a novel platform to meet sustainable development goals and provide stand

establishment of various crops under erratic rainfall and drought stress.

For a thorough understanding, each of the aforementioned elements has been

explained in detail

1.9 Materials Used in the Present Work
1.9.1 Polycaprolactone (PCL)

PCL was chosen for this study due to its biodegradable and biocompatible
qualities. It may be an ideal polymer for agricultural mulch films, controlled or slow
release agrochemicals as it is a super absorbent material'*!37. Very few studies are
done on the use of electrospun polycaprolactone (PCL) nanofibers as a base for a
synthetic soilless medium for seed germination'*®. The majority of the coating
materials used in conventional approaches are typically dissolved in water, causing
the active ingredients to be quickly and uncontrollably released. As a result, a large
portion of the active substances flow out into the field, resulting in poor delivery
effectiveness and perhaps serious adverse environmental effects. Poly(e-caprolactone)
(PCL) is an aliphatic, semicrystalline, thermoplastic polyester that is malleable at
room temperature. Ring-opening polymerization (ROP) of a e-caprolactone (e-CL)
and polycondensation of the 6-hydroxyhexanoic acid'*® are two popular processes for

producing PCL that have been discussed in many references.
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Fig. I.11 Structure of Polycaprolactone (PCL)

The Food and Drug Administration (FDA) has certified PCL as a polymer that
has undergone significant research in diverse areas such as biomedical applications, as
well as for environmentally sustainable packaging. Because it is soluble in a variety of
organic solvents, PCL is very processable. It also has good rheological characteristics
and a low melting point (glass transition (Tg) = 60°C and melting temperature (Tm)
~ 60°C). It has ability to form miscible mixtures with a variety of polymers. The
number average molecular weight of PCL samples may generally vary from 3000 to

80,000 g/mol.

The chemical structure of PCL is shown in Fig .11, The molecular weight and
end group chemistry, all have a role in its rapid and exceptional thermal breakdown at
temperatures above 170°C. It is well suited to melt processing methods as injection
moulding, melt extrusion, 3D printing, and electrospinning due to its low melting
temperature, variable viscosity, and broad versatility!4*!4!. Additionally, the ester
group on PCL is capable of hydrolysis via enzymatic and chemical pathways'*?. As
compared to other polymer materials like PLA and poly(glycolic acid), PCL is
nontoxic and its degradation products do not result in a drop in the pH of the areas
around the scaffold and not producing a local acid environment!**!** Through the
activity of living organisms, biodegradation of polymers results in material
fragmentation to total disintegration into CO2 and H20. Microorganisms participate in
the enzymatic breakdown that occurs on the PCL's surface. Due to PCL's hydrophobic
properties, hydrolytic breakdown occurs very slowly'#!4. In addition to its other
well-known features, PCL is attractive for the development of chemical delivery

systems because of its slow degradation and hydrophobicity!*’.
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1.9.2 Poly(ethylene oxide) (PEO)

Polyethylene oxide (PEO) is a polymer with the subunit C—-O—C as shown
in Fig.1.12. PEOs have an average molecular weight that ranges from 200 to
5 x 10%7 x10°. This average molecular weight is given by the formula (OCH2CH2)n,
where n is the typical number of oxyethylene groups. However, PEO compounds are
classified as poly ethylene glycols since they are available as waxy solids or viscous

liquids with molecular weights under 25,000.

The polymer polyethylene oxide (PEO), which 1is water-soluble,

biodegradable, biocompatible and chemically stable, may be spun into nano- and

148,149

microfibers by electrospinning PEO may be more stable when covalent and

hydrogen bonds function together. Furthermore, PEO nanofibers can encourage the

attachment and development of organic cells due to their low toxicity and high

150

surface area to volume ratio-". Nonwoven PEO fibers have been used in numerous

applications including biomedical, tissue engineering, electronics, energy storage,

hemostatic agents and antibacterial agents!>!"152,

/\\/O\//\
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- “n
Fig. 1.12 Structure of Poly(ethylene oxide) (PEO)

Poly(ethylene oxide) (PEO) is a porous material that is an excellent candidate

153 and scaffolding!**. PEOs are known for their

for enzymes as chemical catalysts
distinctive qualities like thickening, flocculent, dispersing, lubricating, binding,
prolonged release and water-holding capabilities. PEO nanofibers are particularly
advantageous as a potent and natural antibacterial agent against bacteria with no side
effects. However lack of hydrophobicity and mechanical strength can be improved by

blending with different polymers.
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1.9.3 MCM-41 (Mobil Composition of Matter No. 41)

Researchers at Mobil Corporation discovered MCM-41, a member of the
M41S family of silicate/aluminosilicate mesoporous materials, in 19925515 These
silica particles have disordered arrangement at the atomic scale and ordered porosity

at the nanoscale.

Due to its desirable characteristics, including its stable honeycomb
mesoporous structure, huge surface area (typically >1000 m?/g), narrow tunable pore
size, large pore volume and well-defined surface properties, MCM-41 has received
much exploration'”’. Over the past several years, MCM-41 finds application in
catalysis, adsorption/separation, sensing, optically active materials, molecular sieves
and so on . The presence of large pores and the siliceous character of the MCM-41
pore walls created several possibilities for the host-guest system to be modified by
bonding organosilanes with desirable structural and functional properties to the
MCM-41 surface'®!%, Even though these alterations have the potential to
significantly reduce pore size, different molecules can still be loaded into the pores.

MCM-41's structural features are suitable for the immobilization of enzymes.

The method of immobilization permits the enzyme to maintain its catalytic
activity while reducing unfavorable processes like autolysis. Large amounts of
enzyme may be immobilised with good enzyme-substrate interaction on the support,
which offer a stable physical and chemical environment. These mesoporous materials'
larger pore dimensions allow for the potential accommodation of smaller enzymes
within the channels, which can reach lengths of several hundred nanometers'®%16!,
This method of immobilising enzymes would address some of the drawbacks of
current physical entrapment procedures, including the leaching of adsorbed
molecules, the chemical degradation of the anchoring bond of covalently attached
enzymes and the obstructions to substrate and product diffusion that are present for
large polymeric substrates in sol-gel preparations!®?. Contrary to most amorphous
materials, which have a substantial pore size distribution, the MCM-41 hexagonal

phase are useful for the evaluation of theoretical models of enzyme immobilization

that assume a uniform pore size for the model supports.
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1.9.4 Biopolymers Chosen for the Work : Cellulose from Water Hyacinth

As environmental awareness grows, eco-friendly and sustainable bio-based
products are being researched. Cellulose being easily accessible, non-toxic,
biodegradable, biocompatible, hydrophilic and having good mechanical strength is
considered to be the potential candidate for the production of bio-based nanofibers'®.
The natural polymer, cellulose is present in all plants, although it is particularly
abundant in cotton, linen, wood, bamboo, sugarcane, corncobs, banana plants, aquatic
weeds and water hyacinth. The primary potential use of natural cellulose is the
creation of biodegradable filters, membranes, adsorbent ezc.'®* Cellulose contains -
1,4-glucosidic bond which are lignocellulosic fibers formed by lignin, hemicellulose

165 Wood and nonwood biomass can be converted into cellulose biomass

and cellulose
via physical or chemical extraction procedure which dissolves the intricate
lignocellulosic link without destroying the cellulose fibrils'®®. Having three -OH
groups in each of its D-anhydroglucopyranose units make cellulose an active
biopolymer that can be chemically modified. The primary -OH at C-6 and two more
ones at C-2 and C-3 may take part in conventional reactions such as oxidation,
esterification, and etherification. Despite having features that could make them useful

as carriers for fertilizers and soil conditioners, the high expense of making bio-based

biomaterials utilising cellulose derivatives prevents them from being widely used.

However, the most prevalent and sustainable biopolymer, cellulose, may be
produced from a variety of biomass, including the water hyacinth. WH is one of the
natural sources that have high cellulose content (10% lignin, 33% hemicellulose, and
25% cellulose). Hyacinths are widely available and provide a nearly free source of
cellulose'®’. The lignin content of water hyacinth is less than 10 weight percent'®®
compared to 25-35 wt% for wood and agricultural residues. WH is a kind of aquatic
weed, grows quickly and forms a thick covering on the entire water surface. Its rapid
development has specific negative effects on water bodies, such as obstructing
irrigation and hydropower systems, restricting animal access to water and blocking
rivers, destroying native aquatic plants in rivers, canals and lakes, altering the water's
pH, oxygen level and temperature and lowering sunlight infiltration'®®. Controlling
the hyacinth's invasion and proliferation has been quite difficult because of its rapid

development. Herbicides work well to get rid of this weed, but their effects are
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harmful to the environment. Water hyacinth has been used for a variety of things,
including compost manure, animal and fish feed, papermaking, crafts (ropes, baskets,
chairs and fiber boards), waste water treatment, the creation of biogas and ethanol,
and charcoal briquettes. However water hyacinth is a great prospect for cellulose-
based natural polymers due to its high cellulose content and ease of chemical
conversion into valuable derivative products. Utilization of WH cellulose in the

production of electrospun nanofibers for seed coating has not been explored.

1.9.5 Zinc oxide Nanoparticles (ZnO NPs)

Zinc (Zn) is a vital micronutrient for plant development and production, and it
is taken in the form of divalent cations. It is required for various metabolic activities
in the plants however it is needed in very little amounts in plants. The results show
that zinc plays a critical role in the control of reactive oxygen species and in the
defense of plant cells against oxidative stress. A deficiency of zinc can have an impact
on the quality and yield of the produced crops'’’. Zinc also helps in the activation of
enzymes such as dehydrogenases, phosphor hydrolases, peptidases, and proteases'’".
As the pH in soil increases zinc availability is reduced!’ causing zinc deficiency in
both soils and plants. Zinc sulphate fertilizer is used as an alternative to alleviate this.
Zn can be administered to soils in a variety of ways, such as ZnO, Zn-EDTA and Zn-

oxysulfate'

. Due to their small size and large surface area, zinc oxide nanoparticles
are the ideal solution to treat zinc shortage since they are quickly absorbed by plants
than conventional ZnO'" .These nanoparticles can be a cheap, sustainable and
environment friendly solution to various problems of plants such as zinc deficiency,

pathogenic attacks etc.
1.9.6 Magnesium oxide Nanoparticles (MgO NPs)

Magnesium (Mg) is a non-toxic mineral that is a necessary component for
plants. Magnesium is crucial to the process of photosynthesis and it is the structural
element of chlorophyll and polysaccharides. Mg serves as an enzyme activator.
Magnesium oxide nanoparticles are structural materials in biological implants due to
its high strength to weight ratio, low density, good functionality, recycling activity,
nontoxic and hygroscopic nature. MgO NPs have received approval from the US

Food and Drug Administration as safe materials (21CFR184.1431). MgO NPs cause
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systemic resistance against R. solanacearum by triggering the signalling pathways for
salicylic acid, jasmonic acid and ethylene in tomato plants'”. These facts demonstrate
the potential for MgO NPs to serve as an effective substitute for chemical pesticides
in crop protection. MgO nanoparticles boosted plant root exudation and the delivery
of carbon skeleton compounds to phosphorus-mobilizing microbes while also
increasing energy supply. This strategy would permit the removal of obstacles to the

use of local P and lessen reliance on imported P fertilizers'®.
1.9.7 Nanohydroxyapatite( nHAP) : The Nanofertilizer

Global phosphorous (P) reserves are being quickly drained, and based on
current assessments, probably won't be any soil P resource left by the year 2050'”’. In
order to produce a high yield in agriculture, phosphorous (P) fertilizer must be used in
sufficient quantities in agriculture fields to address nutritional deficiency. The
development of smart solutions is required to address the increasing P demand on a
worldwide scale in a sustainable manner. In order to avoid run-off problems, less
soluble forms of P- fertilizers, such as those generated from synthetic apatite forms,
Cas(P0O4)3X, (X=F, Cl, Br, or OH), have been tried!’®. The main disadvantage of such
solid forms of P fertilizer 1is that decrease in uptake by plants. Although naturally
occurring rock-phosphate has been utilised as a phosphorus fertilizer in the past, it has
a low solubility. It is possible to increase the solubility of P by using nanoformulation.
Hydroxyapatite (HAP) has also been suggested as a good source of P-fertilizer. Due
to the importance of hydroxyapatite [(Caio(PO4)s(OH)2] nanoparticles (HA NPs) and
their hybrids in material science, biology, and medicine, substantial research has been
done on these materials. The majority of the literature on HA NPs is on its usage in

biological applications'”18

whereas little research has been done on their potential
uses in agriculture'®! . The structure of HAP is shown in Fig.1.13. Nanohydroxyapatite
(nHAP), a nanoformulation of HAP, has previously been identified as a good fertilizer
at the lab scale'®?. Crop plants have been reported to receive sufficient P nutrients via
nHAP. nHAP has a lower mobility to adjacent agricultural and aqua-cultural areas
than soluble phosphate salts and solid phosphates. Hence it has a significant potential

to improve agronomical production and reduce the risk of water eutrophication.
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Fig. 1.13 Structure of nanohydroxyapatite

The reactive surface functional groups on the HA NPs present a variety of
opportunities for surface modification through the immobilization of strategic
chemicals for the development of nanohybrids with multifunctional capabilities. The
present investigation is focused at improving phosphorous utilization for maximum

crop yield in the form of nHAP.
1.9.8 Carbon Dots (CDs)

As a new member of the nanocarbon family, carbon dots have emerged as a
key player in the scientific world attributed to their amazing uses and features. These
primarily have sp>-bonded carbon backbones that are less than 10 nm'®*!84, Carbon
dots (CDs) are zero-dimensional nanoparticles that are nearly spherical in shape. CDs
have distinct benefits over inorganic, metallic and oxide-based nanomaterials,
including optical stability, small size, biocompatibility, water solubility, low cost and
outstanding luminescence performance'®®. These characteristics make them ideal for
applications such as bio-imaging, biosensors, drug administration and photo-
catalysis'®®!187. A nano CD combines the properties of the nano effect, surface
functional groups and carbon components. It has a variety of uses and applications

and demonstrates three fundamental functions of optics, chemistry and biology!'$%!8°,
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The two basic methods used to synthesise carbon quantum dots (CQDs) are top-down
and bottom-up. The bottom-up method creates CQDs from molecular precursors
through microwave synthesis, thermal decomposition and hydrothermal treatment,
whereas the top-down method refers to the breakdown of larger carbon particles by
laser ablation, electrochemical oxidation, chemical oxidation and ultrasonic
synthesis'®* Hydrothermal carbonization (HTC) has been regarded as the most
promising synthesis technique due to its high quantum efficiency, low cost, non-

LI92 ° CDs have been used in agriculture,

toxicity and ecologically benign nature
particularly in the field of crops. CDs produce blue or red light that plants require,
allowing them to be used as supplemental lights or sprayed on leaves to increase crop
development and output!'®>. As a result of their small size and hydrophilic surface
groups that can penetrate the plant cell wall, CDs can help in seed germination and
absorb nutrients to support growth. It has the potential to function as a nano-carbon
fertilizer due to the high carbon content (>60%). CDs demonstrate considerable
advantages in improving photosynthesis, promoting crop development and reducing
stress. The effect of CDs' on crops at various stages of their life cycle is investigated.
In a study of CDs' impacts on the complete rice growth cycle, it was reported that
CDs encouraged plant growth by encouraging seed germination, root growth and
carbohydrate accumulation'*. Eventually CDs broke down into carbon dioxide and
analogues of plant hormones that stimulated plant growth (which was converted to
carbohydrates through the Calvin cycle). Crop stress resistance is greatly enhanced by
CDs' antioxidant capabilities. Using crop waste to make CDs has advantages in terms
of raw material costs and environmental advantages, which is beneficial for the long-
term sustainability of agriculture. Recent reviews have examined the conception,
synthesis, properties and applications of multifunctional CDs made from biomass

waste!??

. The pre-harvest phase (seed germination, nano-fertilizer, plant growth
regulator, targeted delivery of fertilizers, pesticides and biomolecules, photosynthesis
and stress tolerance) and post-harvest process are the two key aspects of the
involvement of CDs in the entire crop life cycle (anti-bacterial preservation of
harvested fruits, intelligent anti-counterfeit packaging). Crop wastes, which are good
biomass materials that can be used to make CDs and re-enter the crop life cycle,

196

create a closed loop' ™. Here, waste water hyacinth leaves are used as a precursor for
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carbon dots. It is a waste bio-material occurring naturally hence prepared CDs are

cheap and biocompatible.
1.9.9 Biofungicide Employed in the Study: Trichoderma Viride

Currently, large-scale disease control techniques are implemented using
agrochemicals such as chemical fungicides. These are costly, raise the danger of
environmental pollution, human and animal health!”’. Due to the natural
decomposition of chemicals, the fungicide's effectiveness does not last very long after
the seedling stage!’®. An alternative strategy is to use natural antagonists that can
inhibit the pathogenic and mycotoxigenic capabilities of naturally occurring
pathogenic populations rather than working on their saprophytic phase or that can
activate the host plant's built-in defense mechanisms'®. Trichoderma spp. have been
thoroughly investigated as biocontrol agents since they suppress the growth of
pathogens through a variety of mechanisms including the production of antibiotics,
mycoparasitism, the production of cell wall degrading enzymes and competition for

nutrients or space?%?!,

In addition, they are known to cause broad range systemic resistance
responses in leaves, plant defense responses, growth hormone production, antibiosis

98

chemical production and cell wall disintegrating enzyme production'®®. Trichoderma

species have attracted significant economic and industrial attention, leading to the

202 As an

development of regulated and marketed products for agricultural application
essential part of agricultural practise in the seed-plant-soil system that can replace
chemical seed treatments, seed coating is employed with Trichoderma viride, a
beneficial microbe. T.viride spores are capable of colonising the rhizosphere at the
crucial "early germination" stage, which promotes early, healthy and rapid
development while enhancing nutrient intake and stress tolerance?**. Encapsulation is
a cutting-edge technique that allows the loading of solids, liquids or gases into a
carrier matrix protecting biocontrol agents from the environment, enhancing their
viability and enabling controlled release at the appropriate time and location.
Immobilization of the biocontrol agent in a suitable polymer carrier is one way to

improve its efficiency. Degradable polymers are particularly well suited to the

production of effective and environmentally friendly phytopharmaceuticals.
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1.9.10 Biocatalyst for Seed Germination : o- amylase

a-Amylase (a-1,4-glucan-4-glucanohydrolases) is an enzyme that speeds up
the breakdown of carbohydrates. In plants, amylase is responsible for decomposition
of starch. Usually, during seed germination, starches are converted into sugars in this
manner. The plant then uses these sugars as its primary source of energy during its
early development. The production of sugars by plants allow them to store solar
energy. Before a plant can utilise energy from photosynthesis, amylase aids in its
early development. As the plant's seed starts to sprout and grow, the amylase enzymes

start to play a part in the growth of the plant.

A cluster of hydrolases known as amylases can break the O-glycosidic bond in
starch®™. The second-largest category of enzymes utilised globally is the amylase
family. According to their functions and properties, glucoamylase, a-amylase and
B-amylase are the three major categories of amylases. a-amylases are used in a variety
of industrial processes, from food preparation to pharmaceutical and drug
development. They are frequently employed in starch saccharification processes in
biotechnology-related industries, including the textile industry, food and animal feed,
detergents, fermented drinks and distilleries. They could also be used in the bakery,
pharmaceutical and refined chemical sectors®®. Glucose, maltose and dextrin are
produced as a result of the hydrolysis of starch by a- and B-amylases. In industrial
applications, o-amylases are regarded as economically significant enzymes for the
catalytic hydrolysis of a-1,4-glycosidic bonds in starch. This enzyme starts the
mobilization of starch inseed germination. In a study involving the relative
significance of amylase in determining germination ability, showed that amylase is

more significant in the early stages of germination in some plants?%.

Numerous studies have examined the significance of a-amylase function in
seed germination under various environmental stresses, including heat stress, drought
stress and others?*’?%® The amylase in the seed becomes more active as the ground
warms. High temperature will often cause the enzymes to stop working. Amylase in
plants serves as a food storage reserve as the plant matures. Immobilization of
amylase in the nanofibrous membrane would provide thermal stability to amylase to

aid in seed germination under drought stress and varying pH conditions of soil.
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1.9.11 Plant Growth Hormone: Gibberellic Acid (GA)

Gibberellic acid (GA), a crucial hormone for plants, regulates their growth and
development. It is frequently utilised in horticulture, gardening, agriculture and other
fields. Auxins, cytokinins, gibberellins and other growth regulators have been used

successfully to break seed dormancy?"

. Gibberellins regulate several phases of plant
growth, including seed germination, seedling development, stem elongation, root
development, leaf area and shape, flower and fruit development and pollination®'°. In
order to break seed dormancy and manage the hydrolysis of reserves, GA is
required. The presence of sufficient levels of this acid in the seeds stimulates the
synthesis, activation and secretion of hydrolytic enzymes, primarily o-amylase,
releasing reducing sugars and aminoacids that are crucial for embryo growth. Water

received during the first stage of seed germination activates enzymes?''.

Exogenous
supply of gibberelliic acid in controlled manner helps to solve the issues related to

different environmental conditions and also helps in the - amylase activity.
1.10 Seeds Used in Coating Studies: Corn (Zea mays) Seeds

Corn (Zea mays), often known as maize or field corn is an edible grain
produced by a cereal plant in the Poaceae (grass) family. The yearly global production
demand of corn exceeds that of wheat and rice. About 42% of the world's total grain
production was made up of corn. The staple grain crop maize is grown all over the
world in a variety of soil types and climatic regions. Stresses as salinity, dryness and
temperature can make maize relatively sensitive?!?. It has the largest genetic yield
potential of all the cereals, maize is referred to as the "queen of cereals"
internationally. It is grown on a diverse range of soil types, climates, diversity and
management techniques, contributing 36% to the world's grain supply. Thousands of
industrial products, including those in the starch, oil, protein, alcoholic beverages,
food sweeteners, pharmaceutical, cosmetic, film, textile, gum, package and paper
industries, among others, use maize as a basic raw material. However, soils with high
water holding capacity, neutral pH and good organic matter content are thought to be
good for increased productivity. It is preferable to stay away from low-lying fields
with poor drainage and fields with higher salinity since this crop is vulnerable to

moisture stress, especially excess soil moisture and salinity strains. Therefore, the
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fields with adequate drainage should be chosen for maize growing. Corn seedlings
and stands can become infected by soil borne and seed borne diseases, which reduces
seedling vigour and stands. The fungi Fusarium moniliforme, Penicillium oxalicum,
and many species of Rhizopus are examples of seedborne diseases. Pythium ultimum,
Rhizoctonia solani and a number of Fusarium species are examples of soilborne
pathogens. Pre- or post-emergence damping off is frequently the outcome of these
diseases' infection. Cool, moist conditions that hinder seed germination and seedling
growth increase damping-off. Early season problems with corn establishment are
caused by a variety of additional causes as well. It can also be brought by insect
damage, nutritional imbalances, herbicide damage, soil conditions and environmental
factors, particularly saturated soil conditions and oxygen deprivation. Wet soils, low
lying fields and soils that are wet for a long time all contribute to the severity of corn
seedling blights. The planting depth, soil type, seed quality, mechanical damage to the
seed, soil crusting, herbicide damage or other factors that delay corn germination and
emergence can also have an impact on disease severity. Almost all field corn seeds
are treated with a fungicide before planting. Keeping all these constraints in corn seed
germination and farming, herein, this research is focused on corn seed coating using
nanofibrous membranes and porous polymer films with an aim to avoid the hazards of
chemical seed treatments. This also provide a better seedling vigour and germination

parameters under different climatic condition.
1.11 Objectives of the Present Research Work

The main objectives of the present study can be briefed as follows;

1. To fabricate and assess the efficiency of seed coating system as a delivery
strategy for controlled release of agrichemicals and microbial formulations
and its impact on agricultural crops

2. To synthesize ZnO NPs, nHAP, MgO NPs, MCM-41. Carbon dots and
cellulose are synthesized from water hyacinth. Characterization method
include FTIR, UV, TG, XRD, SEM, EDX, TEM and PL

3. To develop PCL electrospun nanofibers incorporated with nHAP and ZnO
NPs and recognise the suitable morphology

4. To improve the applicability of PCL nanofibers for controlled release by

blending it with PEO which increases wettability and release behaviour
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11.

12.
13.

14.

15.

16.

To fabricate nHAP, ZnO NPs and Trichoderma viride incorporated PCL-PEO
blended nanofibers and analogous porous polymer film

To synthesize and characterise covalently grafted a-amylase on MCM-41 and
further incorporation of MCM-41 immobilized o-amylase in PCL nanofibers
To extract cellulose from water hyacinth and further fabrication of nanofibers
from cellulose and PEO to replace PCL

To develop Cellulose/PEO electrospun nanofibers loaded with carbon dots as
biomarker nanofertilizer

To develop Cellulose/PEO electrospun nanofibers loaded with nontoxic
nHAP in presence and absence of carbon dots

To characterise the developed nanofibers and films by XRD, FTIR, TGA,
SEM, TEM, EDX, EDX mapping and Static Water Contact Angle

To analyse the behaviour of the fiber, film, respective fiber and film coated
corn seeds in aqueous solution, the variation of pH, conductivity, swelling
and stability and imbibition rate

To understand the nutrient release behaviour through ICP-OES analysis

To test the antagonistic activity of loaded beneficial biofungicide,
Trichoderma viride spores against Aspergillus fungal pathogen and to prove
the ability of developed seed coating approach in pathogen infested soil
conditions to increase production yields

To quantify and compare the enzymatic activity, thermal stability, reusability,
optimum pH conditions and storage stability of oa-amylase directly
incorporated in PCL nanofiber with PCL incorporated with o-amylase
covalently grafted on MCM-41

To compare the nanofiber coated and porous polymer film coated corn seeds
with uncoated seeds with respect to germination potential and fresh biomass
of seedling

To investigate the antioxidant nature of nanofibers against crop oxidative

stress tolerance
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Chapter 2
Materials and Methods

/

This chapter provides details of general reagents and synthetic methods
employed in the present study. A brief account of the various analytical and
physicochemical techniques employed in the characterization is discussed. The
studies of developed membranes towards controlled release of agrichemicals and

germination studies are also explained.

2.1 Materials

Poly(e-caprolactone) (PCL), (average Mw=80,000g/mol), Polyethylene oxide
(PEO), (average Mw = 2,00000 g/mol), Cetyltrimethylammonium bromide (CTAB,
purity 99%), Tetraethyl orthosilicate (TEOS) and (3-aminopropyl)triethoxysilane
(APTES), alpha-amylase from Bacillus subtilis used in the present investigation were
purchased from Sigma-Aldrich Co.Ltd. Glutaraldehyde (GU) (25%), Gibberellic acid
(GA) procured from HiMedia. Di-ammonium hydrogen phosphate, Calcium nitrate
tetrahydrate , Zinc nitrate hexahydrate, Urea, Magnesium nitrate hexahydrate, Sodium
hydroxide, Sodium hypochlorite (10%) and the solvents Chloroform (99.7% AR
grade) and N,N-Dimethylformamide (DMF 99.5% AR grade) were procured from
Merck. Deionized water was used throughout the experiments. Water Hyacinth was
collected from nearby ponds in the locality. Chemicals and solvents employed in the
study were used as obtained. Zea mays seeds were purchased from local agrifarm.
Trichoderma viride spores were obtained from the collection at the Department of
Microbiology, Kerala Agricultural University, Mannuthy. All the chemicals were kept

at room temperature.

2.2 Synthesis of Nanoparticles
2.2.1 Synthesis of ZnO NPs

High purity ZnO nanoparticles were synthesized by fuel approach in solution
combustion method!. Zinc nitrate hexahydrate (5g) and urea (3g) were dissolved in
deionised water (10mL) and vigorously stirred to obtain a clear solution, then placed

into a preheated muffle furnace at 600°C. The mixture burned with a flame in a short
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time, with the rapid evolution of large volumes of gases resulted in a frothy product as
shown (Fig. II.1). The powder obtained was finely ground using a pestle and mortar
without any extra heat treatment. The Chemical reaction in combustion synthesis® of

ZnO is given in Equation 2.1

3Zn(N0s), + 5 CO(NH,), — 3 Zn0 + 5C0, + 10 H,0 + 8N, 2.1

Fig.II.1 a) Frothy product formed during the syntheis of ZnO NPs
b) Finely powdered ZnO NPs

2.2.2 Synthesis of Nanohydroxyapatite (nHAP)

The wet chemical method was used to synthesize hydroxyapatite
nanoparticles®. 0.15M diammonium hydrogen phosphate (250 mL) was vigorously
stirred at room temperature, 0.25M calcium nitrate tetrahydrate (250mL) was added
drop-wise at a rate of 10mL/min. Ammonium hydroxide solution was used to keep the
pH of the system at 10.5 during the stirring procedure. The mixture was stirred for
12 h. It resulted in the formation of a white precipitate. The precipitate was filtered,
washed four times with distilled water and ethanol and dried at 120°C for 12 h. The

chemical precipitation reaction for the synthesis of nHAP* is shown in Equation 2.2.

10 Ca(NO5),.4H,0 + 6(NH,),HPO, + 8NH,OH
- Cayo(P0,)¢(0OH), + 20NH,NO; + 46H,0 2.2

2.2.3 Synthesis of Magnesium oxide Nanoparticles (MgO NPs)

Sol-gel technology was used to synthesize magnesium oxide nanoparticles’.

Magnesium nitrate (Mg(NO3)2.6H20) was used as a precursor in the synthesis. De-
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ionized water (100mL) was combined with 0.2 M magnesium nitrate. 0.5M sodium
hydroxide solution was added drop by drop to the previously prepared magnesium
nitrate solution for 30 min with stirring. A white precipitate of magnesium hydroxide
was formed in the beaker as indicated in the Equation 2.3. Stirring was continued for
30 min. The pH of the solution as determined by the digital pH meter was found to be
12.5. To get rid of ionic impurities, the precipitate was filtered, washed with methanol
three to four times and then dried at ambient temperature after being centrifuged for
5 min at 5000 rpm. The samples of dried white powder were annealed in the air for

2 h at 500°C to get MgO NPs according to Equation 2.4.
Mg(NO3),.6H,0 +2 NaoH —» Mg(OH), + 2 NaNO; 2.3

A
Mg(OH), - 2Mg0 + H,0 2.4

2.2.4 Synthesis of Carbon Dots (CDs) through Hydrothermal
Carbonization and Separation of CDs from HTC Process Liquid

Carbon dots (CDs) are prepared from water hyacinth (WH). Stem of Water
hyacinth (WH) was treated hydrothermally to create CDs. The WH was collected,
washed with water and then dried in the sunlight for 3 days. Prior to being finely
ground into powder, the WH stems were first dried in the oven over night to remove
any moisture. To make the mixture homogenous, prepared stem powder (5g) was
mixed with Milli-Q water (120 mL). The mixture was then put into a 150 mL Teflon-
lined stainless steel autoclave and subjected to hydrothermal treatment process at
200°C for 4 h®.The reactor was sealed and heated at a steady rate of 10°C/min until it
reached the desired temperature. It was then kept at that temperature for 10 h under
isothermal conditions. The reactor was quickly cooled down to ambient temperature
30°C by submerging in ice water. Then the reactor's lid was opened and HTC process
liquid was filtered using Whatman 41 filter paper. Samples of the dark-brown HTC
process liquid were gathered in centrifuge tubes and kept in the refrigerator for further

procedure.

To separate the larger particles from the liquid phase, the dark brown HTC
process liquid was centrifuged at 5000 rpm for 15 min by R-8M plus laboratory

centrifuge. The liquid phase containing the fluorescent CD was next filtered using a
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typical syringe filter (0.22 m)’. After filtering, vacuum distillation was used to
evaporate the CD-containing solution. To produce powdered CDs, the concentrated
product from vacuum distillation was placed in a high vacuum freeze dryer for

24 h. Schematic diagram for the synthesis of CDs is shown in Fig. I1.2

Drying Hydrothermal
— treatment /
Grinding '

200°C, 12h

Vacuum

distilla tiin

Freeze drying

Disperse in water
Sonication

=

Centrifugation

Fig.I1.2 Schematic of synthesis of CDs from Water hyacinth stem

2.3 Synthesis of MCM-41

Hydrothermal techniques were used to prepare MCM-41 samples®. To create a
homogenous solution, cetyltrimethylammonium bromide (CTAB) was dissolved in
water and agitated for 30 min. Ammonia was added to the homogenous solution,
which was adjusted to have a pH between 11-12. Tetraethyl orthosilicate (TEOS) was
added to the mixture and again agitated for 8 h. The solution was filtered and rinsed
with Millipore water. The white homogenous suspension produced after 8 h of stirring
was hydrothermally treated in an autoclave reactor for 24 h at 110°C. The precipitate
was filtered, washed and dried under vacuum, prior to calcination. Calcination was
carried out in a muffle furnace at 550°C to remove the organic template for 5 h. The
calcination temperature of 550°C was attained at a heating rate of 1°C/min. Fig.I1.3
illustrates the hydrolysis and condensation reactions that take place during the

synthesis of MCM-41. The surface structure of MCM-41° is shown in Fig.II.4a.
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Fig.I1.3 Schematic illustration of synthesis of MCM-41

2.3.1 Synthesis of aminopropyl functionalized MCM-41(MCM-41/APTES)

The amino modified MCM-41 was prepared by grafting technology!'®. The
pure siliceous MCM-41(3g) was suspended in dry toluene (100mL) and
(3-aminopropyl)triethoxysilane (APTES) (3 g) was added to it. The suspension was
stirred and refluxed for 24 h. The product MCM-41/APTES was filtered, washed with
toluene, then washed with dichloromethane and dried at 100°C for 5h.

2.3.2 Activation of functionalized MCM-41 (MCM-41/GU)

To bind the carrier to aldehyde groups, MCM-4/APTES (2g) was added to
25 mL of 100% ethanol with 25% glutaraldehyde (MCM-41/GU). The carrier was
centrifuged at 1800 rpm for 3 min at ambient temperature (25°C), followed by four

separate washes in 100% ethanol and deionized water'!.

2.3.3 Synthesis of MCM-41 immobilized a- amylase (MCM-41/Amylase)

The enzyme a-amylase was immobilized on functionalized MCM-41 by
reacting MCM-41/GU (2g) with 0.1% a-amylase (100mL) at room temperature for
6 h with occasional shaking of the mixture'?. The immobilized enzyme on MCM-41

was separated by filtration and washed thoroughly with phosphate buffer. Schematic
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pathway for the surface modification of MCM-41 and enzyme immobilization is

shown in Fig.I1.4b"3.
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Fig.I1.4 a) Surface structure of MCM-41
b) Synthesis of MCM-41 immobilized a-amylase

2.4 Cellulose Extraction from Water Hyacinth

Fresh water hyacinth (WH) plants were cleansed with water to get rid of any
surface dirt. Water hyacinth was subjected to chemical processes such as dewaxing,
alkaline bleaching and alkaline hydrolysis to isolate cellulose. The water hyacinth
stem was first washed, dried for three days, ground then sieved through a 40 mesh
sieve. Dewaxing procedure was done by mixing dried water hyacinth (25 g) with
ethanol and toluene for 6 h, at 75°C. Wax, oils, resin, organic compounds, pigments
and extractive chemicals can be eliminated during the dewaxing process from the

water hyacinth stem, retaining lignin, hemicellulose and cellulose in the product'.

The dewaxed product was brown, indicating that additional contaminants like
lignin and hemicellulose were present in water hyacinth fibers. After dewaxing, the

sample was bleached using 10% sodium hypochlorite (NaOCl). The bleaching
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procedure was carried out for 4 h while stirring at a speed of 590 rpm at a heating
temperature of 75°C to 80°C. The dispersion of the bleached samples was washed
with distilled water until the pH was 7. To separate the sample from the filtrate, it was
decanted and filtered. By breaking the ether linkages during the bleaching process,
lignin was completely eliminated, which enhanced the whiteness level of the bleached

sample'®.

The bleached sample was neutralized and refluxed with 2% NaOH (150mL)
with stirring at a rate of 500rpm for 3 h at a heating temperature of 45°C.
Hemicellulose can be separated from the main chain or cellulose, using NaOH.
Furthermore, the dissolution of the complex lignin-carbohydrate network occurs as a
result of the breakdown of ester bonds connecting lignin and hemicellulose in the
interaction with NaOH'6. The residue, which had the consistency of white powder,
was once more treated with distilled water until the pH reached 7. It was then allowed

to air dry for two to three days.
2.5 Preparation of Solution for Electrospinning and Phase Inversion
2.5.1 Solution for PCL Electrospun Nanofibers

The 10% (w/v) PCL solution was prepared by dissolving PCL (0.5 g) in
chloroform/DMF (5 mL) (4:1 v/v) at room temperature (30°C). This was allowed to

stir for 4 h till a homogenous clear solution was obtained.

For the preparation of solution for composite nanofibers and film, the
percentage of nHAP, ZnO NPs and T.viride added were wt % of each component with
respect to the weight of PCL taken.

2.5.2 Solution for PCL/nHAP/ZnONPs (PHZ) Electrospun Nanofibers

The similar procedure as in section 2.5.1 was followed. The PHZ solution was
made by dispersing nHAP (0.1g, 20% by weight of PCL) and ZnO NPs (0.05g 10%
by weight of PCL) in PCL solution using ultrasound (Ultronique QR500, frequency
20kHz). All the prepared solutions were stirred continuously for 4 h at room

temperature to obtain a homogeneous solution.
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2.5.3 Solution for PCL/nHAP/ZnONPs/T.viride (PHZT) Electrospun
Nanofibers
To the prepared PHZ solution as in section 2.5.2, T.viride (0.05g, 10% by
weight of PCL) was added to obtain a homogeneous solution of PHZT.

2.5.4 Solution for Electrospinning PCL — PEO Blend Electrospun

Nanofibers

The polymer PCL being hydrophobic was blended with hydrophilic,
electrospun PEO to increase the water wettability of PCL. The concentration of 10%
(w/v) of PCL in a 4:1 chloroform: DMF solution produced smooth fibers. The
concentration of PCL and the ratio of solvent used were determined by optimisation
to get good fibers. Optimization of composition of blended polymer solution was
conducted as follows. PCL (0.5g) was taken in a solvent mixture of chloroform and
DMF (5 mL) in the ratio of 4:1 and stirred for 4h using a magnetic stirrer. To this
solution PEO was added to get PCL: PEO ratios of 75:25, 50:50 and 30:70. The
weights of the polymers taken are given in Table II.1. The stirring was carried out

under ambient temperature (30 + 2°C)

Table II.1 Solution preparation for PCL-PEO blend nanofibers

Solution  Blend name Polymer quantity (g) Solvent (mL)
PCL:PEO PCL PEO CHCI3 DMF
75:25 B1 0.5 0.167 4 1
50:50 B2 0.5 0.500 4 1
30:70 B3 0.5 0.750 4 1

2.5.5 Solution for PCL/PEO/nHAP/ZnONPs/T.viride (BHZT and
BHZTF) Electrospun Nanofibers and Film

The blend solution B3 was selected for the further study was prepared as
explained in section 2.5.4. To this 20% nHAP, 10% ZnONPs and 10% T.viride (by
weight of PCL) were added to get a blended polymer solution (BHZT). The solution
was stirred for 4 h at ambient temperature to form a homogeneous solution. The
prepared solutions were utilized to make both the film (BHZTr) and the fibers.

Table II.2 shows the concentrations used for making the solution.
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Table I1.2 Solution preparation for PCL, PHZ, PHZT, BHZT nanofibers and

BHZTFr

Solution Polymer and agrichemicals Solvent (mL)

(2)

PCL PEO nHAP ZnO T.viride CHClz DMF

NPs (CH3)2NCH

PCL 0.5 - - - - 4 1
PHZ 0.5 - 0.1 0.05 - 4 1
PHZT 0.5 - 0.1 0.05 0.05 4 1
BHZT 0.5 0.750 0.1 0.05 0.05 4 1
BHZTr 0.5 0.750 0.1 0.05 0.05 4 1

2.5.6 Solution for PCL/Amylase (PA) Electrospun Nanofibers

Encapsulation of a-amylase in PCL nanofibers (PA) was done by adding a-
amylase (0.1g, 20% by weight of PCL) to the solution of PCL (0.5 g) in chloroform (5
mL) under stirring. The resulting solution (PA) was sonicated for 30 min at the

ultrasonic bath.

2.5.7 Solution for PCL/MCM-41-Amylase (PMA) Electrospun Nanofibers

10% PCL (w/v) solution was prepared by dissolving PCL (0.5g) in
chloroform (5mL). To this solution, MCM-41 immobilized a-amylase (0.25g) was
added and sonicated for 10 min. The solution (PMA) thus obtained was further stirred

for 4 h at room temperature.

2.5.8 Solution for PCL/MCM-41-Amylase/ MgO NPs (PMMA)
Electrospun Nanofibers
To prepare PMMA solution, MgO NPs (0.05g, 10% by weight of PCL) was

dispersed through sonication in PMA solution. A homogeneous clear solution

(PMMA) was obtained after 4 h of stirring.

2.5.9 Solution for PCL/MCM-41-Amylase/ GA/ MgO NPs (PMMG)
Electrospun Nanofibers

MgO NPs (0.05g), GA (0.05g) and MCM-41limmobilized a-amylase (0.25g)
were dispersed in chloroform (5 mL) using ultrasound sonicator. To this PCL (0.5 g)
was added and the solution was further stirred for 4h at room temperature to obtain
PMMG solution. Table I1.3 shows the concentrations used for making the solutions of

enzyme immobilized nanofibers.
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Table I1.3  Solution Preparation for PA, PMA, PMMA and PMMG nanofibers

Solution Weight of polymer, Immobilized Solvent
enzyme and agrichemicals (g) (mL)
PCL Free/a- MCM-41/0- MgO GA CHCI3
Amylase  Amylase NPs

PA 0.5 0.1 - - - 5

PMA 0.5 - 0.1 - - 5

PMMA 0.5 - 0.1 0.05 - 5

PMMG 0.5 - 0.1 0.05 0.05 5

2.5.10 Solution for PEO/Cellulose (PCw) Electrospun Nanofibers

A homogeneous solution of PEO and cellulose in the ratio 50:50 was
prepared by blending PEO (0.5 g) and cellulose (0.5 g) extracted from WH in 5 mL
of chloroform /DMF (4:1 v/v). It was stirred for 6 h till a homogenous solution (PCw)

was obtained. The solutions were prepared at room temperature (30°C).

2.5.11 Solution for PEO/Cellulose/CDs (PCwCDw) Electrospun
Nanofibers

To the PCw solution, carbon dots (CDs) was added (PCwCDw). This was
optimised to 20% by weight of PEO (0.1g). This was allowed to stir for 6 h till a

homogenous solution was obtained.

2.5.12 Solution for PEO/Cellulose/nHAP (PCwH) Electrospun Nanofibers

To the PCw solution, nHAP (0.1g, 20% by weight of PEO) was added. A

homogeneous solution PCwH was obtained after 6 h of stirring.

2.5.13 Solution for PEQ/Cellulose/nHAP/CDs (PCwCDwH) Electrospun
Nanofibers

The PCw solution containing both CDs and nHAP was prepared by dispersing
CDs (0.1g) and nHAP (0.1g) in 5 mL of chloroform/DMF (4:1 v/v) using ultrasound
(Ultronique QRS500, frequency 20kHz). The PCwCDwH solution was allowed to stir
for 6 h till a homogenous solution was obtained. Table I1.4 shows the concentrations

used for making the solution.
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Table I1.4 Solution preparation for nanofibers for PCw, PCwCDw, PCwH,

PCwCDwH
Solution Polymer and agrichemicals (g) Solvent (mL)
PEO  Cellulose CDs nHAP CHCIz: DMF
PCw 0.5 0.5 - - 4 1
PCwCDw 0.5 0.5 0.1 - 4 1
PCwH 0.5 0.5 - 0.1 4 1
PCwCDwH 0.5 0.5 0.1 0.1 4 1

2.6 Electrospinning Technique

Fig.1.7 depicts the electrospinning apparatus used in the present study. The
electrospun nanofibers were prepared by electrospinning the solutions prepared as
discussed earlier in the Department of Chemistry, National Institute of Technology,
Calicut. The produced polymer solution was dispensed into a syringe (10 mL) fitted
with a stainless steel needle (0.3 mm). The solution flow rate was modified using a
syringe pump. Aluminium foil rolled over the rotating drum was used as collector.
A high voltage power supply was applied in between needle and collector. The
polymer nanofibers were collected as fiber mat on collector which was later peeled
off. Table IL.5 lists the standard variables that were applied to the electrospinning of

all solutions. Each solution's specific parameters are described in a separate section.

Table I1.5 Common electrospinning parameters employed

Parameters Ideal Values

Needle Volume 10 mL

Needle Diameter 0.3 mm

Collector Type Static- Aluminium Foil
Solvent Chloroform/ DMF
Temperature 28 £ 1°C

Humidity 62+5%
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2.6.1 Electrospinning Parameters for PCL, PHZ, PHZT, BHZT
Nanofibers

Table I1.6 shows the electrospinning parameters for the formation of fibers of

PCL, PHZ, PHZT and BHZT.

Table I1.6 Optimised electrospinning parameters

Polymer Tip-target Applied Flow Rate
solution Distance (cm) Voltage (kV) (mL/h)
PCL 15 20 0.5
PHZ 15 20 1
PHZT 15 20 1
BHZT 15 20 1

Solvent : Chloroform + DMF in the ratio 4:1

2.6.2 Electrospinning Parameters for PCL—- PEO Blend Nanofibers

Table I1.7 shows the electrospinning parameters for the formation of fibers of

PCL and PEO blends.

Table I1.7 Optimised electrospinning parameters

Polymer Tip-target Applied Flow Rate
solution Distance (cm) Voltage (kV) (mL/h)
Bl 15 20 2
B2 15 20 2
B3 15 20 2

Solvent : Chloroform + DMF in the ratio 4:1

2.6.3 Electrospinning Parameters for PA, PMA, PMMA and PMMG
Nanofibers

Table I1.8 shows the parameters of electrospinning for the polymer solutions
of PA, PMA, PMMA and PMMG nanofibers.
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Table I1.8 Optimised electrospinning parameters

Polymer Tip-target Applied Flow Rate
solution Distance (cm) Voltage (kV) (mL/h)
PA 14 22 1
PMA 13 26 1
PMMA 13 26 1
PMMG 13 26 1

Solvent : Chloroform +DMF in the ratio 4:1

2.6.4 Electrospinning Parameters for PCw, PCwCDw, PCwH,
PCwCDwH Nanofibers

Table I1.9 shows the parameters of electrospinning for the polymer

solutions of PCw, PCwCDw, PCwH, PCwCDwH nanofibers

Table I1.9 Optimised electrospinning parameters

Polymer Tip-target Applied Flow Rate

solution Distance (cm) Voltage (kV) (mL/h)
PCw 14 21 1.5
PCwCDw 14 21 1.5
PCwH 14 21 1.5
PCwCDwH 14 21 1.5

Solvent : Chloroform +DMF in the ratio 4:1

2.7 Preparation of Porous Polymer Film Using Phase Inversion Method

The homogeneously mixed solution of nHAP/ZnONPs/T.viride —PCL/PEO
(BHZT) was used for the preparation of porous polymer film. For phase separation,
deionised water was added to the homogeneous solution of BHZT as a non-solvent

and stirred constantly. From the resultant solution the aqueous portion was removed

and dried on a petri dish at 80°C. The films were labelled as BHZTr
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2.8 Coating of the Seeds
2.8.1 Fiber Coating

A layer-by-layer electrospinning coating method was used to embed seeds into
the nanofiber membrane. A nanofiber layer was first electrospun on the aluminium
foil for 2 h, then the corn seeds were spread on top of this layer. To obtain uniform
coating on both sides, another nanofiber layer was electrospun for 2 h on the seeds.
The nanofiber coated seeds was cut by a circular punch. The prepared solutions from
section 2.5 were loaded into the syringe one by one to develop different nanofibrous

seed coating.

2.8.2 Film Coating

Seeds were covered using the dip coating technique. Prepared solution of
BHZT was ingested in a bottle that had a secure cap. 25 seeds were added to the
solution bottle and shaken vigorously for 5 min. They were emptied into a petri dish

and left to dry!’. Fig.IL.5 shows the images of coated and untreated seeds.

Fig.I1.S Images of a) uncoated seeds b) nanofiber coated seeds
¢) film coated seeds

2.9 Characterization Studies

2.9.1 Analysis of Functional Groups and Structure
2.9.1.1 FT-IR Analysis

Fourier transform infrared studies were conducted using a BRUKER Alpha

FT-IR spectrometer in the range of 4000 cm™ to 400 cm ™! to determine the functional
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groups of the samples. The liquid and powder samples, as well as the dried sample

membranes, were all deposited directly to the sample holder.
2.9.1.2 XRD Analysis

The crystallinity of the polymer nanofibers and nanoparticles were examined by
XRD (Panalytical, Aeris Research) using Cu Ka radiation (wavelength = 1.540598 A)
produced at 40 kV and 30 mA. The XRD spectrum was recorded from 20° to 80° at
295 K. The XRD study helped in understanding the blends' miscibility to some extent.

The crystallite size was calculated from the Scherrer equation.

L _ 0944
P BCoso

2.5

where Dp = average crystallite size, B = line broadening in radians, 6 = Bragg angle,

and A= X-ray wavelength'®
2.9.1.3 UV-Visible Spectroscopy

A Shimadzu UV-1800 UV-visible absorption spectrometer was used to
observe the absorption behaviour of the synthesized nanoparticles and immobilized

enzyme. The syringe-filtered CD solution was used in this analysis.

2.9.1.4 Fluorescence Spectroscopy
To check the fluorescence intensity of CDs broadband 450-W xenon arc lamp
from UV to near-IR was used. Fluorescence spectra were recorded on a Fluorolog 3

TCSPC, between 280 nm to the 400nm excitation wavelength.

2.9.1.5 ICP-OES Analysis

The release patterns of metals and nanoparticles from the developed
nanofibers into the soils was assessed using inductively coupled plasma optical

emission spectroscopy (ICP-OES, Perkin 221 Elmer Optima 5300DV)
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2.10 Thermal Analysis
2.10.1 Thermo Gravimetric Analysis (TGA)

The thermal stability and decomposition temperature of samples were
evaluated using TGA with a heating rate of 20°C/min under nitrogen atmosphere
using a TGAQS50. Alumina was used as the reference material on platinum pans and

calcium sulphate was used as standard.
2.11 Studies on Morphology
2.11.1 SEM Analysis and EDX Measurement

A FE1Quanta FEG 200 High Resolution Scanning Electron Microscope (HR-
SEM) provided with Energy Dispersive X-ray spectroscopy (EDX) was used to study
the surface morphology. This was observed with a FEG assembly with Schottky
emitter(-200V to 30kV) Secondary electrons thus produced gives rise to surface
morphological images and tracked using Everhart Thornley detector. Presence of
elements such as nanoparticles, metals on the polymer nanofibers were detected
through EDX attached to SEM. Before doing the SEM study, the samples were

sputtered with gold to make them conductive.
2.11.2 Fiber Diameter Measurement

The UTHSCSA image J tool software was used to calculate the fiber diameter
of SEM images of electrospun nanofibers membrane. The average diameter of

nanofibers was calculated based on 50 random nanofibers.

2.11.3 TEM Analysis

Transmission electron microscopy (TEM) studies were conducted to analyse
the presence of agrichemicals loaded in the PCL/PEO nanofiber matrix and
synthesized MCM-41 structure using JEOL instrument with a voltage of 200 kV. This
instrument uses high energy electron beam for material characterization and gives the
information of nanoparticles dispersion inside or on the surface of the fiber. The TEM

images display the details of the internal structure of the fibers.
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2.11.4 Static Water Contact Angle (SWCA)

With the use of a Euromex Optical Microscope and a CCD camera, the
hydrophilicity of the polymer was investigated by measuring the water contact angle.
A contact angle of less than 90° suggests hydrophilic wettability and more than 90°
implies hydrophobic wettability.

2.12 Physical Property Measurements
2.12.1 Porosity Measurement

The porosity (P) of the electrospun nanofibers was evaluated by the n-butanol
uptake method. In this method, the electrospun nanofibrous membrane was dipped in
n-butanol for 2 h. The weights of the membranes before and after immersion were
measured. The porosities (P%) of the membranes were investigated using Equation

2.6".

mq

Pp
m x 100 (26)
Pp Ps

P(%) =

where ‘mi’ and ‘ma” were the weights of the electrospun nanofibrous membranes
before and after soaking in n-butanol and ‘p»” and ‘ps’ are the densities of the
n-butanol and dried electrospun membranes respectively. The ratio of the weight of
the dried electrospun nanofibers (m) to volume (v) [length (0.7 cm), breadth (0.7 cm),

thickness (30 mm)] was used to find the density of the electrospun membranes (ps).
2.13 Study of the Aqueous Solution of Membranes

Each of the samples (0.1 g) was soaked in 20 mL of water. The analysis of the
samples was done at regular intervals up to 5 days. The solutions were covered with
aluminium foil to avoid evaporation of water and contamination and kept at room
temperature. Similar procedure was done for uncoated seeds and seeds coated with

nanofibers and film.
2.13.1 Study of Variation in pH

Synthesized fibers and film (0.1 g) was dissolved in distilled water (20 mL)

and the change in pH and conductivity was recorded for a period of 5 days. The
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change in pH and conductivity of the steep waters obtained on dissolution of the fiber
and film coated seeds in water and fibers and film in water were studied at room
temperature (30 = 1°C). The Scientific tech ST2002M pH meter was used to study the
pH change.

2.13.2 Study of Variation in Conductivity

The conductivity measurements were done using Systronics MK-509
conductivity meter. The variation in conductivity values was investigated to analyze
the release of nutrients. Uncoated, fiber and film coated Zea Mays seeds (1g) were
steeped in distilled water (20 mL) for 5 days at ambient temperature (30 = 1°C) in a
beaker. Conductivity of solution is expressed in Siemens per metre (S/m). A 0.01M
solution of KCl was used to calibrate the apparatus. Conductivity testing, which is
widely used in environmental and industrial applications is a quick, affordable and
reliable technique, mostly for testing water samples. Using conductivity
measurements from the literature, this work investigates how fibers containing

nutrients dissolve in water®’.
2.13.3 Swelling Studies

1x1 cm square pieces of fiber mats and film were cut and dried at 60°C to
remove moisture and weighed (W1). It is placed on aluminium foil. The samples were
immersed in water (2 mL). After every 2, 4, 6, 8, 10, 12, 24 and 36 h the foils were
removed, wiped and weighed (W2). In the case of enzyme immobilized nanofibers
swelling studies were done in PBS at a pH of 6.5. The samples completely dried in a
preheated oven at 60°C. The dried sample's weight is recorded (W3). The percentage

d2l,22

swelling and stability were calculate using Equation 2.7 and 2.8.

Wy

% Swelling (%Sw) = =22 x 100 2.7
1
% Stability (%S) = % x 100 2.8
1

An analytical balance with a 0.0001g precision, the Citizen Cx120, was used to

measure the weights.
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2.13.4 Study of the Steep Water and Imbibition Studies

The rate of imbibition and water uptake of uncoated, fiber and film coated
seeds were tested and compared. Seeds (1 g) were placed between two wet tissue
papers, and the weight gained owing to water absorption was calculated by
subtracting the weight of dry seed from the imbibed seed. The surface moisture of
imbibed seeds was wiped out before weighing. The measurements were repeated three

times and the average value was reported.
2.13.5 Metal Release Study

The release patterns of metals from the developed nanofibers into the soils
was assessed using inductively coupled plasma optical emission spectroscopy (ICP-
OES, Perkin Elmer Optima 5300DV) analysis of the soils over a 7 day period. The
nanofibers and film (100 mg) were put into various vials, each containing soil (1 g)
and Milli-Q water (10 mL)?. The vials were incubated at room temperature for 7
days. The soil samples were dried at 100°C after being incubated. The soil samples
(100 mg) were placed in various vials with HNO3 (5 mL) and digested at 100°C for 48
h over a hot plate. The digested samples were combined with HNO3 (2 mL) and the
samples were incubated at room temperature for 24 h. Milli-Q water (10 ml) and the
digested samples (0.2 mL) were combined, then the mixture was filtered using syringe
filters. The process was repeated for the samples taken from the vials at various times.
For the ICP-OES analysis, the filtered samples (5 mL) were combined with Milli-Q
water (5 mL). To ensure analytical accuracy, appropriate blank and standard runs

were conducted.
2.14 Microbiological Test and Dual Culture Tests

By inoculating the surface of the agar with the fibrous mats that were put on
the aluminium foil at 28°C, it was possible to determine the viability of the spores of
the soil bacterium 7. viride in the fibers. The diameter of colonies was measured on

alternate days after inoculation up to 7 days.

Through double culture on the solid medium in Petri dishes, the interaction
between the pathogenic fungus Aspergillus and the fungal antagonist 7. viride was

studied. The plate was covered with a disc (7 mm) of the pathogen's 5-day agar
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culture. At the other end of the dish, a 7. viride spore-infused, fibrous BHZT mat was
positioned. The ability of the spores of the soil microorganism 7. viride in the fibers
was assessed after incubation for 7 days at 28°C. The growth of the colonies of the

phytopathogen and antagonist fungi was examined.

2.15 o-Amylase Enzymatic Activity Assay
2.15.1 Activity Assays of Immobilized a-Amylase

a-Amylase enzyme activity was assessed using the Bernfeld method for both
free and immobilised forms®*. By measuring the amount of maltose released from
starch, the activity of amylase was evaluated. lcm? section of enzyme immobilized
nanofiber was used to determine the activity. In a test tube the immobilised enzyme
were combined with 1% starch solution (1 mL) prepared in phosphate buffer (pH =
6.5). This mixture was then incubated at 37°C for 30 min. Before adding
3,5-dinitrosalicylic acid (DNS) reagent, the immobilised enzyme was taken out of the
reaction mixture and rinsed with distilled water. After this, DNS (ImL) was added as
terminator of the reaction and the mixture was heated for 5 min at 100°C. The amount
of released maltose in the reaction mixture was calculated using the absorbance at
540 nm. The calibration curve was obtained with maltose solutions at different
concentrations. The amount of the enzyme producing 1 pmol of reducing sugars per
minute under the assay conditions was used to define one unit of enzyme activity (U).
The whole procedure was repeated with other fabricated nanofibers PMA, PMMA
and PMMG.

2.15.2 Effect of pH on the Immobilized a- Amylase Activity

In general, enzymes are sensitive to changes in pH and they have an optimum
pH range over which their activity decreases. The pH level at which the enzyme
activity reaches its peak is known as the optimum pH value. Using 0.1 M phosphate
buffer solutions (PBS) with pH ranges between 4.0 and 9.0 in steps of one pH unit,
the effect of pH changes on the a-amylase activity of the extract was investigated.
Each of the five identical test tubes, labelled 1-5, was set up to indicate a specific pH
value. The similar procedure was followed as in the enzyme assay procedure (Section

2.15.1) using different pH solutions.
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2.15.3 Effect of Temperature on the Immobilized a- Amylase Activity

The effect of varying temperature on the activity of enzyme was investigated
to determine the optimum temperature of immobilised enzyme samples. The process
for determining how temperature variation affected enzyme activity was the same as
that used to determine how pH variation affected amylase activity; however, in this
case, a buffer solution with a pH of 5.6 (0.1 M phosphate buffer) was used, and the
reaction was monitored at various temperatures (20°C, 30°C, 40°C, 50°C, 60°C and

70°C).

2.15.4 Reusability and Storage Stability Studies of Immobilized
o-Amylase

The residual activity of the immobilised enzyme under ideal circumstances
after five reuses was used to analyse the reusability of a-amylase. 1mL of the
prepared starch solution was added to the reaction mixture containing the immobilised
enzyme in each cycle of the reaction. Following each cycle, the immobilised enzyme
was removed from the reaction mixture and rinsed with deionised water and PBS
(50 mM; pH 6) and then a new enzymatic reaction cycle was initiated using the
freshly prepared substrate solution. The enzyme activity was assessed after the
enzyme had reacted for 30 mins with 1% soluble starch in order to ascertain whether
the immobilised amylase was reusable. As previously said, the activity was measured.

The enzyme's initial activity was taken as 100%.

By monitoring the residual activity after storage at 4°C in 20 mM phosphate
buffer, at pH 6.5 in every 10 days for a period of 8 weeks, the storage stability
of immobilised a-amylase was examined. The reaction medium's pH and temperature
were optimum. The initial activity was compared to the activities at various times.

Each result was determined by averaging the results of three replicates.
2.15.5 o - Amylase Activity of Coated Seeds Using Starch Agar Method

The starch agar medium was made with distilled water, 2% bacteriological
agar and 1% soluble starch. Using an autoclave, the medium was sterilised at 121°C.
The germinated seeds after 5 days were then detached from the root and shoot. The

remaining scutella was placed on the starch agar medium for 24 h. Uncoated and
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prepared coated seeds were spread on starch agar plates. After 24 h, the treated plates
were drained with iodine solution. The digested starch area stayed transparent while
the undigested area turned blue?’. The diameter of the digested zone surrounding the
treated seed was measured and the amylase activity was taken into account. The

process is repeated three times.
2.15.6 Antioxidant Studies

The radical scavenging experiment was used to determine the developed
electrospun nanofibers' antioxidant activity. According to the reported method, the
radical scavenging activity was assessed using the diphenylpicrylhydrazyl radical
(DPPH)?. Developed nanofibers (100mg) were dipped in methanol solution of DPPH
(1 mL, 0.1 mM). As a control, a blank was prepared without the addition of the
sample. The solutions were gently mixed and their absorbance was measured at
517 nm after 30 min incubation in the dark. The DPPH scavenging activity (%) was
calculated using the Equation 2.9.

Absorbance of Control— Absorbance of Sample

x 100 2.9

DPPH scavenging activity =

Absorbance of Control
2.16 Germination Parameters

Approximately uniform sized Zea mays seeds were selected for the
experiment. The greenhouse studies were conducted to assess the efficacy of this seed
coating approach. The germination assays were done at room temperature, with the
seeds being placed on wet filter paper on a petridish?’. The experiment was conducted
using synthesized electrospun fibers and film as seed coat. The seeds were divided
into sub samples of 25 seeds each as shown in the Fig.Il.6. One of the sets was
uncoated seeds and other sets were coated with nanofibers and porous polymer film
respectively. The sprouting studies were carried out using the "in between paper”
method. The tissue paper is kept wet by spraying water regularly. They were
permitted to remain in the dark for 24 h before being investigated. Decayed seeds
were removed. The root and shoot length were measured after every 24 h. To assure
data consistency, the study used a completely randomised experimental design with

three replicates of 10 seeds each.
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Fig.11.6 Photographs of experimental set up for germination studies
A) Uncoated B — E) Nanofiber coated F) Porous film coated

The number of seeds germinated was counted after every 24 h. Six good
seedlings were chosen from each treatment at random. The root and shoot length were
measured with a thread and ruler. When the radicle protruded from the seed coat, a
seed was said to have germinated. The status of seed germination was observed
between 0 h and 120 h. The formulas listed in Table 11.10 were used to compute the
germination parameters, including germination percentage, germination index and
seed vigour index. Go, G, L and Lo represent the number of seeds in the sample, the
number of seeds that germinated, shoot length of the seed and the shoot length of the
control, respectively®®. Additionally, the wet biomass of the shoots and roots was
calculated after 15 days of germination.

Table I1.10 Equations of germination parameters

Germination Parameter Formula
Germination Percentage (% G) = G/Go*100
Germination Index (GI) =G/Gox L/Lox 100
Seed Vigour Index (SVI) = %G x L(cm)
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2.16.1 Statistical Analysis

To analyse the effect of developed seed coat on germination, one way
ANOVA was used to examine the data for germination percentage, germination
index, and seed vigour index. This test was carried out using Statistical Package for
Social Sciences - SPSS 24.0 software (IBM). All data were tested for homogeneity
using Levene’s test before conducting the one way ANOVA. Treatment effects were
declared significant at p < 0.05 for all analyses. Tukey’s HSD test was used to test

post hoc for difference among means.
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Chapter 3

Incorporation of nHAP, ZnO NPs and T.viride into
PCL nanofibers and PCL/PEQO blend nanofibers and
its application as seed coats

This chapter deals with the characterization of synthesized ZnO NPs and
nHAP followed by the optimisation and characterisation of the fabricated PCL, PHZ,
PHZT and BHZT nanofibers. The analogous porous polymer film of BHZTr was
prepared. The developed porous membranes were used as Zea mays seed coats. The
efficiency of seed coats towards controlled release of nutrients was monitored for
nanofiber and film coated seeds. The germination studies of coated seeds were
performed to evaluate the germination parameters. The antagonistic activity of
immobilized biofungicide T.viride was studied against pathogenic fungi. Block

diagram for seed coating for the study is shown in Fig.III.1.

Seed Coating :1
. Polymer Blend
Choice of polymer POLY CAPROLACTONE(PCL)
POLYCAPROLACTONE(PCL) POLY(ETHYLENE OXIDE)(PEO)
paes . Nanofertilizer Biofungicide
Micronutrient ZnO NPs Nanohydroxyapaite Trichoderma viride
(nHAP) (Tviride)

COMPOSITION OFDEVELOPED

NANOFIBERS LT, e
PCL Seed coating using ] pump
PCL+nHAP +ZnO NPs (PHZ) electrospinning 3 o
PCL+ nHAP +Zn0 NPs +T.Viride (PHZT) E— pﬂ.m,ﬂwr—j voltage

PCL+ PEO+ nHAP+Zn0 NPs +IViride (BHZT)

\ ollector
COMPOSITION OF DEVELOPED FILM =+ ol
PCL+ PEO+ nHAP +ZnO NPs +T.Viride Seed coating using
(BHZT ) ' dipcoating

Fig.II1.1 Block diagram of methodology for seed coating: 1
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3.1 XRD Analysis

The developed nanofibers and all the precursors used in the synthesis of the
electrospun membranes ie, nHAP and ZnO NPs were characterized by X-ray
diffraction. XRD patterns of ZnO NPs (Fig.IIl.2a) has characteristic crystalline Bragg
reflections at 31.6° , 34.3°, 36.11°, 47.44°, 56.73°, 62.8°, 67.8°, 68.8°, 46.72° and
76.98°! (JCPDS 36-1451). Fig.II1.2b shows the XRD pattern of the nHAP. The Bragg
diffraction peaks closely matched those of conventional nano-HAP? at 25.9°, 31.7°,
32.9°,39.6°, 49.4° and 53.1° which are the 20 values, and have the following indices:
(002), (210), (211), (112), (300) and (220) (JCPDS File No. 89-6440)
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Fig.II1.2 XRD diffractogram of a) nHAP b) ZnO NPs

In the case of PCL nanofibers (Fig.I11.31), two major peaks appeared at 20 =
21.3° and 23.8°, attributed to the diffraction of (110) and (200) lattice planes indicate
semi-crystalline nature®. The nanofibers PHZ, PHZT and BHZT showed (Fig.IIL.3 ii-
iv) three new peaks at diffraction angles at 26.1° (002), 31.7° (211) and 32.4° (112),
which may be attributed to the characteristic diffraction angles of crystalline nHAP
and ZnO NPs. This clearly indicates the successful incorporation of nHAP and
ZnO NPs within the nanofiber. These XRD patterns of nanofibers showed that there
was no formation of a new crystal phase. The crystalline diffraction peaks of neat
PCL nanofiber showed a broadening and a decrease in intensity in agrichemicals
loaded nanofibers, indicating an amorphous behaviour, which is attributed to the
degradation of the ordered structure during the preparation of electrospinning

solution. Moreover, the fillers hindered the crystallization and facilitated the

90



Chapter 3

formation of an amorphous structure of PCL. The XRD data show that the
crystallinity of PCL is more sensitive to the addition of PEO. The unassigned peaks in
the spectrum of BHZT suggest the presence of organic materials from fungal cells.
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Fig.I11.3 XRD Diffractogram of nanofibers i) PCL ii) PHZ iii) PHZT
iv) BHZT

3.2 FTIR Study

Fig.I11.4 displays FTIR spectra of the synthesized ZnO NPs, nHAP, T.viride
and the prepared membranes. In the case of PCL (Fig.Ill.4a(i)) the peaks at
2945 cm'and 2869 cm’! indicates asymmetric and symmetric CH: stretching
vibrations respectively. Carbonyl stretching vibration is observed at 1721 cm!. C-C
stretching in the crystalline phase is observed at 1250 cm™. In nHAP (Fig.III.4a(ii))
the peaks at 1461 cm™'and 1025 cm™! are due to the asymmetric stretching vibrations
of CO3%* and PO4* respectively. The out of plane bending mode of CO3? is observed
at 948 cm’™!. The peak at 555 cm ! is due to asymmetric bending vibration of PO4>".
The functional groups of the nHAP observed from FTIR spectra analyses are
compared to literature and confirmed the successful synthesis of nHAP* The
spectrum of ZnO NPs in Fig.III.4a(iii) showed a peak at 421 cm™! attributing to Zn-O
stretching vibrations™. As shown in Fig.IIl.4a(iv), T.viride had a broad band around
3335 cm! which was assigned to the overlapping of O-H and N-H stretching
vibrations’. The peaks at 2927 cm!, 2260 cm!, 1641 cm! and 1018 cm™' were
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attributed to stretching vibrations from C-H of alkane, C=N of amide and bending

vibrations of C=0 of amide and C—-O of ester or ether respectively.
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Fig.I11.4 FTIR spectra of a) i) PCL ii) nHAP iii) ZnO NPs iv) T.viride
b) i) PHZ ii) PHZT iii)BHZT c¢) PEO

FTIR spectrum of PEO is shown in Fig.Ill.4c. The strong peak at 1095 cm’!
represents C-O-C stretching vibration. The peak at 1345 cm™ is assigned to CHa
bending and the peak at 2873 cm corresponds to C-H symmetric stretching

vibration®.

The IR bands of PHZ, PHZT and BHZT was observed in Fig.III.4b(i- iii)
respectively. The peak appeared around 420 cm ! in all the samples revealed the
presence of Zn-O absorption bands and confirms the incorporation of ZnO NPs. The
peaks around 2257 cm ™!, 1645 cm™! and 1000 cm™! exhibited in PHZT (Fig.II1.4(b(ii))
and BHZT (Fig.II1.4b(iii)) specifies the stretching vibrations from C=N of amide and
bending vibrations of C=0 of amide and C—-O of ester or ether groups of T.viride. For
BHZT nanofibers, all characteristic peaks corresponding to PCL, PEO, nHAP, ZnO
NPs and T.viride were observed. This shows successful unification of fillers into

BHZT nanofibrous membrane.
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3.3 Study of the Morphology
3.3.1 SEM Analysis

The SEM images of ZnO NPs and nHAP are depicted in Fig.IIl.5a and b. The
morphology of synthetic ZnO nanostructures is spherical nanoparticles (SNPs) with
an average size of 98.72 nm. Fig.IIl.5b displays the SEM images of the prepared
hydroxyapatite nanoparticles. The hydroxyapatite nanoparticles have a mean diameter

of 95.36 nm and a spherical shape with more aggregation.

Mean diameter = 98.72 nm

TOB0 $0.80 90-100 100118 116-120 170-130 130-148 140.180
Diameter of nanoparticles (nm)

Mean diameter = 95.36 nm

7080 BO-50 $0-100 100-110 110-120 120-130 130-140 140-150
Diameter of nanoparticles (nm)

Fig.III.S SEM images of a) ZnO NPs b) nHAP Histogram bar chart of
¢) ZnO NPs d) nHAP

The electrospinning solution preparation of PCL/PEO based blended nanofibers
was done using the optimal process parameters that produced homogeneous, bead-
free PCL nanofibers. Three different PCL/PEO blending ratios (75/25, 50/50 and
30/70 w/w) were used to make nanofibers. The smooth, uniform and bead-free fibers

were observed in blend B3.

The variations in average diameter and beading morphologies were seen, as
shown in Fig.III.6. However, in PCL/PEO blended nanofibers (PCL/PEO: 75/25 and
50/50 w/w), bead defects increased with PCL concentration. This is explained by the
fact that PCL-based electrospinning solutions in chloroform and DMF have lower
solution viscosities than PEO, which is caused by a big difference in their average

molecular weights. The beaded morphologies and average diameter variations were
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observed as shown in Fig.III.6. However, bead defects were observed to increase with
PCL content amongst PCL/PEO blended nanofibers (PCL/PEO: 75/25 and 50/50
w/w). As a result, for solutions containing a high concentration of PCL, electrostatic
forces produced by the application of high voltages have an impact on the continuity
of the jet, which leads to the production of beaded morphologies’. Conversely, for
PEO rich blends (PCL/PEO: 30/70 w/w), an increase in average electrospun fiber
diameter and a subsequent decrease in beaded morphologies are attributable to their
greater solution viscosities, which boost their capacity to achieve a continuous stable
jet with Taylor cone formation. Thus the morphology and fiber diameter of the
blended fibers are significantly influenced by the concentration and composition of

the polymer solution used for spinning.

Fig.I11.6 SEM image of PCL/PEO nanofiber with different blend ratio

a) B1 (PCL/PEO: 75/25) b) B2 (PCL/PEO: 50/50)
¢) B3 (PCL/PEO: 30/70)

The SEM micrographs of PCL, PHZ, PHZT and BHZT indicates the
formation of ultrafine continuous fibers as shown in Fig.IIl.7(ia-1va) respectively. The
SEM analysis shows (Fig. I11.7ia) diameter of electrospun pristine PCL nanofibers is
276nm. The nutrient incorporated PHZ, PHZT and BHZT nanofibers (Fig.II.7(iia —
iva)) showed a decrease in diameter from 119.5nm to 98nm. Higher reduction in
diameter observed for T.viride incorporated nanofibers which might be caused by the
colonization of spores of T.viride within the fibers. It is assumed that the addition of
nHAP and zinc increased the solution's conductivity and the surface charge density of
the solution jet. It is well known that a solution's conductivity will decrease with
increase in fiber diameter. This can be explained by the fillers acting as a plasticizer

and the polymeric solution becoming less viscous. A polymer solution with a higher
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viscosity resists elongation during the electrospinning process. In other words, by
reducing the viscosity of the polymer solution, the injected jet can be stretched and
elongated further, producing finer fibers. Thus the fiber diameter and structure of the
fibers are significantly influenced by the content of the polymer solution used for
spinning'®. The homogeneous dispersion of the polymer coating on the seed surface is

ensured by the high surface area of the PCL nanofibers.
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Fig.IIl.7  (ia-iva) SEM images of nanofibers ia) PCL iia) PHZ iiia) PHZT
iva) BHZT (ib-ivb) Histogram bar chart of ib) PCL iib) PHZ iiib) PHZT
ivb) BHZT

SEM image of BHZTr (nHAP, ZNO NPs and 7.viride incorporated PCL/PEO films),
shows that the nanoparticles are spread unevenly on the surface (Fig.II1.8). The
morphology of film shows low degree of porosity. By incorporating ZnO NPs into
PCL nanofibers, nitrogen fixing in leguminous plants is enhanced due to increased

nitrogenase enzyme activity during germination'!. The diameter of PCL, PHZ, PHZT
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and BHZT fibers taking 50 fibers at random plotted in the histogram bar chart as
shown in Fig.II.7(ib-ivb). The nutrient loaded PHZ, PHZT and BHZT are found to

have more fibers with lesser diameters than the pristine PCL.

Fig.1I1.8 SEM images of BHZTr
3.3.2 EDX Spectrum of nHAP, PHZ and BHZT Nanofibers

The EDX spectrum of synthesized nHAP is depicted in Fig.I11.9(i). The EDX
of nHAP shows the presence of Ca and P in stoichiometric ratio as in hydroxyapatite.
This reveals the successful formation of hydroxyapatite. EDX (Fig. II1.9(ii)) and
elemental mapping of the PHZ nanofibers (Fig.I11.9(ii1)) also confirmed the presence
of carbon, calcium, phosphorus, oxygen and zinc in the PHZ membrane indicating

that nHAP and ZnO nanoparticles are successfully incorporated in the PHZ fiber.
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Fig.II1.9 EDX spectrum of i) nHAP ii) PHZ iii) Elemental mapping of PHZ

96



Chapter 3

1.7 — Flewiernr
CK 67 .17 7527
OK 2F2T 2289
1.3 — Zrd 01.82 00.37
| o
PK 01.95 00_85
KCnt
Cal 01.86 00.62
09 — Marrix Correction ZAF
—_—
0.4 —
P
a
- 2
00 — 1 1 T
1.00 2.00 3.00 4.00 5.00 6.00
Energy - keWV

Fig.I11.10 EDX spectrum of BHZT nanofiber

The EDX spectrum of BHZT nanofibers shown in Fig.IIl.10 also confirmed
the presence of carbon, calcium, phosphorus, oxygen and zinc in the BHZT
membrane. This indicates that nHAP and ZnO nanoparticles are successfully

incorporated in the BHZT fiber.

3.3.3 TEM Analysis

TEM analysis of PHZ (Fig.IIl.11) revealed the presence of nanoparticles
inside the fiber but they were not uniformly distributed, NPs were agglomerated along
the fiber direction. These results supported the grafting of nHAP and ZnO NPs in the

polymer matrix.

Fig.I11.11 TEM images of PHZ nanofiber
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3.4 Thermal Analysis

The thermal stability of prepared membranes were analysed by
thermogravimetric analysis (TGA) (Fig.IIL.12). According to TGA curve
(Fig.I11.121), PCL has a degradation temperature in the range from 290°C to 430°C,
with a maximum decomposition at 363°C. For PHZ, the transition region shifted to
381°C showing better thermal stability due to incorporation of nHAP and ZnO NPs
on the PCL matrix as plotted in Fig.III.12ii. TGA curve of pure PEO (Fig.I1I.121ii1)
showed major weight loss at about 268°C and decomposes completely at 341°C. The
decomposition of the PEO matrix may be due to thermal degradation or random chain
scission of C-O bonds in PEO. It can be observed that degradation temperature of
PHZT (Fig.IIl.12iv) starts at 271°C and completes at 350°C by the addition of
T.viride. In TGA analysis of BHZT, weight loss occurred at 215°C-321°C is related
to the C-O bond breaking of polymers in the blend and decomposition of organic
T.viride spores (Fig.Ill.12v). The blend nanofiber also shows a second stage
degradation starts at 334°C and completes at 406°C. This corresponds to the
depolymerisation of the polymer into monomer occurred most frequently during the
thermal degradation of the polymer. Due to the addition of T.viride which caused
plasticity in the sample, there was a slight decrease in the decomposition temperature
of PHZT and BHZT compared to PHZ. The addition of nanoparticles increases the
char yield of composite nanofibers. These variations in the degradation temperature of
the electrospun nanofibers could be due to interactions between the filler material and
the electrospun fiber matrix, which in turn depends on the dopants specific surface
area and its distribution in the polymer matrix'?. From the results, all the prepared
materials possess good thermal stability, which make them suitable for seed coating

applications.
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Fig.I11.12 TGA thermogram of i) PCL ii) PHZ iii) PEO iv) PHZT v) BHZT
3.5 Porosity Measurements

Table III.1 shows the porosity measurements of synthesized polymer

membranes as calculated from Equation 2.6.

Table I11.1 Porosity values of developed membranes

Polymer membrane ~ PCL PHZ PHZT BHZT BHZTr
P(%) 80 87 93 98 25

The maximum porosity of 98% was observed for BHZT. The developed
polymer film shows very low degree of porosity. The early germination rate is aided
by factors like porosity, pore size and specific surface area which facilitate gas and
active component diffusion. Despite the fact that both fiber and film have the same
components, morphological difference and high porosity makes the fiber a superior
seed coat over conventional polymer films. This is in consistent with germination
data. Polymer film having low porosity inhibits the movement of gases between the
internal structure and the external environment. Polymer films with low
porosity prevent the flow of gases between the internal structure of seed and

environment.
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3.6 Study of Aqueous Solution of Nanofibers and Seeds
3.6.1 Swelling and Stability Studies of Nanofibers in Water

The developed fibers and films were soaked in water for 36 h and weights
were monitored at regular time intervals. The swelling percentage is calculated by
substituting the weights in Equation 2.7. The degree of swelling is one of the
important factors in controlling the release rate of ingredients loaded in the fibers.
Swelling properties depend on the hydrophilic/hydrophobic nature of nanofibers.
Fig.III.13a shows the swelling studies of the prepared nanofibers and films. As PCL
is a hydrophobic polymer the swelling percentage increased very slowly in the first
10h (Fig.II.13a(i)). The swelling of PCL in water is attributed to the porous structure
of nanofibers. The swelling percentage of PHZ, PHZT and BHZT increased in the
first 5 h and then showed a sustained patterns in Fig.III.13a(ii-iv). This is due to the
added hydrophilic components in these fibers. The BHZTr film swells at lower rate
owing to less porous nature of prepared film (Fig.III.13a(v)).

The stability of the samples were studied using Equation 2.8 and are shown
(Fig.I1I.13b). The weight loss in an aqueous solution typically corresponds to the
polymer's index of instability. The weight loss is inversely correlated with the stability
of the polymer in aqueous solution. PCL is water insoluble hence it is expected to
remain after 36 h. Hydrophobic nature of PCL is reduced by the addition of nHAP
and ZnO NPs.

The stability of film is very lower than nanofibers because of the dissolution
of 1ons or particles on the surface which results in immediate weight loss. Blending of
water soluble polymer PEO with PCL makes it a suitable matrix for seed germination
by allowing a sustained release of nutrients. Coating the seeds with nanofibers
maintains controlled water absorption. The close proximity of nanofibers around seed
surface can ensure the protection of seed. The slow swellability of PCL allows the
fertilizers stay on seed surface for a prolonged time during the seedling development
stages than the hydrophilic polymers which dissolved easily. PHZ nanofibers show
swelling percentages about 250% to 300%, which is due to the high porosity of PHZ
electrospun nanofibrous mats. This could be explained as the addition of fillers like

nHAP with sufficient hydrophilicity increases the porosity!>. The high swelling
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percentage makes the loaded nutrients in the samples to deliver to crops in a

programmed manner for use as a nanofertilizer.
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Fig.II1.13 a) Swelling and b) Stability studies of nanofibers
i) PCL ii) PHZ iii) PHZ iv) BHZT v) BHZTr

3.6.2 pH Study

The pH of fabricated nanofibers, film, seeds coated with respective fibers and
film were studied over a period of 5 days as the seed germination requires time. The
variation of pH of the fibers and film and that of fiber and film coated seeds over a
period of 5 days plotted respectively in Fig.Ill.14a and b. The pH of pristine PCL
fibers (Fig.I11.14a(i)) was found to be in the range 5 to 5.3. The nutrient incorporated
PHZ, PHZT and BHZT fibers have a pH range from 5.4 and 6.5 (Fig.IIIl.14a (ii-iv)).
The change in pH is due to the release of nutrients from the fibers into water. The
presence of most vital plant nutrients was in the pH range of 5.5-6.2, 5.5 which has
been suggested as optimal for plant growth!*!3. The nHAP and ZnO NPs incorporated
PHZ fibers showed a slight increase in pH within the first 24 h due to the dissolution
of phosphate ions (Fig.III.14a(ii)). Both Trichoderma viride spores and nanoparticles
seem to raise the pH to a favourable range. The gradual increase in pH after 24 h
indicated controlled delivery of agrichemicals. The pH of blended fiber BHZT, shows
a higher value in the early hours because the blending of PCL with PEO makes the
fiber more hydrophilic. After 24 h pH of BHZT follows a sustainable trend making it
a better candidate for the regulated release of loaded nutrients. The most significant

environmental factor influencing the activity of Trichoderma strains is probably pH
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dependent!®. Isolates of trichoderma demonstrated optimum growth and sporulation
rate at different pH values ranging from 4.6 to 6.8!". Therefore the immobilisation of
T.viride spores within the nanofiber allowed a pH environment suitable for the
increased efficacy of beneficial microorganism. The high porosity of nanofibers
allows the prolonged release of agrichemicals throughout germination stages than
traditional film coating. The pH changes of BHZTr film is plotted in Fig.III.14a(v).
The change in pH was found to be at a higher rate for the film compared to the
nanofibers in first 3 days. This may be due to the fact that the active ingredients may
be available at the surface of film but in the case of nanofibers the agrichemicals are
encapsulated within the pores of fibers. The sudden changes in the pH range causes to

toxicity to the plant '%.

An increase in pH can be seen for the uncoated seeds in the first 24 h
(Fig.I1I.14b(i)). This increase in pH could be due to the exudates from the seeds
which easily dissolve in water indicating high deterioration tendency. Therefore
coating of seeds is essential in the early stages of germination. The pH of PCL coated
seeds was almost constant as can be seen in Fig.IIl.14b(i1) and thus protect the seed
from damage due to extreme pH changing conditions. Even though the active
ingredients are absent in PCL fiber, neat PCL fiber is a good matrix for the protection
of seeds. PHZ, PHZT, BHZT fiber coated seeds shows a controlled change in pH
(Fig.III.14b(iii-v)) which is due to the controlled release of agrochemicals. The pH
range for the PHZ, PHZT and BHZT coated seeds seems to be the most suitable since
optimum pH range for corn seed germination is found to be 5.8-6.5. This provides a
favourable condition for the growth of T.viride. Also it does not show large pH
variation and can deliver the essential ingredients at a controlled rate. The pH of film
and film coated seeds follow a similar trend as can be seen in Fig.III.14b(vi). The
polymer films would not allow easy diffusion of ions and gas exchange due to limited

porosity.
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Fig.111.14 a. pH of aqueous solutions of nanofibers and film
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3.6.3 Conductance of the Aqueous Solution of Fibers and seeds
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Fig.II1.15 a. Electrical conductance of aqueous solutions of nanofibers and film

i) PCL ii) PHZ iii) PHZT iv) BHZT v) BHZ T

b. Electrical conductance of i) uncoated seeds ii-vi) seeds coated with nanofibers

ii) PCL iii) PHZ iv) PHZT v) BHZTvi) BHZTr

The conductivity measurements were also determined using the same

solutions made for the investigation of pH measurements and the findings are

displayed in Fig.IIl.15a (i to v). The conductivities of the solution were determined

for

a period of 5 days so as to get constant value. Conductivity measurements in
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agriculture were used for the assessment of soil salinity earlier'®. As there are no ions
in the pristine PCL fiber, the conductivity of PCL nanofibers is very low as in
Fig.Ill.15a(i). Fig.Ill.15a(ii) displays the conductance of PHZ nanofiber. The
conductivity increased within the first 24 h and then follows a constant pattern.
According to the graph, the peak of the nutrient release occurs in the first few hours.
This is indicative of the electrospun fibers which have the potential to be an effective
seed coating material. Thus the increase in conductivity in nutrient loaded nanofibers
could be due to dissolution of metal ions. The imbibition rate and swellability was
also found to be high during the first 3 h which is in agreement with observed
conductance. For the blended BHZT nanofiber, the conductance is high in first few
hours as hydrophilicity of PEO allows dissolution of ions easily than from PHZ and
PHZT nanofibers. The general trend line for the film is shown in Fig.III.15a(v). When
compared to the corresponding fibers, the conductivity values of the film in water
were found to be initially higher but eventually reached a constant value. The
conductivity values of the film in water were found to be initially greater than the
corresponding fibers but ultimately reached a constant value. The initial high

conductivity of film is due to the dissolution of ions on the surface of film.

A reliable measure of seed vigour is the electrical conductance (EC) of seeds
in steep water (seeds submerged for 24 h)*’. The conductance of the seed soak
solution was shown to be inversely proportional to the germination potential. The
primary purpose of the EC test was to quantify how much exudate ions, mostly
potassium, calcium, and amino acid ions, were being released?!. Uncoated seeds'
conductivity increases rapidly over time (Fig.III.15b(i)). This may be because, as the
cell membrane repair was slowed down during water uptake for germination, more
exudates were released into the deep water from any damaged seeds. A coating is
necessary because untreated seeds were found to have high conductivity, which could
cause toxicity in the seed. Hence it is clear that the prepared seed coatings are
effective. On comparison of seeds coated with PCL and PHZ (Fig.III.15b(ii) and (iii)),
the conductivity was found to be the less for PCL coating. The conductivity was
found to increase from PHZ, PHZT to BHZT coated seeds (Fig.II1.15b(iii- v)), This is
due to the release of ions from the composite fibers. Agrichemicals loaded nanofiber
coated seeds exhibits a controlled increase in conductivity but not a drastic increase as

in the uncoated seed. This again confirms the controlled release of nutrients and
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protection of seeds in the early stages of germination. The BHZTF film coated seeds’
conductivity is low compared to fiber coated seeds because of less porous nature of
film which is revealed in Fig.III.15b(vi). The low porosity of film restricts the ions

and gas exchange.
3.6.4 Imbibition Studies of Seeds

The seeds were left soaked in the water and the weight change was monitored
in every half an hour. Fig.III.16 reveals that the highest amount of water was absorbed
during the first three hours which is in agreement with the previous reports’. This is
further confirmed by electrical conductance measurements. The first and crucial stage
in seed germination is imbibition of seeds in water which converts the dormant seed
to a growing embryo. Water absorption via the seed coat induces germination. Corn
kernels need to absorb roughly 30% of their weight in water during the initial stage of
germination. Germination may be slowed down or prevented by less than optimal
water absorption caused by a fast drying seed zone. The uncoated seeds shows
(Fig.II.16b(1)) highest imbibition rate of 50% within first 2 h. This drastic increase in
imbibition rate may lead to rotting of uncoated seeds. Seeds coated with PHZ, PHZT
and BHZT exhibited a greater extent of water uptake (Fig.I11.16b(iii-v)) than PCL
coated seeds. The lower water uptake of PCL nanofiber is attributed to its high
hydrophobic nature. The BHZT coated seeds showed a sustained absorption rate
within 3 hours as required for the germination conditions of corn seeds. Additionally,
the fibers' pores permit gas exchange between the interior structure and the external
environment. The tiny pores in the seed coat may become clogged by the polymer
solution during film coating. It is essential for germination that the seed coat's pores
are distributed unevenly across the surface and the micropyle. Due to poor porosity
after coating, water absorption may not be possible in a film. A controlled rate of
water absorption was made possible by the polymer nanofiber coating which also
minimised imbibitional damage. Corn seed germination starts in between 24 to 48 h.
The controlled absorption rate of water in all nutrient loaded nanofiber coated seeds
allows dissolution of fertilizers and micronutrients and can reach the seed in right

amount at right time.
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Fig.I11.16 Water absorption rate of i) uncoated seeds ii-vi) seeds coated with
nanofibers and film ii) PCL iii) PHZ iv) PHZT v) BHZT vi) BHZTFr

3.7 Ca,Zn and P Release Profile Study

Fig.II.17 displays the Ca, P and Zn release profiles of developed nanofibers
and film in soil using ICP-OES. Release of elements from nanofibers was slow
compared to film. However the release was rapid during the initial 3 days and then it
is slowed down. The rate at which Ca, P and Zn released from PHZ after 3 days
follows a constant pattern. The release pattern of PHZT follows similar trend as in
PHZ release and a very small increase in the amount of metal indicates the slight
higher hydrophilicity of PHZT. It is further confirmed by water contact angle
analysis. The presence of T.viride does not affect the metal release. The BHZT
nanofiber shows high release compared to other three owing to the high hydrophilicity
of PEO in the blended polymer. After 3 days, BHZT fiber allows a controlled release
of nutrients. The data clearly indicated that the polymeric formulation helped to slow
the metal release. In the case of BHZTF porous film the initial increase is due to the
dissolution of surface metals. The release pattern from BHZTr shows a continuous
rise and not having a controlled release. The slow release of calcium and phosphorous
from nanofibers indicates the low solubility of nanoformulation of HAP. It is
important to keep in mind that various seed types may require various nutritional

dosages for germination and seedling growth. It is crucial to create a flexible polymer-
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based nanoplatform with controllable agrichemical release kinetics so that it can be
modified for various types of seed?. It can be seen from the results that the release of
nutrient from the developed nanoplatform can be further tuned by altering the
nanofiber chemical composition. Even though high quantity of elemental release is
obtained in the case of film it follows an uncontrolled pattern. The results show that
nanohydroxyapatite fertilizer increases phosphorus availability to plants and
encapsulation of nHAP in nanofibers prevents phosphorus loss. The nanofertilizers
used in this study not only provided the plant nutrients during its growth phase, but

also stopped too much of these substances from leaching.
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Fig.II1.17 Metal release profile of nanofibers a) Ca release pattern b) P release
pattern c) Zn release pattern from i) PHZ ii) PHZT iii) BHZT iv) BHZTr¥

3.8 Surface Wetting Properties of the Electrospun Fibers

Static water contact angle measurements on the nanofibers were used to
analyse the surface wetting characteristics of the polymer nanofibrous membranes.
From Fig.Ill.18a and b, it was clear that water contact angle reduced from 119° for
pure PCL nanofibers to 90.5° for PHZ nanofibers. This indicates that the surface
hydrophilicity of the PCL nanofibrous membrane is increased by the addition of
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nHAP and ZnO NPs. The hydrophilic OH group in nHAP has improved the surface
wettability of PHZ membrane®*. The addition of T.viride spores in the nanofiber
matrix increase the water contact angle to 110.6° (Fig.II1.18c) which is due to the
hydrophobic nature of organic matter present in the 7.viride spores. Blending of PCL
with hydrophilic PEO increased the surface wettability and water contact angle in the
blended fiber BHZT decreases to 34.6° which is shown in Fig.IIl.18d. It was
considered to be favorable because the porous fibrous structure would allow gases to
pass through while the nanofibrous seed coatings would prevent seed degradation due
to water absorption during storage. As a result, these materials might be utilised as

seed coatings that enable both gas and water exchange.
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Fig.II1.18 Static Water Contact angle measurements of nanofibers
a) PCL b) PHZ ¢) PHZT d) BHZT

3.9 Germination Studies

Figlll.19 depicts the germination behaviour of coated and untreated
seeds. Five days of germination tests were carried out. When the length of the shoot
reached about 4 to 5 cm, it was planted in the soil for further growth?’. The
germination percentage, germination index, and seed vigour index were all calculated
in order to study the germination rate. From each batch, the best six seedlings were
chosen for comparison. In this investigation, it was examined how sprouting corn
seeds responded to seed coating. It was seen visually that the corn seeds have a

substantial growth pattern and high germination features among all subsamples other

108



Chapter 3

than film coated seeds. Seeds coated with BHZT nanofiber showed an enhanced
growth potential. It was observed that in the seedlings treated with BHZT, root hairs
and nodules had grown longer than in the treatment with PCL nanofiber without any

fertilizer.

Fig.II1.19 Germination of corn seeds a) uncoated seeds b-f) seeds coated
with nanofibers and film b) PCL ¢) PHZ d) PHZT e¢) BHZT f)BHZT¥ after
1)24h 2)48h 3)72h 4)96h 5)120 h

The maize seeds germinated effectively in all of the petri dishes of seeds
coated with fibers. Water molecules enter the seed coat during the water uptake
mechanism and start to soften the tough, dry tissues inside the seed. Intake of water
caused the seed to enlarge, which caused the seed coat to rupture and emerge radicles
between 0 and 24 h. The principal source of nutrients for corn seeds' early

development is their small life support system, similar to that of other seeds®¢.
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Additionally, water intake increased the turgor pressure within the seed's cell
walls, which continually enlarged during growth?’. The plumule erupted after the
imbibition of the seed coverings and the cotyledons gradually expanded. With time,
the radicle and plumule's grew longer. The seeds coated with agrichemical loaded
fiber had a higher development potential, which could be observed visually. These
findings make it obvious that the developed seed coats would promote better
germination. The radicle length and plumule length of germinated seeds is shown in
Fig.II1.20a and b. Availability of calcium, phosphorous and the zinc might be the
reason for improved the seedling growth. The availability of a plant growth promoting
microbe in the close proximity enhances the seedling development in PHZT and
BHZT coated seeds. Trichoderma strains are invariably connected to root ecosystems
and plant roots. Trichoderma strains can colonise plant roots by processes resembling
those of mycorrhizal fungi and produce substances that promote plant development

and defensive mechanisms?®.
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Fig.I11.20 a) Radicle length b) plumule length of seeds
i)uncoated ii-vi) coated with ii) PCL iii) PHZ
iv) PHZT v) BHZT vi) BHZTr
Trichoderma strain colonisation of roots frequently improves root growth and
development, crop productivity, tolerance to abiotic stressors, uptake and utilisation
of nutrients?®. It is worth mentioning that the beneficial trends of the T.viride can be
seen in results of germination studies and it boost the immune system against
Aspergillus pathogen as evidenced from microbiological test. The seeds treated with

BHZT?F film showed a delayed germination or no significant improvement in growth
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compared to controls. During the process of film coating the small pores in the seed
may become blocked by the seed coating solution. The air and moisture exchange is
restricted in film coating compared to nanofiber coating. From the graphs the

germination potential of the seed coating can be graded as follows:
BHZTre film coated < Uncoated < PCL < PHZ < PHZT< BHZT

3.9.1 Fresh Seedling Biomass

The root, shoot and overall biomass of all treated seedlings were measured
after 15 days. Data were standardized to the tissue mass of the untreated control plants
to make comparisons easier (Fig.Il.21). Without incorporating fertilizers and
nutrients in the nanofiber coating, PCL alone is not expected to boost biomass. It is
interesting to notice that many of the improvements in germination mentioned above
also led to improvements in seedling biomass as stated below. Furthermore BHZT
nanofiber coating significantly increased total biomass by 50% possibly because of
controlled delivery of nutrients and plant growth promoting microbes (PGPM) to the
right place utilizing the properties of high porosity and optimum hydrophobicity of
the nanofibrous membrane. The total wet mass of PHZT and BHZT do not differ
significantly. The higher biomass of BHZT is due to the hydrophilicity of PEO in the
blended fiber that allows diffusion of minerals and nutrients. Colonization of 7.viride
facilitated in a wet environment. Biomass of uncoated and neat PCL nanofiber coated
seedlings did not significantly alter whereas total wet mass of film coatings decreased
compared to untreated control. This suggests that the impacts of seed coating on plant
growth depend on the composition and morphology of coating membrane and also on

the loaded fertilizers and nutrients.
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Fig.I11.21 Total fresh biomass of corn seedlings grown from seeds coated with
developed membranes after 15 days of germination

3.9.2 Statistical Analysis

The germination studies of the six sub samples and their five replicates was
performed, and the outcomes were examined. As the results were homogeneous, one
way ANOVA was applied to the data. Table I11.2 provides the mean and standard
deviation for each germination parameter. The Tukey’s test (p 0.05) revealed
statistically significant differences between the estimated marginal means of
germination parameters of fiber and film coated seeds. An entirely random design was
used for the statistical analysis of the data using analysis of variance. When the
F values were significant, the main and interaction effects were evaluated using

Tukey's HSD test at 0.05 level of probability>°.

Levene's test revealed a homogeneous germination percentage’'. No
transformation was necessary. As a result, the null hypothesis that the germination
percentage (the dependent variable) varied equally among groups was incorrect.
According to statistical studies, the addition of nutrients had a substantial impact on
the germination percentage and a considerable difference in germination parameters.
The addition of T.viride and nutrients enhanced the plant growth to a significant
extent. But there was no significant difference in germination percentage between the
uncoated and PCL nanofiber coated seeds. The neat PCL seed coat does not appear to
supply any nourishment at the seed germination stage and nutrition originates from

the incorporated nutrients and PGPM only.
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Tablelll.2 Germination parameters of coated and uncoated seeds

Seed
Sample %Germination Germination Index  Vigour
p (%G) (GI) Index
(SVI)
Uncoated Mean 72.00 72.00 256.40
seeds (SD) (4.472) (4.472) (19.321)
PCL nanofiber  Mean 76.00 79.20 293.60
coated seeds (SD) (5.477) (10.40) (26.293)
PHZ nanofiber ~ Mean 96.00 134.40 472.00
coated seeds (SD) (5.477) (7.688) (20.494)
PHZT Mean 97.20 142.30 507.40
nanofiber
coated seeds (SD) (1.304) (4.868) (7.403)
BHZT Mean 99.40 157.20 556.60
nanofiber
coated seeds (SD) (0.894) (4.764) (8.355)
BHZT; film Mean 64.00 25.20 92.20
coated seeds (SD) (3.082) (2.588) (11.234)

The BHZT nanofiber coating produced the greatest rate of germination.

Fig.I11.22 shows the graphical representation of statistically determined germination

parameters for each of the treatments. The graph showed that the percentage of

germination for seeds with nutrient-rich seed coats was significantly higher than

untreated seeds. The polymer film coated seeds show significantly reduced values for

all parameters.
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Fig.111.22 Estimated marginal mean for germination parameters

The germination index and seed vigour index investigations also revealed
similar pattern. The length of the seedling was used to determine the germination
index and seed vigour index. As shown by the Tukey HSD test, the growth of the
seedling had been clearly significant in both cases for the treatment. The presence of

nutrients and T.viride caused a considerable alteration.
3.10 Microbiogical Analysis and Dual culture test

Trichoderma strains have been shown to have antifungal efficacy against
phytopathogenic fungi***}. To determine the antagonist viability of the T.viride spores
incorporated in the nanofibrous mats against pathogenic fungi Aspergillus, the
biohybrid mats with and without T.viride were placed in agar. T.viride and the
pathogenic fungus Aspergillus were grown separately in different plates for the
purpose of comparison as seen in Fig.Il[.23a and b. In the BHZT sample, it is seen
that the T.viride spores are incorporated in the fibers, Trichoderma spores are found to

grow and reproduce normally.
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Fig.I11.23 a) The growth of T.viride spores alone b) Aspergillus alone
¢) The growth of Aspergillus in presence of BHZT d) The growth of
Aspergillus in presence of PHZ after 5 days inoculation

As seen in Fig. I11.23a and b after incubating for 5 days, all the fungi (7.viride
and Aspergillus) placed in separate dishes grew normally and the fungal colonies
colonized well. When the BHZT nanofiber mat containing spores of T.viride were
placed against Aspergillus, clear inhibition of the growth of the phytopathogenic
Aspergillus strains was detected (Fig.II.21c). It was observed that T.viride placed
at the same conditions grew much faster than the pathogenic fungi did. T.viride has
an edge over pathogenic fungus in the struggle for nutrients and space as a result of
its rapid development. In addition, 7'viride releases extracellular hydrolytic enzymes
that target and destroy the pathogen's cell walls directly. The colonization of
Aspergillus is high in PHZ due to the absence of T.viride. The growth of pathogen
is occurred in PHZ but compared to growth of Aspergillus alone in Fig.II1.21b the
colony diameter is shorter in PHZ placed petri dish. This may be attributed to the
antifungal activity of ZnO NPs. Results of dual culture test shows that the spores
embedded into the fibrous mats are alive and mature 7. viride still has the capacity to

stop phytopathogen growth.

115



Chapter 3

Conclusion

A sustainable, nontoxic nanoplatform was developed using electrospinning
and used for seed coating. By varying the chemical composition of nanofibers, this
technique provides controllable agrichemical release kinetics. This versatile nanofiber
platform precisely delivered agrichemicals in the close proximity of the seed during
germination stages. It is worth highlighting that the various seed coats developed from
PCL nanofiber loaded with active ingredients appeared to promote seed germination
of Zea mays seeds and provide a promising approach to protect seeds in pathogen
infested soil. The high germination percentage, germination index and seed vigour
index led to increased seedling biomass in the nHAP/ZnO NPs/T.viride incorporated
PCL/PEO blended nanofiber (BHZT). Even though there is no significant difference
in the germination rate of seeds coated with pristine PCL nanofiber and control, PCL
coating provide a sustainable environment to developing embryo by providing
optimum retention of moisture and protecting the seed directly from harmful
pathogens. However the porous polymer film, BHZTr had not shown any
improvement in germination and seedling biomass. The developed nanofiber seed
coating approach significantly improved seedling biomass than conventional film
coating approaches utilized by the industry. This inhibited gas and water exchange
which hindered radicle and plumule emergence during the germination. The
antagonistic activity of immobilised 7.viride spores, a plant beneficial microorganism
against Aspergillus pathogenic fungi proved the use of such nanofiber seed coating
protection as a powerful and versatile platform to enable plant growth in pathogen

infested soils.

A further in-depth mechanistic investigation will be planned in the future
because the exact processes causing the variable effects of the nanofibers depending
on plant type or disease condition are still unknown. A variety of micro- and
macronutrients as well as other analytes, as such growth stimulants or antimicrobial
compounds that extend shelf life, can easily be delivered using this platform. This
study is expected to open the door to new advancements in fertilizer administration

methods, dosage and types used in sustainable agriculture.
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Chapter 4

PCL nanofiber loaded with free o-amylase and
a-amylase immobilized on MCM-41 in presence of
plant growth promoters and its application as seed coats

This chapter describes the immobilization of o-amylase, an enzyme of
agricultural interest, in PCL nanofiber matrix via two approaches. Immobilization of
a-amylase was carried out through covalent grafting on inorganic polymer MCM-41.
PCL nanofibers were fabricated by loading MCM-41 immobilized amylase and by
direct entrapment of free a-amylase. To study the effect of micronutrients and plant
growth promoting hormones, PCL nanofibers with immobilized a-amylase were
prepared in presence of MgO NPs and GA. The fabricated nanofibers were
characterized and the results are discussed in this chapter. Catalytic activity of the
developed nanofibers was studied in starch hydrolysis. The optimum incubation time,
pH, temperature, storage stability and reusability of the immobilized a-amylase were
also investigated. The application of developed nanofibers as seed coats on Zea mays
seeds and their efficiency was monitored by germination studies. Flow chart of the

work done is shown in FiglV.1.

Seed coating : 2

COMPOSITION OF

Choice of polymer PCL/Amvlase ELECTROSPINNING
POLYCAPROLACTONE — Free alpha-amylase ‘ (P A)‘ SOLUTION
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) (PMMG) Seed coating using
electrospinning

Fig.IV.1 Block diagram of the methodology for seed coating: 2
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4.1 XRD analysis

Small-angle @~ XRD patterns of the synthesized MCM-41 and
MCM-41limmobilized «a- amylase are shown respectively in Fig.IV.2a and b. The X-
ray diffraction of both shows a strong peak at 26 = 2.3° corresponding to the
reflections of the (100) plane and two weak peaks at 20 = 3.9°, 4.3° corresponding to
the reflections of the (110) and (200) plane, indicating a well-ordered two
dimensional hexagonal symmetry of channels!. This indicates the host structure of
the ordered mesoporous MCM-41 is well maintained after the encapsulation of
a-amylase. However, the intensity of diffraction peaks of MCM-41 immobilized
amylase is less than that of pure MCM-41. The reduction of the intensity of the
reflections of the plane reflections can be attributed to the fall in the ordering of the
channels after covalent grafting. The intensity decrease in the (100) peak for enzyme
immobilized MCM-41 provides further evidence of functionalization occurring

mainly inside pore channels®.

(100)

(110) (200)
(b) MCM-4VAMYLASE

(100

20 (Degree)

intensity counts

(110) (200

(a) MCM-41
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Fig.IV.2 XRD Diffractogram of a) MCM-41 b) MCM-41/Amylase
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Fig.IV.3 XRD Diffractogram of MgO NPs

The diffractogram of MgO NPs (Fig.IV.3) shows characteristic crystalline
peaks at 43° (200) and 62° (220). The XRD spectrum of fabricated nanofibers is
depicted in Fig.IV.4. XRD pattern for PA (Fig IV.4 1) shows two intense diffraction
peaks at Bragg angles 20 = 21.3° and 23.8°. This might be due to the diffraction
lattice planes (110) and (200) respectively, of orthorhombic crystal structure of semi-
crystalline PCL*. When compared to PA, the three MCM-41composite nanofibers
Fig. IV.4 ii-iv showed decreased peak intensities and peak widening, which suggests
decreased crystallinity. Faster nucleation of the polymer chain caused by the action of
fillers leads to the production of disordered lamellac. Also it reveals higher
interaction, which lowers the crystallinity of nanocomposite nanofibers®. Several
filler-loaded PCL composite electrospun scaffolds possess elevated crystallisation
temperature and decreased crystallinity®. This could be explained by the limited
mobility of polymer chains coupled with fillers, which makes PCL difficult to
crystallize. XRD spectrum of PMMA (Fig.IV.4 iii) shows a small peak at
20 = 45°corresponding to MgO which reveals the incorporation of MgO in nanofiber
matrix. In PMMG, upon the addition of gibberellic acid (GA) the intensity of MgO
NPs decreases due to decreased crystallinity of PMMG.
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4.2 FT-IR study
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Fig.IV.5 FT-IR spectra of a) MgO NPs

b) MCM-41 and successive covalent grafting steps of a-amylase

i) MCM-41 ii) MCM-41/APTES iii) MCM-41/GU iv) MCM-41/Amylase
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FT-IR spectra of MgO NPs is shown in the Fig.IV.5a. The peak at 438 cm’!
indicated Mg-O bond stretching, which in turn confirmed that the obtained product
was MgO NPs. The peak observed at 1460cm™ and 3420 cm™ was due to the presence
of O-H bending and stretching, respectively, assigned to the H.O adsorption on the
surface of metal. The metal-oxygen frequencies observed for the respective metal

oxides were in accordance with the literature values’.

The infrared spectra of synthesized MCM-41 and its successive covalently
grafted groups during enzyme immobilization are shown in Fig.IV.5b. MCM-41
shows the Si-O-Si stretching band around 1240-1030 cm™ which was assigned as the
fingerprint region of MCM-41. The bands at 1073 cm™! and 810 cm™ corresponded to
asymmetric and symmetric vibrations of Si-O-Si bond respectively® (Fig.IV.5b(i)).
MCM-41/APTES, MCM-41/GU and MCM-41/Amylase showed different peaks’ at
450, 810 and 1073 cm™!. The absorption peak at 3400 cm™ ' was attributed to the
asymmetric stretching vibration absorption of —OH, which confirmed that the surface
of MCM-41 contains hydroxyl groups. The spectrum of MCM/APTES showed a
strong decrease in the intensities of bands associated with hydroxyl groups
(Fig.IV.5b(i1)). This might be because the silanization reaction replaced Si-OH groups

' and

with the more stable Si- C bonds'®. The absorption peaks near 1632 cm™
692 cm™ ! were attributed to the stretching vibrations of ~NH2 and N-H respectively,
indicating that APTES had successfully achieved covalent binding on MCM-41 as
can be seen in Fig.IV.5b(ii). The decrease in intensity of these peaks in MCM-41/GU
indicates grafting of GU through NH> in MCM-41/GU in Fig.IV.5b(iii). For
MCM-41/APTES, the intensity of Si-OH vibration band at 972 cm™ decreased due to
the hydrogen bonding between silanol and —NH2 groups. The C-N stretching
vibration absorbance is normally around 1200 — 1000 cm™' but this band cannot be
resolved due to its overlapping with the absorbance of Si-O-Si stretch in 1000— 1300
cm’! range and that of Si-CH2-R stretch in 1200-1250 cm™'. The band at 1245¢cm! can

be assigned to the bending vibration of N-H. This is assigned to the vibration of free

amino groups on the silicon surface!!.

The weak bands observed at 2976 cm™ and 2990 cm’! in the spectrum of
MCM-41/APTES and MCM-41/Amylase is due to the asymmetric vibration of the
CH: groups of the propyl chain of the silylating agent, indicating successful grafting

of organic amine on to the pore of MCM-41. This confirmed the attachment of the
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aminopropyl group on the surface of MCM-41. The bands at 3400-3450 cm™ in
Fig.IV.5b(iv) showed the characteristic signal of the stretching vibration of amine
groups. The C-N stretching vibration at 1385 cm™ and the symmetric and asymmetric
stretching vibrations of C-O at 1430 cm™ and 1625 cm™ which are the characteristic
signals of amide carbonyl (CO-NH) groups, demonstrated the efficient grafting of
a-amylase through glutaraldehyde on MCM-41.
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4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm-1)

Fig.IV.6 The FTIR spectrum of i) PA ii) PMA iii) PMMA iv) PMMG

nanofibers

The interactions between the functional groups in the polymeric matrix are
revealed by FTIR investigations. The FTIR spectrum of PA, PMA, PMMA and
PMMG nanofibers are shown in Fig.IV.6. The absorption peaks around 1245, 1290,
1716 and 2945 cm™! are related to symmetric stretching of C—0O—C, C=0, C—C
and CH: bonds of PCL respectively!'?. FTIR spectra of all composite fibers are
dominated by the main PCL bands. FTIR spectrum of PA (Fig. IV.6 1) shows
additional bands at 3450 cm™ and between 1600 and 1700 cm!. This confirms the
presence of amide groups of alpha amylase upon encapsulation in PCL nanofiber

matrix.

The presence of MCM-41/Amylase in PCL nanofibers could be identified by
observing the new bands in the composite fiber spectrum of PMA, PMMA, PMMG in
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Fig.IV.6i1i-iv. These bands are related to the presence of Si—O bonds, namely Si—O-Si
stretching around 1100 cm™!, Si—OH stretching around 1000 cm™! and Si—O stretching
around 800 cm™!. This indicates the encapsulation of MCM-41/Amylase in the
nanofibers. In PMMA and PMMG the presence of MgO NPs is indicated by less
intense peak at 460 cm™!. The most characteristic peaks in gibberellic acid are reported
at 1177 ecm™ (C=C), 1747 cm™! (C=0), 2965 cm™' (CH3 group), and 3449 cm™' (OH
group)'3. The nanofiber PMMG loaded with Gibberellic acid (GA) shows a new peak
at1750cm’’. This proved the loading of GA in nanofiber PMMG. The intensity of
band is weak due to the very low weight percentage of GA.

4.3 Study of the morphology

4.3.1 SEM analysis of developed samples

20V X10,000 Apm 0001 1147 SEl 15KV X10,000 M 0000 1350 SEl

Fig.IV.7 SEM images of a) MgO NPs b) MCM-41 ¢) MCM-41/Amylase

The morphology of the synthesized MgO NPs is observed in Fig.IV.7a. The
particle-like morphologies can be seen in SEM image. Almost every particle is
well distributed, but they are all connected or closely linked. This supported the
existence of nanoscale particle structure. The size of the produced particles ranges
from a few nanometers to 90 nm. The smaller pieces are packed so closely that it
appears as though they are embedded on the surface. The SEM image of MCM-41 is
shown in Fig.IV.7b. The MCM-41 exhibits aggregated, irregular spherical particles
with smooth surface and an interconnected network. SEM image of a-amylase
immobilized MCM-41 is shown in Fig.IV.7c. The surface modification and covalent
grafting may cause a partial collapse of the pore structure and the irregularity in this

sample.
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SEM images of PA, PMA, PMMA and PMMG are presented in Fig.IV.8(ia-
iva). Fig.IV.8(ia) shows electrospun nanofiber PA has a homogenous uniform, bead
free and fine morphology with an average diameter of 183 nm. The fibers produced
with the MCM-41 composite nanofibers of PMA, PMMA and PMMG display a
narrower diameter distribution than PA as noticed in the SEM image (Fig.IV.8(iia-
iva)). For these nanofibers mean fiber diameter decreases. For PMA, PMMA and
PMMG average fiber diameter is 127 nm, 125nm and 98nm respectively. Adding the
agrichemicals and nutrients resulted in a reduced diameter and all the nanofibers
showed smooth and bead-free morphology. The difference in diameter between the
MCM-41grafted enzyme loaded fiber scaffolds and PA can be related to the presence
of nanoparticles in the filler-polymer solution, which causes the charge density of the
solution to increase'*. This could be connected to a strong polymer—solvent
interaction, solution viscosity or electrical conductivity. The addition of fillers to PCL
decreased the fiber diameter than neat PCL nanofiber as reported in the previous
work. These differences were most apparently brought on by difference in
conductivities between PCL and the fillers loaded'>. The diameter of the nanofibers
taking 50 fibers at random plotted in the histogram bar chart (Fig.IV.8(ib-ivb)).
Majority of nanofibers are found to have lesser diameter after the addition of

nutrients.
4.3.2 EDX Spectra of the Synthesized Samples

Energy dispersive X-ray analysis (EDX) was used for the analysis of the
elements in the synthesized samples. MCM-41 functionalization and enzyme
immobilization were validated by elemental EDX analysis. The EDX spectrum of the
MCM-41 and MCM-41 immobilized a- amylase are shown in Fig.IV.9i and ii.
Fig.IV.91 indicate the atomic percent (At%) and weight percent (Wt%) of Si and O
existing in the MCM-41 structure. After modification of their surfaces and enzyme
immobilization the weight % of C and N indicate the successful immobilization of
a-amylase. EDX spectrum of composite PMMG nanofiber confirmed the presence of
Mg in addition to C, O, N and Si (Fig.IV.10). This reveals the effective loading of
MgO NPs. The presence of Si and N indicates the incorporation of o- amylase grafted
on MCM-41 in PCL matrix. The absence of residual solvent after nanofiber formation

is indicated by the absence of peaks for chlorine.
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4.3.3 TEM Analysis

500 nm

Fig.IV.11 HR-TEM image of a) MCM-41 b) MCM-41/Amylase ¢) PMA
nanofiber d) PMMG nanofiber

TEM images of MCM-41 and a-amylase immobilized MCM-41 (MCM-
41/Amylase) are shown in Fig.IV.11a and b respectively. Fig.IV.11a shows uniform
lines in the vertical direction of the pore channels referring to a long-range ordered
structure of the one-dimensional channels of MCM-41 structure. This matches well
with the XRD results. The TEM image of MCM-41/Amylase (Fig.IV.11b) presented a
similar pore shape related to the pure MCM-41 sample. However, partially irregular
pore-ordering and morphological defects are observed which probably related to a
partial collapse of the structure of MCM-41 due to the loading of enzyme. This is in
agreement with obtained SEM results. The hexagonal array and the regularity of the
pore channels are more pronounced in the TEM image of MCM-41. A distinctive
hexagonal pore structure is clearly observed in MCM-41 indicating the existence of a
highly ordered hexagonal array'®. These structural features confirm the formation of
an ordered structure at the nanoscale. The TEM image of PMA and PMMG nanofiber
is shown in Fig.IV.11c and d respectively. This indicates the incorporation of fillers

within nanofibers. Even though they were not uniformly distributed, the components
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added were agglomerated along the fiber direction. These results supported the

grafting in the polymer matrix.

4.4 Thermal analysis

The Fig.IV.12 depicts the TGA thermogram of fabricated nanofibers. The
nature of TG curve of PA was not altered much from that of pristine PCL. This is due
to the direct encapsulation of enzyme in PCL matrix which did not involve any strong
bonding interactions compared to covalent grafting as seen in Fig.IV.12i. The TG
curve of PA nanofiber shows a sudden decomposition in the range 280°C - 300°C,
until weight% decreased to 25%. After that a very small weight loss is observed till
480°C then the weight remains constant. The first decomposition temperature of
PMG, PMMA was raised to 313°C, 321°C and 379°C respectively (Fig.IV.12ii-1v).
This could be due to the addition of thermally stable inorganic support and MgO NPs.

T T T T T T T T T T T T T
0 100 200 300 400 500 600 700
Temperature (°C)

Fig.IV.12 TGA thermogram of i ) PA ii) PMA iii) PMMA iv) PMMG
The char yield of PA was found to be low while on addition of MCM-41

immobilized a-amylase in PMA, PMMA and PMMG char yield increases because of

the presence of non-volatile inorganic carrier. However a similar trend is observerd in
all cases. The interactions between the filler material and the electrospun fiber matrix,

which in turn depend on the dopants specific surface area and its distribution in the
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polymer matrix, may be the cause of these variations in the degradation temperature
of the electrospun nanofibers'’. Above 400°C the PCL matrix began to decompose as
a result of the combustion of organic residues. No weight loss was noticed above

480°C, indicating that decomposition of the polymer is complete'®,

4.5 Surface Wetting Properties of the Electrospun Fibers

(a) 101.3° (b) 87.5°
(c) 82.7° (d) 74.3°

&h

Fig.IV.13 Static water contact angle measurements of nanofibers

a) PA b) PMA ¢) PMMA d) PMMG

Since the fabricated PCL -based nanofibers are intended to be used in seed
coating, contact with water and different soil conditions have to be taken in to
account. Hence, determining the nanofibers' wettability is crucial. The water contact
angle was used to evaluate the fiber's wettability. Fig.IV.13 demonstrates the contact
angle of water on the surface of nanofibers produced at different composition. It was
observed that the PA nanofibers showed the highest contact angle of 101.3° compared
to those of PMA, PMMA and PMMG. Encapsulation of a-amylase was found to
decrease the water contact angle of pristine PCL which was reported to be 119.8° in
previous work. When the amount of loaded component increases, the contact angle
decreased significantly. The water contact angle of PMMG in Fig.IV.13d is only
74.3°. The contact angle of a-amylase grafted MCM-41 loaded nanofibers like PMA,
PMMA and PMMG showed hydrophilic property with less than 90° value. The

132



Chapter 4

decrease in the water contact angle is beneficial for nanofibrous seed coating as it

prevents the seed decay and seed drying by controlled water absorption.
4.6 Porosity Measurements

Table IV.1 shows the porosity measurements of synthesized polymer

membranes calculated from Equation 2.2

Table IV.1 Porosity values of developed membranes

Polymer membrane PA PMA PMMA PMMG
P(%) 78 85 90 96

The maximum porosity 96% was observed for PMMG. The developed
polymer fibers show high degree of porosity. The incorporation of MCM-41 grafted
enzyme in PMA increases the porosity. The seedling development rate is promoted by
factors like porosity, pore size and specific surface area which facilitate agrichemical

diffusion. This is in agreement with germination data.
4.7 Study of Fibers and Seeds in Aqueous Medium
4.7.1 Swelling and Stability Studies of the Nanofibers in PBS

Understanding the swelling capacity of the polymer nanofibers in water
will help to evaluate the capacity for hydration. As a result it gives information on the
nutrient release, adhesiveness and buoyancy. The swelling studies for nanofibers were
done by allowing the fibers to remain in PBS medium and determine their weights at

regular intervals.

The swelling percentages of developed -electrospun nanofibrous
membrane with time is shown in Fig.IV.14. Swelling properties depend on wettability
and structure of nanofibers. According to the swelling test results, the membrane PA
absorbs the solution slowly compared to other nanofibers. But slow increase in
swellability of PA is due to porous structure of nanofibers. The swelling rate of
PMMG membrane was found to be as high as 170% after 12 h. PMMG nanofibers
have higher surface/volume ratio because of small pore size. This may be attributed to

the presence of inorganic porous support MCM-41 which also helps to absorb water.
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After 12 h the PMA, PMMA and PMMG swelling gradually decreases with time and
reaches 130% after 36 h. The swelling rate also decreases due to the presence of

hydrophilic components in the polymer matrix.
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Fig.IV.14 Swelling studies of i) PA ii) PMA iii) PMMA iv) PMMG
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Fig.IV.15 Stability studies of i) PA ii) PMA iii) PMMA
iv) PMMG
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All the three scaffolds PMA, PMMA, PMMG show comparable swelling
rates. The high surface/volume ratio enabled nanofibers to interact more with
solutions, positively affecting swelling. The large surface area of electrospun fibers
and the porosity on the fibers favour fluid absorption. Previous reports reveal that
pores and fiber diameter affect wettability and fluid absorption'®. The stability of the
nanofibers was studied using Equation 2.4 (Fig.IV.15). In aqueous solution the weight
loss indicates the instability index of the polymer. As PCL is water insoluble, it will
not dissolve and leach into water?’. Thus the results of PA, PMA, PMMA showed
almost 100% stability even after 12 h. MCM-41 is water insoluble hence it is

expected to remain for a long time.

The extremely crystalline and less hydrophilic nature of PCL
nanofibrous scaffolds in comparison to its composites is strongly suggested by the
results of XRD and contact angle experiments. Compared to pristine PCL, the
developed nanofibers facilitate water penetration into PCL nanofibers. The weight
loss of the composite fiber mats was primarily caused by the deterioration of the
composite bulk, which is aided by the release of fillers and accelerated ester bond
breakage. The decrease in stability of PMMG is due to dissolution of water soluble
components such as GA and dispersion of MgO NPs from the matrix to water. A
small weight loss was also seen in PA, PMA and PMMA. This may be due to the
enzymatic degradation of PCL. The main method of breakdown is chain cleavage via
hydrolysis of ester bonds, either abiotic (non-enzymatic) hydrolysis or enzyme-
promoted hydrolysis. Enzymatic degradation speeds up material deterioration by a
mechanism that is comparable to that of hydrolytic degradation?!. Therefore even
PCL is a hydrophobic polymer, encapsulation of enzymes and fillers increases its
degradation in a controlled manner. Thus facilitates nutrient release and enzymatic

activity. o-Amylase immobilized nanofibrous mat on seed’s surface provide energy

and nutrients during seedling growth.
4.7.2 pH Study

The pH variation for PBS buffer was found to be controlled by the PCL matrix
degradation rate as well as the MgO nanoparticles' dissolution profile (Fig.IV.16).
The pH values of PA nanofiber did not significantly change throughout the first three

days of immersion. After three days, it began to follow a somewhat acidic trend as
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seen by a steady pH decrease due to degradation of polymer PCL in presence of
enzyme o-amylase in PA. This facilitates the degradation of acidic carboxyl groups?!.

This is further confirmed in the swelling and stability studies.
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Fig.IV.16 pH of aqueous solutions of fibers i) PA ii) PMA
iii) PMMA iv) PMMG

The nanofiber PMA follows almost similar trend as in PA but the extent of
decrease in pH is low compared to PA, may be due to covalent grafting of a-amylase
on MCM-41. Thus reduces the degradation of PCL membrane. In the case of PMMA
composite fiber with MgO NPs, pH values of PBS solutions showed a sharp rise
during the first three days of soaking peaking at 7.9 and then a steady decline to 7.2
by the seventh day. This phenomenon may be due to local neutralisation of acidic
breakdown products of the polymer by the filler-induced alkalinity of the medium?’.
Alkaline nanofiller's buffering properties may help to minimise any damage of seeds
brought on by the acidic degradation products of polyester polymers when applied as
seed coat. Similar results have also been noted in polymer composites that contain
bioceramics such as forsterite, bioglass, and wollastonite’?. The nanofiber PMMG
also shows similar pH change as in PMMA. After three days pH reaches up to 7.4 and
then decreases gradually to 6.5 on seventh day. This is attributed to the acidic nature
of GA. Out of the nanofibers, the pH range for PMMG nanofiber seems to be most
suitable for seed coat since optimum pH range for corn seed germination is found to

be 5.8-6.5.
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4.7.3 Metal ion Release Study

Fig.IV.17 shows analysis of Mg ion release from PMMG and PMMA
composites in PBS medium for 7 days of incubation. Mg ion release is increased
gradually from both nanofibers reaching a maximum of approximately 44 pg for
PMMA and 32 pg for PMMG at the end of the incubation period. Thus, there was a
time dependent Mg ion release from scaffold composites PMMA and PMMG. This
might be one of the factors responsible for facilitating weight reduction in these as
compared to PA and PMA nanofiber and for rise of medium pH at the initial stage®.
These findings are in agreement with stability data and pH change measurements of

developed nanofibers.
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Fig.IV.17 Magnesium ion release profile from nanofibers

4.7.4 Imbibition Studies

Water absorption (%)

Time (h)

Fig.IV.18 Imbibition studies of i) uncoated seeds ii-v) seeds coated with
nanofibers ii) PA iii) PMA iv) PMMA v) PMMG
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The weight gain of the coated and uncoated seeds was monitored every
hour while they were soaked in the water. The largest amount of water intake was
seen in the first 3 h for uncoated seeds, as shown in Fig.IV.18 i. Seed hydration was
most rapid at the first 3 h of imbibition and started to slow down noticeably after 6 h
of imbibition for uncoated seeds. But coated seeds imbibition rate increases slowly in
a sustainable manner. However, coated seeds showed a higher rate of water uptake
than uncoated ones in the later hours of germination (Fig.IV.18ii-v). During seed
germination, rapid seed hydration may result in cellular damage and coating
eliminates this situation. The high and controlled water uptake caused seeds' proteins
to be completely hydrated. This facilitated the restoration of enzymatic activity,
promoting seed germination and growth. Therefore nanofibrous seed coating allows
controlled hydration which may help in seed dormancy break, even when an
unfavourable environment exists. The polymer covering on soybean seeds allowed for
controlled water uptake and reduced imbibitional damage®*. It was evident that the
polymer nanofiber coating controlled the rate of water absorption and reduced
imbibitional damage. These outcomes were consistent with the published research.
Higher germination and seedling vigour are the results of increased imbibition. Due to
the high metabolic activity of the maize seed, polykote film coating on the seeds had
an improved effect on seedling establishment. This was linked to the coating's
nutritional content?. Water is necessary to hydrate protoplasmic metabolism
activities, provide dissolved O: to the seed embryo, soften the seed’s outer coat and
improve seed permeability. Water aids the rupturing of the seed and converts the
insoluble endospermic-stored materials into soluble substances through enzyme
activation, breakdown and translocation, reserving storage materials in the endosperm

and then translocating them to the growing embryo. The large surface area of

electrospun fibers and the presence of pores on the fibers favour fluid absorption.
4.8 Germination Studies

The germination percentage, germination index, and seed vigour index were
all calculated in order to study the germination rate. The Fig.IV.19 shows the results
of germination trials performed for a period of 5 days. The shoot length of the
seedling grew about 3 to 6 cm. Planting in the soil for further growth is required.

Corn seeds have a robust growth pattern and high germination qualities across all
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subsamples. It was noted that root hairs and nodules had taken longer time to emerge
in the nanofiber coated seedlings than in the control treatment. But after 48 h the
nanofiber coated seedlings show enhanced growth than control plant. The seeds
coated with PMMG demonstrated improved growth potential, which could be

observed visually. The germination potential and coating efficiency follows the order

Uncoated < PA nanofiber coated seeds < PMA nanofiber coated seeds <

PMMA nanofiber coated seeds < PMMG nanofiber coated seeds

The high growth rate in PMMA and PMMG is due to the presence of MgO
NPs. In PMMG additional enhancement is due to the presence of GA. In cereal seeds,
endosperm-stored proteins and carbohydrates are released during germination which
supplies seedlings with energy and substrates. Bioactive GAs are created in the
embryo during seed germination and transferred to the aleurone layer to activate the
a-amylase gene and cause a-amylase production. The stored starch is then hydrolyzed
by the secretion of a-amylase into the endosperm?®®. Therefore additional GA loaded
in the seed coats boost the germination parameters. 90% of the amylolytic activity in
maize seeds is attributed to the o-amylase enzyme, which is crucial for starch
hydrolysis. The 1,4 glycosidic bonds of starch, glycogen and other carbohydrates are
hydrolyzed by the a-amylase®’. Saline soil reduces the seed germination which can be
enhanced by the addition of GA?®. MgO NPs were found to be an excellent source of
magnesium for plants. As a result, the MgO NPs had a dual role in boosting Mg
uptake as a necessary nutrient and enables their utilisation as a cofactor to mobilise

nutritional enzymes.

Salinity of the soil is an abiotic stress that has a negative impact on
agricultural production all over the world. Salinity is thought to have an impact of
about 6% of all land and 20% of irrigated land*’. According to reports salinity
prevents seed germination and seedling growth, diminishes photosynthesis and as a
result, lowers yield*® whereas GA promotes seed germination®!*2. Addition of GA in
the nanofiber is quite significant and suggests the implementation of the nanofiber
seed coating strategy to promote germination and high crop yield even in saline soils.
It is worth mentioning that the beneficial trends of the nanofiber coating for corn
seeds are likely due to the loaded components. This type of seed coating would help

the crop under variable climatic conditions such as drought and chilling stress. This is
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further confirmed in the study of effect of temperature and pH on immobilized
enzyme. Water imbibition allows water to enter the seed coat during the water uptake
mechanism and start to soften the tough, dry tissues inside the seed. Intake of water
enlarges the seed, which caused the seed coat to rupture leading to emergence of
radicles during the germination period. The imbibition data clearly supports the
germination data as imbibition is fast for uncoated seeds during initial hours and
therefore uncoated seeds show seedling emergence more than nanofiber coated seeds

in first day. Later coated seeds exhibit high germination potential.
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Fig.IV.21 Total fresh biomass of corn seedlings grown from seeds coated with
developed membranes after 15 days of germination
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Fig.IV.20a and b shows the measurements of radicle and plumule length
with days of germination. The root, shoot and overall biomass of all treated seedlings
were measured after 15 days (Fig.IV.21). Data were adjusted to the tissue mass of the
untreated control plants to make comparisons easier. The a-amylase alone does not
increase biomass without the addition of GA and MgO NPs to the nanofiber coating.
It's interesting to note that many of the improvements in germination resulted in more

seedling biomass.
4.8.2 Statistical Analysis

The findings of the germination of the five sub samples and their five replicates
were examined. Following a homogeneity test, a one-way ANOVA was performed on
the findings. The results are shown in Table IV.2. An entirely random design was

used for the statistical analysis of the data using analysis of variance.

Table IV.2 Estimated marginal mean of germination parameters

% Germination

Sample Germination Seed Vigour
P %G) Index (GI)  Index (SVI)
Mean 72.00 72.00 271.00
Uncoated seed
(SD) (4.472) (4.472) (24.658)
PA nanofiber Mean 78.00 83.34 313.60
coated seeds (SD) (4.472) (5.850) (20.707)
PMA nanofiber Mean 92.00 105.28 397.40
coated seeds (g (8.367) (10.281) (37.454)
PMMA Mean 96.00 123.20 464.20
nanofiber coated
seeds (SD) (5.477) (6.301) (24.864)
PMMG Mean 96.00 131.00 493.60
nanofiber coated
seeds (SD) (5.477) (5.788) (33.982)

A 0.05 level of probability was used for the Tukey's HSD test to analyse the main and

interaction effects when the F values were significant®>. A homogenous germination
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percentage was found by Levene's test**. According to statistical analysis, the addition
of nutrients and enzyme had a substantial impact on the germination percentage. The
addition of MgO NPs and Gibberellic acid resulted in considerable difference.
Graphical representations of the germination parameters for each treatment are shown
in Fig.IV.22. Fig.IV.22b and ¢ show similar results for germination index and seed
vigour index as for germination percentage. The length of the seedling was used to
determine the germination index and seed vigour index. According to the Tukey HSD
test, the growth of the seedlings for the treatment was clearly significant (Table IV.2).
The alteration brought on by MgO NPs and GA was substantial.

The results of the one-way ANOVA showed that the addition of fertilizers and
treatment had a significant impact on all coatings. On doing the one way ANOVA, the
effectiveness of nutrient addition in each case was substantially different from the

absence of agrichemicals in the fibers.
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4.9 Determination of a-amylase Enzymatic Activity Assay

4.9.1 Effect of Incubation Time on Enzymatic Activity

The enzymatic activity of developed nanofibers depicted in Fig.IV.23. This
was monitored over 60 min incubation period of starch solution treated with
nanofiber. The activity was measured at 10 min interval. The results showed that the
enzymatic activity increased initially from 103 U/mL to 127U/mL till 30 min of
incubation time for PA. The optimum incubation time for maximum enzyme activity
was found to increase to 40 min in PMA, PMMA and PMMG than directly loaded
enzyme for which it was 30 min. The modified enzyme was also able to maintain its
activity throughout the period of incubation without significant loss in activity. There
was no drastic decrease compared to the directly encapsulated enzyme in PA. The
addition of MgO NPs in PMMA and both MgO NPs and GA in PMMG results in
more enzymatic activity than PMA. The addition of these fillers increases the
wettability and porosity of the fiber with time and therefore enzyme could catalyse the
reaction easily. It may be hypothesised that the increased a-amylase activity for the

higher starch breakdown is attributed to the presence of GA.

After the substrate molecules have attached to the functionalized silica
surfaces, access to some of the enzyme active sites is restricted. In PA there is more
freedom for enzyme molecules and substrate molecules can attach to the active sites
quite easily. Therefore PA shows high activity initially due to direct encapsulation in
polymer nanofibers which allows easy access for enzyme to react with the substrate
without any steric hindrance. In the case of PMA, PMMA, PMMG the enzyme is
covalently grafted on inorganic polymer MCM-41. Encapsulation in PCL matrix
makes it more resistant to changes in conformation. Initial low activity of MCM-41
immobilized enzyme is due to the fact that the enzyme molecules need enough space
for catalysing the reaction of the substrate. The presence of intra- and intermolecular
cross-links results in stiffer enzyme molecules. This result is similar to that reported
by* Dada et al. o-amylase binding through glutaraldehyde in MCM-41 immobilized
enzyme increases the stability of the enzyme but decreases the enzyme catalytic
activity for initial time periods. The MCM-41 grafted enzyme loaded nanofiber shows

high activity which might be useful as an effective seed coat to enhance the starch
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degradation ability and germination performance during entire seedling development

stages.

Enzymatic activity in UmL
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Incubation Time (hours)

Fig.IV.23 o - Amylase activity in i) PA ii) PMA iii) PMMA iv) PMMG

4.9.2 Effect of pH on Enzyme Activity

Incubating buffers with pH levels between 4.5 and 8.5 were used to evaluate
the effect of pH on the activity of covalently grafted a-amylase and directly loaded o-
amylase (Fig.IV.24). At low and high pH enzyme immobilized through covalent
grafting shows better performance than enzyme directly loaded in PCL matrix. The
optimum pH for both nanofibers was found to be 6.5. Immobilization through
covalent grafting enzyme activity maintains almost constant even at pH 7.5 without
any significant decrease (Fig.IV.24 ii-iv). The high enzymatic activity at basic pH
values in MCM-41 immobilized enzyme may be the result of newly established
interactions between basic enzyme residues and nanocarriers. This might be the
reason for the charge in acidic and basic amino acid side chain in the
microenvironment around the active site. According to the data, linking a-amylase
with nanocarriers can increase its activity at acidic pH and demonstrate good stability
of a-amylase at this pH range when compared to the free enzyme. In the covalently
immobilized enzymes, the enzymes were fixed to the support material through
multiple cross-linking interactions, which stabilized the structure of the overall

enzyme and protected it from pH and temperature changes®.
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4.9.3 Effect of Temperature on Enzyme Activity
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The enzyme is very susceptible to different temperatures. The relative activity
of fabricated nanofibers was examined at various temperatures and the results are
presented in Fig.IV.25. As shown in this figure, the maximum activity for all
nanofibers was observed at 40°C and the activity maintains high for PMMG, PMMA
and PMA even at 50°C due to covalent immobilization through inorganic carrier
MCM-41. It is observed from the Fig.IV.25ii-1v that the thermal stability of a-amylase
is slightly enhanced because of its immobilization onto inorganic supports. Actually,
the immobilization may improve the rigidity of the structure of the enzyme and
decreased thermal disturbances in enzyme's structure. Therefore, by increasing the
temperature from 20°C to 50°C, the activity of immobilized enzymes increased and
gradually decreased at temperature more than 50°C. This might be due to
conformational changes of enzyme or its denaturation at higher temperatures. Even
though there is a decrease in the activity at higher temperature the MCM-41
immobilized a-amylase in PCL nanofiber matrix samples shows higher activity than
PA. Although a-amylase is the most significant enzyme, the germination rate and rice
seedling growth characteristics were strongly correlated with its activity®”**. The a-
amylase, however, was extremely sensitive to temperatures®. Poor
stand establishment under chilling stress was caused by the decreased a-amylase
activity, which lowered the total soluble sugar content and respiration rate in rice
seeds and seedlings*’. Therefore, this enzyme immobilized seed coat would be an
effective solution to improve seed germination performance and starch degradation

ability under cold and drought stress.

4.9.4 Reuse Studies

The sole determiner of an enzyme's cost-effective use in industrial
applications is the preservation of immobilized enzyme activity after numerous
repetitions of its utilisation. Immobilization on nanofibers has several benefits such as
easy separation and reusability. The reuse of enzyme-loaded nanofibers was
investigated for up to five runs and the impact of reuses on the retention activity of all
fibers under ideal conditions was shown (Fig.IV.26). As depicted in Fig.IV.26iv, after
five recycles, almost 56% of the initial activity of PMMG was retained. The main
causes of the immobilized enzyme's activity decline after numerous reuses included

enzyme denaturation brought on by temperature and hydrodynamic stress as well as
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leaching of the enzyme from nanocarriers during incubation. Since substrate
repeatedly adheres to the immobilized enzyme's active site, the binding between the
matrix and the immobilized a-amylase weakens, which leads to leaching of the
enzyme in recycling tests. This can be attributed to the decline in enzymatic activity
during continuous use of nanofibers. The immobilized a-amylase's active site

becomes distorted and loses activity as a result of repeated interaction with the

substrate.

Residual activity (%)

Number of cycles

Fig.IV.26 Reusability studies of enzymatic activity
i) PA ii) PMA iii) PMMA iv) PMMG
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Fig.IV.27 Storage studies on enzymatic activity i) PA ii) PMA iii) PMMA
iv) PMMG
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Enzymes lose their activity with time and are not stable when stored in
solutions*!. The enzyme immobilized nanofibers were stored at 4°C in 20 mM
phosphate buffer, at pH 6.5. Enzyme activity was measured in every 10 days for a
period of 8 weeks and the storage stability of immobilized a-amylase was examined.
Storage studies are shown Fig.IV.27. Previous research revealed that free enzyme
entirely lost its activity after 15 days*’. The findings demonstrated unambiguously
that immobilized amylase maintained its activity for a longer period of time than free
amylase. The a-amylase directly encapsulated PA nanofiber shows 45% activity after
60 days where as PMMG in which enzyme incorporated through inorganic silica
support lost only 28% activity even after 60 days. The enzyme's denaturation and
chemical inactivation during storage studies are two potential causes of the decreased

activity.

4.10 o- Amylases Activity in Coated and Uncoated Germinating Seeds

Fig.IV.28 oa-Amylase activity after 7 days of germination in
a) Uncoated seeds b — d) Seeds coated with nanofibers
b) PA ¢) PMMA d) PMMG

a-Amylase activity in the coated and uncoated maize seeds at 144 h of

germination is shown in Fig.IV.28. Enzyme activity was detected on agar plate

containing 1% (w/v) starch and stained with 5% (w/v) lodine-Potassium iodide
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solution. The digested starch area stayed transparent while the undigested area turned
blue. Pale areas identify intense o-amylase activity. In the picture, the width of the
transparent area corresponds exactly to the degraded starch by the activity of a-
amylase. The diameter of digested zone is very small in uncoated seeds than in
immobilized a-amylase loaded nanofibers PA, PMMA and PMMG coated seeds. The
larger diameter of pale areas suggests the additional a-amylase activity other than the
enzymes within the maize seeds even after 7 days of germination. Therefore the
developed seed coatings would aid in starch degradation to sugars during the early

stages of germination.
Conclusion

In this study, covalent binding of a-amylase on MCM-41 was done through surface
functionalization. The immobilization of a-amylase, an enzyme of agricultural
interest, in PCL nanofiber matrix was done via two approaches. PCL nanofibers
were successfully fabricated by loading MCM-41 immobilized amylase and by
direct entrapment of free a-amylase using electrospinning. Results indicate that the
PCL nanofibers with amylase immobilized on MCM-41 showed improved optimum
temperature, pH, reuse and storage stability compared with direct entrapment.
Immobilization on PCL nanofiber protected a-amylase from denaturation and loss of
activity induced by pH and temperature variations. Although o-amylase directly
encapsulated PA nanofiber shown 45% activity, PMMG and PMMA displayed
amazing stability and maintained almost 72% of relative activity even after 8 weeks.
As the nanobiocatalyst was able to retain more than 56% of its initial activity after 5
operational cycles, the prospective reuses of the immobilised system may be
successful for five or more cycles. The findings show that PCL nanofiber is a
promising choice for a-amylase immobilization as a nanocarrier. In comparison to
direct entrapment, the immobilisation of enzyme in PCL nanofiber after covalent
grafting in inorganic carrier provides increased stability. Therefore the role of
immobilized alpha amylase loaded nanofiber seed coat would be an effective
solution to improve seed germination performance and starch degradation ability
under different abiotic stress conditions such as drought and salinity of crops. This
study confirmed that nanofibers of PCL can serve as an excellent support for

enzyme immobilization. The presence of MgO NPs and GA significantly boost the
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germination parameters. The germination studies and magnesium ion release profile
of nanofibers reported here suggests the potential of nanofibrous scaffold in seed

coating industry to enhance crop yield and for the controlled release of nutrients.
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Chapter 5

Incorporation of nanohydroxyapatite and carbon dots
into PEO/cellulose nanofibers and its application as
seed coats

This chapter discusses the design and the application of biopolymer based
nanofibers as seed coats for precision agricultural applications. Focus of research is
shifting to biopolymers in order to tackle the economic and environmental challenges.
Water hyacinth was used as a source for the synthesis of carbon dots and cellulose.
The present investigation discusses the application of nanofiber matrix of PEO and
cellulose for the encapsulation of nontoxic nanofertilizers carbon dots and
nanohydroxyapatite. The developed membranes are characterized and applied as seed
coats for controlled agrichemical release and to increase germination performance.

The block diagram of methodology for seed coating is shown in Fig.V.1

Water hyacinth
Choice of polymer I |
POLY (ETHYLENE OXIDE) Cellulose Carbon Dots
(PEO) (Biopolymer ) (CDs) nHAP
- Nanofertilizer
Nanofertilizer

COMPOSITION FOR NANOFIBERS FORMATION

Syringe
pump

PEO + CELLULOSE (PCy)
PEO + CELLULOSE +CDs  (PCy,CDy;)
PEO + CELLULOSE + nHAP (PCyH)

PEQ + CELLULOSE +nHAP+CDs (PC,,CD,,H) potmer |

High
voltage

\\“Collemcr

Seed coating using electrospinning

Fig.V.1 Block diagram of methodology for seed coating: 3
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5.1 XRD Analysis

The XRD spectra of synthesized nHAP and CDs are investigated
(Fig.V.2). The Bragg diffraction peaks of the synthesized nHAP closely matched
with those of conventional nano-HAP'. 20 values at 25.9°, 31.7°, 32.9°, 39.6°, 49.4°
and 53.1°, had the following indices: (002), (210), (211), (112),(300) and (220)
(JCPDS File No. 89-6440). The XRD pattern of CDs displays a broad peak at 20 =22°
corresponding to (002) hkl plane (JCPDS card no. 26-1076). In addition to the
broadness feature, the interlayer spacing of the CDs is greater than that of the
graphitic interlayer spacing®. This demonstrates that CDs are amorphous in nature.
The incorporation of CDs in to nanofibers does not produce any additional peaks
corresponding to CDs and the diffraction pattern remains the same. Hence CDs can be

assigned to have non-crystalline or amorphous nature.
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Fig.V.2 XRD Diffractogram of synthesized a) nHAP b) CDs

The XRD pattern of cellulose isolated from water hyacinth is given in Fig.V.3.
It shows significant peaks around 20=16.7°, 22.3° and 35.34° which are characteristic
peaks for cellulose corresponding to the lattice planes (110), (200) and (004)°. This is
related to the crystalline structure of cellulose isolated from water hyacinth. Swelling
properties of the nanofibers are related to the crystallinity of cellulose. A high

crystallinity can decrease the water-holding capacity of a nanofiber®.
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Intensity (cps)

16000
l (004)

14000

12000

10000

8000 -

6000 -

110)(200)

4000 -

2000

Cellulose

0 : . ,
20 40

20 (Degree)

60

80

Fig.V.3 XRD diffractogram of cellulose extracted from water hyacinth
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Fig.V.4 represents the X-ray spectra of fabricated nanofibers. In Fig.V.4i The
diffraction peak at 23° is due to (112) plane of PEO and other more intense peaks at
18.5°, 27.3° are assigned to (120) and (222) planes® [PCPDF File Nos. 49-2200 and
49-2201] respectively. The spectrum of PCw shows well-defined two diffraction
peaks at 18.5° and 23°, which confirms the semicrystalline nature of blend. In
addition to peaks of PEO, the peak at 15.7° is due to the (110) plane of cellulose.
After blending this peak is shifted to slight low angle which may be attributed to the

interactions between cellulose and PEO.

XRD analysis of PCwCDw nanofibers filled with CDs is shown in Fig.V.4ii.
The intensity of diffraction peaks decreases in PCwCDw and does not produce any
additional peaks when compared with PCw. The diffraction pattern remains the same.
This can be assigned to the non-crystalline or amorphous nature of CDs which is
further confirmed by the XRD spectra of CDs. With increasing the content of
nanofillers, there is a dramatic decrease in the intensity of main diffraction peaks in
PCwH and PCwCDwH. This implies an increase in the amorphous regions in the
polymeric matrix. The matrix became random indicating a decrease in the degree of
crystallinity. This observation indicates that interaction between the nanofillers and
the polymers existed in the amorphous regions. The peaks of nHAP at 26.1° (002),
31.7° (211) and 32.4° (112) are not clearly seen in Fig.V.4iii and iv as these peaks
overlap with polymer diffraction peaks. But the low intensity peaks between 26 =40°

to 50° clearly shows the encapsulation of nHAP in the polymer matrix.
5.2 FTIR Spectra

To ensure composition of cellulose extracted from water hyacinth, the sample
was characterized using FTIR spectral studies to investigate the cellulose functional
groups and compared with the pure cellulose spectra (Fig.V.5). The FTIR spectra of
the extracted cellulose (Fig.V.5i) showed significant peaks at 3340 and 2885 cm !,
due to the -OH stretching and C-H stretching, respectively. The bands at 1445, 1309,
1285 and 1011 cm™' is due to -CH: scissoring, -OH bending, C-H asymmetric
stretching, and the C-O-C pyranose ring respectively®®. All the bands mentioned
above correspond to the pure cellulose structure as in Fig.V.51i. The absence of peak
around 1740 and 1215 cm™! indicates the absence of hemicellulose content in the

isolated product. The absence of peak at 1,640 cm™!, further confirms the absence of
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carbonyl groups of hemicellulose. The peak at 1525 cm™ and 864 cm™ corresponds to
C=C and C—C stretching in the aromatic rings of the lignin structure’. This indicates a
minor amount of lignin is present in the cellulose extracted from water hyacinth!®,

The FTIR data supports the successful extraction of cellulose from water hyacinth.
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Fig.V.5 The FTIR Spectrum of i) pure cellulose
ii) cellulose extracted from water hyacinth

The FTIR spectrum of carbon dots synthesized is shown in Fig.V.6. Due to the
stretching vibrations of the -OH groups, FTIR spectra of CDs exhibits broad peaks in
the range 3300 to 3400 cm™'. The stretching and bending vibrations of -CH> peaks are
detected at 2916 and 1465 cm™! respectively. The peak corresponding to 1250 cm! is
due to C-O stretching inferring that carboxylic groups are present on the surface of
carbon dots. Moreover, CDs exhibit the C=0 and C-O-C vibrational characteristic
bands at 1613cm™ and 1035cm! respectively. The aforementioned finding indicates

that the high fluorescent CDs were produced with hydroxyl, carbonyl and carboxylic
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functional groups. The two peaks at 810 and 1120cm™ corresponded to the

symmetrical and asymmetrical stretching vibrations of C—O-C groups!!.
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FTIR spectrum of PEO is shown in Fig V.7a. The absorption bands at 2873,
1463, 1150, 1095, 1060 and 965 cm™! in pure PEO electrospun mat were attributed to
vibrations of the CHz stretching, C-H bending mode and C-O-C stretching vibration
respectively'2. FTIR of all blended nanofibers are shown in Fig.V.7b. It should be
noted that FTIR curves of all nanofibers did not show the O-H absorption band. Due
to PEO's large molecular weight, the function of its end group (-OH) might be
disregarded'®. The absorption band for the C-O-C stretching vibration was changed
from 965 to 950 cm™! with the addition of cellulose. The shift can be seen in the
spectrum of four samples, indicating potential interactions between PEO and
Cellulose'®. The intensities and frequencies of peaks at 1150 cm™' and 1095 cm ™' are
influenced by the crystallinity of PEO and the intermolecular interactions (e.g.,
hydrogen bonding) between C—O—C and other materials'>!®. This shows the blending
of PEO with cellulose. The C-O-C bands of pyranose ring overlaps with C-O-C bands
of PEO results in change in intensities of these peaks.

Comparing with the PEO/Cellulose nanofiber (PCw) mat, the intensity of all
peaks in filler loaded nanofibers PCwCDw, PCwH and PCwCDwH found to decrease
which may be due to interactions between surface functional groups of carbon dots
and the polymers. The presence of a very weak peak at 585 cm™ corresponds to the
asymmetric bending vibration PO4* of nHAP!” present in the spectrum of the PCwH
and PCwCDwH (Fig.V.7b(ii1) and (iv)) nanofiber mats. The main peaks of CDs and
nHAP are all in the same range of major peaks of PEO and cellulose. So the
broadening and decrease in intensity of peaks around this region accounts for the

loading of these components in the nanofiber.
5.3 Study of Morphology
5.3.1 SEM Analysis

The morphology of four different kinds of nanofibers fabricated using
the aforementioned production method is summarised in Fig.V.8. Fig.V.8(ia-iva)
show that bead-free and uniform oriented nanofibers were successfully formed. This
is due to uniform dispersion of CDs in the nanofiber matrix. This even distribution
allows a slow release of the agrichemicals into the soil. The average nanofiber
diameter for PCw (Fig.V.8(ia)) and PCwCDw (Fig.8(iia)) was 276 nm and 214 nm
respectively. The diameter of nanofiber is decreased by the addition of CDs. The
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mean fiber diameter of nHAP loaded nanofibers PCwH and PCwCDwH decreased as
depicted in Fig.V.8(iiia) and Fig.V.8(iva). The average fiber diameter of PCwH and
PCwCDwH was found to be 196 nm and 112 nm respectively. Adding the CDs
resulted in a reduced diameter. The smooth and bead-free morphology may be
because the CDs decreased the surface tension of polymer solution. Some fiber
beading was seen as a result of the nHAP addition. Some fibers in Fig.V.8(iiia and
iva) show agglomeration due to the presence of nHAP and the fiber diameter becomes

non uniform and the average fiber diameter of the samples decreases'®.
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It is well known that increase in conductance of solution will decrease
the fiber diameter. The inclusion of nHAP and CDs boosted the solution's
conductivity!®, which in turn caused the jet's ejection to have a higher charge density.
Straight and thin nanofibers are produced as a result of the extra charges' self-
repulsion and the increased elongation pressures caused by the high charge density.
As a result, it was found that the average diameters of the nanofiller-incorporated
fibers were smaller than those of PCw. Fig.V.8(ib- ivb) displays a histogram bar chart
of the fiber diameter of nanofibers. The addition of CDs and nHAP cause a decrease

in the fiber diameter in the case of PCwCDw, PCwH, PCwCDwH.
5.3.2 EDX Spectrum of PCwCDwH Nanofibers

The EDX of PCwCDwH nanofibers are shown in the Fig.V.9. Carbon,
oxygen, phosphorous and calcium are all present on the surface of the nanofiber
composite. It infers that all of the fillers have been loaded successfully and are present

on the surface.
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Fig.V.9 EDX spectrum of PCwCDwH nanofiber

5.3.3 TEM Analysis of CDs and PCwCDwH Nanofibers

The synthesized CDs showed a spherical shape with a mean diameter of

6.8 nm as shown in the TEM image of CDs (Fig.V.10a). The presence of dark and
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light regions in the TEM image of PCwCDwH nanofibers (Fig.V.10b) shows the
uneven distribution of agrichemicals. There are some agglomeration of nanofillers

added which is in agreement with SEM data obtained.

Fig.V.10 TEM image of a) CDs b) PCwCDwH nanofiber

5.4 Thermal Analysis

The thermal stability of the cellulose extracted from WH was
investigated using thermogravimetric analysis (TGA). The thermogravimetric (TG)
curve of the extracted cellulose is shown in Fig.V.11. A single major thermal
decomposition stage was observed for cellulose and minor decomposition took place
at higher temperature. The absence of hemicellulose content is confirmed by the
absence of decomposition around 220-300°C. This is further confirmed by the FTIR
spectra. From Fig.V.11, it is clear that the cellulose subsequently decomposes at
350—400°C due to the decarboxylation, depolymerization and decomposition of
glyosidic linkages?®. More than 50% of the mass loss happens during the primary
thermal degradation, which takes place between 340°C and 440°C. The onset
degradation temperature of untreated cellulose was reported as 298.5°C in a previous
study, which was lower than that of the chemically treated cellulose obtained here.
The lower thermal stability of the untreated cellulose was attributed to the presence of

hemicellulose with the low thermal degradation temperature?'-?2.

With a limited amount of solid residues, cellulose is almost pyrolyzed at

temperatures above 400°C. As cellulose is a linear polysaccharide polymer with a
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larger molecular weight and higher order of arrangement than hemicellulose, it is
more stable at high temperatures. Additionally, because of the many functional
oxygen groups in its structure, including aromatic carbons, phenolics and
hydroxyphenolics, which have variable thermal stabilities, lignin decomposes over a
broader temperature range (250 -650°C) than hemicelluloses and cellulose****. The
small decompositions at 567°C and 655°C may be due to decomposition of organic
compounds in lignin. The small weight loss % at higher temperature may be due to

trace amount of lignin.
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Fig.V.11 TG curve of isolated cellulose

The thermal stability of the electrospun nanofibers was investigated
using TGA. (Fig.V.12). All samples had the most intense thermal decomposition
process within the range of 280 — 360°C. The nanofillers such as nHAP and CDs shift
the degradation slightly towards higher temperatures. The TGA curve of pure PEO
Fig.III.12ii showed major weight loss at about 268°C and decomposes completely at
341°C. The decomposition of the PEO matrix may be due to thermal degradation or
random chain scission of C-O bonds in PEO. An increased thermal stability was
observed for PEO/Cellulose (PCw) nanofibers, increasing the decomposition
temperature. This could be due to the bonding interactions between PEO and

cellulose. The PCw nanofiber degradation occurred at 288°C (Fig.V.121) and above
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that temperature, the thermal stability gradually decreased and decomposition of the
fibers occurred®. High thermal stability observed in PCwCDwH nanofiber loaded
with nHAP and CDs (Fig.V.12iv)) than PCwCDw and PCwH. The decomposition
temperature of PCwCDwH nanofiber was found to be 359.7°C. The degradation
temperature for PCw is 316°C and 343°C for PCwH (Fig.V.12iii and iv). It is observed
in the thermogram that the weight loss for all samples remains almost unchanged after
600°C indicating the completion of decomposition of polymer matrix. The residual

mass at 700°C is less for the PCw nanofibers and highest for PCwCDwH.
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Fig.V.12 TG curves of the nanofibers i) PCw ii) PCwCDw
iii) PCwH iv) PCwCDw

5.5 Surface Wetting Properties of the Electrospun Fibers

The static water contact angle measurements are shown in Fig.V.13. A Pristine
PEO electrospun nanofiber produced a contact angle of 50.3° (Fig.V.13a), indicating
that the surface is hydrophilic. The blending with hydrophobic cellulose increases the
contact angle to 65.7° (Fig.V.13b). Plasticized cellulose has been found to exhibit a
comparable rise in hydrophobicity?®. Fig.V.13c shows that hydrophilic OH group in
nHAP has again increased the surface wettability and causes a small decrease in the

water contact angle in PCwH compared to PCw. PCwH shows a contact angle of
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57.7°. However, presence of CDs in PCwCDw and PCwCDwH nanofiber causes an
increasing trend in the contact angles of the fibers thus suggesting a decrease in the
wettability of the films. PCwCDw shows a strong reduction in the hydrophilicity of
the nanofiber. As observed in contact angle measurement in Fig.V.13d the contact
angle of PCwCDw increased to 80.6°. The nanofiber PCwCDwH exhibits a water
contact angle of 66.8° (Fig.V.13e) which is greater than the contact angle of PCwH.
This may be due to the presence of CDs. Here the increase in water contact angle of
the PCwCDwH fibers, within the given range is favourable for its utility as seed

coats?’.

(a) 50.3° (b) 65.7°

(c) 57.7° (d) 80.6° (e) 66.8°

oD o ~

Fig.V.13 Static water contact angle measurements of nanofibers PEO

b) PCw ¢) PCwCDw d) PCwH €) PCwCDwH

5.6. UV-Visible Spectra of Synthesized Carbon Dots

The synthesized carbon dots (CDs) were characterized using UV-Visible
spectroscopy. The CDs show two prominent electronic transitions (Fig.V.14),
the sharp absorption signal at 262 nm was caused by the w - ©n* transition, which
shows the conjugation of C=C bonds in the CDs structure demonstrating the
presence of the aromatic - system in the core of CDs*® A peak between 350 nm and

380 nm was connected to the C=0 bonds' n - © * energy transition. Due to the excited
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state energy being trapped by the surface states, this peak produces intense

fluorescence emission. The dual peak in the UV range of CDs confirms the formation

of CDs?°.
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Fig.V.14 UV-Visible spectra of CDs

5.7 Photoluminescence Spectroscopy (PL Spectra)

' T
800

The PL spectra of the CDs and CDs incorporated nanofiber PCwCDw were

examined to better define optical characteristics. The PL spectra of synthesized CDs

recorded at an excitation wavelength of 290 nm and 360 nm (Fig.V.15). It shows the

excitation dependent emission of CDs. Using an excitation wavelength of 290 nm, a

prominent PL emission peak at 330 nm was seen. With the increase in excitation

wavelength, the emission peak was subsequently moved to a higher wavelength. The

emission peak at 437 nm obtained for an excitation wavelength of 360 nm. Because of

the complexity of the mechanism, it is currently not clear how PL spectra of carbon

dot functions. The distribution of the numerous carbon dot surface energy traps and

the occurrence of different particle sizes are the most likely causes of the PL
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behaviour. In contrast to bigger particles, which are stimulated at longer wavelengths,

smaller particles are excited at shorter wavelengths.
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Fig.V.15 The PL emission spectra of CDs at two excitation wavelength
(i) Aex =290nm (ii) Aex =360nm

The properties of the surface of carbon dots can potentially be responsible for
their excitation-dependent PL behaviour. The existence of various functional groups
on the surface of the carbon dots may lead to the formation of a series of emissive
traps between m - m* of C-C. When the carbon dots are excited at a particular
excitation wavelength, the emission results from the formation of a surface energy

trap.

The PL emission spectra of the CDs and CDs incorporated nanofiber at an
excitation wavelength of 360 nm is shown in Fig.V.16. For pure CDs and PCwCDw
nanofiber samples the ideal emission wavelength is around 440 nm The typical
marker of carbon dots is emission wavelength- and size-dependent photoluminescent
activity. PL is one of the most fascinating characteristics of carbon dots, both
theoretically and practically. When exposed to UV light, the synthesised carbon dots

in the aqueous solution glow green, as seen in Fig.V.17.
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Fig.V.16 The PL emission spectra of CDs and PCwCDw nanofiber

Fig.V.17 Aqueous solution of carbon dots under a) day and b) UV light

From the PCwCDw and CDs photoluminescent spectra, it is clear that the PL
intensity depends on the carbon dot concentration. As the concentration of carbon
dots decreases in PCwCDw the PL spectra's intensity rises significantly. At low

concentrations there may be a decrease in interactions between the various polar
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groups®. Agglomeration is facilitated at high concentrations by the existence of a
significant quantity of polar functionality. The existence of various particle sizes and
the distribution of the various surface energy traps of the carbon dots are the likely

causes of the PL behaviour.
5.8 Porosity Measurements

Table V.1 shows the porosity measurements of developed nanofibers.
The porosity of membranes increases with the addition of nanofillers. Highest
porosity observed for PCwCDwH nanofiber due to the efficient incorporation of
nHAP and CDS. The SEM data also supports this. The SEM image (Fig.V.8) shows
that all of the electrospun membranes displayed a consistent, three-dimensional
interwoven structure with a high porosity. The porosity increased gradually, from 78.6

to 97%.

Table V.1 Porosity values of developed membranes

Polymer membrane PCw  PCwCDw PCwH PCwCDwH
P(%) 78.6 &3 90 97

5.9 Study of Aqueous Solution of Fibers and Seeds

5.9.1 Study of pH

The developed nanofibers and seeds coated with nanofibers were kept in
distilled water at a pH of 7.0. The pH is noted for 5 days and plotted against time
(Fig.V.18a and b). The addition of CDs and nHAP maintained the pH in the range
6.2 - 7.1 which is suitable for corn seed germination. The release of agrichemicals
from the fibers into aqueous system causes variation in the pH of the system. Plant
toxicity results from significant pH range fluctuations®'. The consistency in pH in the
current investigation was a benefit for seed germination and plant growth even while
fertilizer and micronutrients were present. The nanofiber PCwH shows pH increase
from 7.5 to 8.5. The release of phosphate ions from nHAP is responsible for the
increase in pH for PCwH and PCwCDwH. A growing amount of attention is being
given to hydroxyapatite (HAP), particularly nano-hydroxyapatite (n-HAP), as a
fertilizer. Review on this topic shows that, the zeolite NaP1/hydroxyapatite
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nanocomposite may release nutritional ions for a prolonged period of time, making it
effective as an inorganic fertilizer’>. When compared to normal P fertilizer
[Ca(H2PO4)2], nHAP has a longer persistence in soils, which benefits plants®}. The
change in pH of the PCwCDw nanofibers loaded with CDs and PCwCDwH nanofibers
loaded with nHAP and CDs showed similar trend as unloaded PCw nanofibers. Up to
4 days more agrichemicals are released. Also the water absorption rate was high
during the initial hours. Hence the electrospun nanofibers considered to be efficient
seed coats. Fig.5.18b shows that the pH of uncoated seed increases from 5.9 to 6.4
over the 24 h period, whereas the pH of coated seeds except PCwH was in the range
of 6.2 to 7.8. The drastic change in pH initially in the case of uncoated seeds may
cause toxicity. Developed nanofiber seed coats proved as an effective treatment for

protection of seeds and crops from highly acidic soils.
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Fig.V.18 a) pH of aqueous solutions of fibers i) PCw ii) PCwCDw iii) PCwH
iv) PCwCDwH pH of i) uncoated seeds ii —v) seeds coated with nanofibers
ii) PCw iii) PCwCDw iv) PCwH v) PCwCDwH

5.9.2 Conductance of the Aqueous Solution of Fibers and Seeds

20 mL of distilled water were mixed with known weights (0.1 g) of the
fibres. The PCw, PCwCDw, PCwH and PCwCDwH nanofibers were examined for
variations in conductivity over time (Fig.V.19a). The conductivity values of the PCw
are almost zero and remain constant throughout study. This is because of the absence

of agrichemicals in PCw. The conductivity of PCwCDw, PCwH and PCwCDwH
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nanofibers in solutions were found to increase initially. After 48 h, a gradual decrease
in conductivity is noticed. The conductivity of PCwCDwH nanofibers is highest of all.
It is because of the combined release of agrichemcials nHAP and CDs. The metal
release studies and swelling studies are in good agreement with observed conductance
data for nanofibers. Every plant species has a limit for conductance above which they
become vulnerable and produce less. The highest conductance values were recorded
in the steep water of the uncoated seed (Fig.V.19b). Although for coated seeds'
change in conductivity increased, it remained lower than that of the untreated seeds.

This demonstrates the efficacy of the developed seed coats.
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Fig.V.19 a) Electrical conductance of aqueous solutions of fibers
i) PCwii) PCwCDwiii) PCwH iv) PCwCDwH b) Electrical conductance of
i) uncoated seeds ii-v) seeds coated with nanofibers ii) PCw iii) PCwCDw
iV) PCwH V) PCwCDwH

5.9.3 Swelling and Stability Studies

Nanofibers can swell in water because of the porosity of nanofiber
morphology. Fig.V.20 shows the swelling studies of the PEO/Cellulose (PCw)
nanofibers and composite fibers. Swelling rate for PEO is high initially as it is water
soluble but decreases with time. But the presence of cellulose in PCw nanofiber
allows holding water for 8 h. Swelling of PCw decreases after 8 h. The interaction

between cellulose and PEO increases the hydrophobicity of the fiber. The nanofiber
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PCwCDw showed an increased and sustained swelling with addition of carbon dots.
Wettability of nanofiber is low as indicated by the contact angle. The PCwCDw and
PCwCDwH allow a sustained swelling even after 12 h. Thus the nanofiber seed coats
of PCwCDw and PCwCDwH allow the seed to be hydrated during the entire

germination stages.
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Fig.V.20 Swelling studies of i) PCy ii) PCwCDy iii) PCwH iv) PCwCDwH

Water contact angle analysis also confirms the decreasing wettability nature of
the PCwCDw and PCwCDwH upon the addition of CDs. PCwH nanofiber shows
initial slow rate of swelling in initial hours compared to PCw, the presence nHAP
renders more porosity and uptake of water takes place in a controllable manner than
PCw. Swellability decreases with time in PCwH than in PCw which is due to
combined effect of dissolution of PEO along with release of ions as confirmed by the
metal ion release study. The high swelling percentage makes the loaded nutrients in

the samples to deliver to crops in a programmed manner for use as a nanofertilizer.

The stability of the blends was investigated and is plotted in Fig.V.21.
The blending with cellulose which is insoluble in water, decreases the solubility of
PEO in PCw blend nanofiber. The results showed 82% solubility of PCw after 8 h.
Carbon dots impart hydrophobic surface on nanofibers, Therefore PCwCDw was

expected to remain after 36 h. The solubility was found to be 82%, 35%, 84% and 40
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% for the PCw, PCwCDw, PCwH and PCwCDwH respectively. The least weight loss
was seen in PCwCDw followed by PCwCDwH, PCw and PCwH. PCw and PCwH
follow almost similar trend in stability. Previous studies reported that organic carbon
dot coating, which serves as both a low-surface-energy modifier and a component of
rough structure, is applied after the production process to generate super hydrophobic

surfaces®*.
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Fig.V.21 Stability studies of i) PCw ii) PCwCDw iii) PCwH iv) PCwCDwH

The swelling and stability studies proved that the synthesis of nanofibers of PEO with
cellulose and the dispersion of CDs and nHAP allow regulated release of nutrients
despite the fact that PEO is water soluble. An initial burst release followed by a
controlled flow of nutrients to the seed during germination is anticipated, since the

integrated nutrients are present on both the surface and the interior of the nanofibers.

5.9.4 Imbibition Studies

Imbibition studies were done by soaking the seeds in water, and the weight
change was monitored in every half an hour. Fig.V.22 showed that the highest amount
of water was absorbed during the first three hours for uncoated seeds and 5 h for
coated seeds. Electrical conductance measurements again support this. Seeds imbibe

more water in the early 3 h3°. Imbibition of seeds in water, which transforms the
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dormant seed into a developing embryo, is the first and most important stage of seed
germination. Germination is triggered by water absorption via the seed coat. Corn
kernels must absorb about 30% water by their weight prior to germination. If water
absorption is less than adequate due to a rapidly drying seed zone, germination may
be slowed down or prevented. The uncoated seeds exhibit the maximum imbibition
rate of 50% within the first two hours. Uncoated seeds may decay as a result of this
sharp rise in imbibition rate. The coated seeds showed a sustained absorption rate
within 8 h as required for the germination conditions of corn seeds. The polymer
nanofibers are assumed to be suitable as seed coats since it permits controlled water
absorption and reduced imbibitional decay. Corn seed germination starts in between
24 h to 48 h. The controlled absorption rate of water in all nanofiber coated seeds
studied here allows dissolution of fertilizers and micronutrients so as to reach the seed
in right amount at right time. Thus nanofiber coated seeds ensures better performance,
easy application and less expensive without being toxic*®. The imbibition rate of
PCwCDw and PCwCDwH were found to be almost same. Controlled water absorption

allows the seed to have sufficient water during complete germination stages.
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Fig.V.22 Water absorption rate of i) uncoated seeds
ii — v) seeds coated with nanofibers ii) PCw iii) PCwCDw
iv) PCwH v) PCwCDwH
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Higher rate of imbibition was due to nanoformulation coating polymer having
a capability of water absorption even under very low moisture content. It induces the
fast activation of hydrolysing enzymes which are involved in seed germination

process.

5.10 Metal Release Studies
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Fig.V.23 a) Ca release from PCwH and PCwCDwH
b) P release from PCwH and PCwCDwH

Fig.V.23a and b displays the Ca and P release profiles of developed nanofibers
in water using ICP-OES for PCwH and PCwCDwH as these are the fibers loaded with
mineral nutrients. Release of both Ca and P ions from PCwH exhibited a fast release
in initial 3 days and the release rates for both the ions gradually decreased. But for
PCwCDwH, the pattern follows a regular controlled path. Over the course of the
experiment, calcium ion release from the PCwH and PCwCDwH scaffolds was little
higher than that of phosphorus. The low solubility of nanoformulation of HAP might
be the reason for the slow release of calcium and phosphorous from the nanofibers.
The fast and irregular trend in PCwH is due to the high degree of wettability

compared to PCwCDwH. The contact angle measurements support these results.

It is crucial to keep in mind that different seed types could necessitate
different nutritional dosages for seedling growth. It is essential to develop a versatile

polymer-based nanoplatform with adjustable agrichemical release kinetics that can be
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tailored for different kinds of seed. The findings show that by modifying the chemical
composition of the nanofibers, the release of nutrients from the created nanoplatform
may be further controlled. The findings demonstrate that phosphorus availability to
plants is increased by nanohydroxyapatite fertilizer and phosphorus loss is avoided by
encapsulating nHAP in nanofibers. The plant received nutrients from nanofertilizers
employed in this study during its growth period. At same time prevented these

compounds from leaching.
5.11 Germination Studies

Germination studies were conducted for a period of 5 days. This study
evaluated the role of the electrospun fiber seed coats to support the germination of
seeds. The response of germinating maize seeds coated with developed nanofibers and
without agrichemicals was assessed. The observation shows that maize seeds were
successfully germinated on each of the germinating petri dishes. The germination
stages of maize seeds with various seed coatings are depicted in Fig.V.24 and
Fig.V.25. From each lot, the best ones were chosen for comparison. Radicle and
plumule length of seedlings were recorded and plotted in Fig.V.26a and b for various
coatings. It is evident that combined fertilizer (nHAP and CDs) loaded nanofiber,
PCwCDwH exhibits high germination parameters compared to other nanofiber
coatings. The germination parameters for PCwCDw nanofiber are slightly higher than
PCwH nanofiber which might be due to the easy diffusion of CDs across the matrix
than less soluble nHAP. The germination potential and coating efficiency follows the

order

Uncoated < PCw nanofiber coated seeds < PCwH nanofiber coated seeds < PCwCDw

nanofiber coated seeds < PCwCDwH nanofiber coated seeds

It is worth mentioning that the beneficial trends of the nanofertilizer loaded
nanofiber coating for maize seeds improved germination parameters. It may be due to
the targeted delivery and regulated release of active ingredients. The current study
demonstrates the positive benefits of CDs on corn plant development and disease
resistance. The growth of corn seedling is increased after treatment with CDs than

nHAP.
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Literature review shows that CDs penetrate into every component of rice
plants, including the cell nuclei and systematic analyses shed light on the several
mechanisms that promote glucose synthesis, root elongation and seed germination?’.
In the meantime, CDs penetrate the cell, travel to the nucleus, relax the DNA structure
and raise the expression of the thioine gene, which ultimately improved the rice
plant's capacity for disease resistance. The previous studies further showed that the
concentration of surface-oxygen-containing groups and the graphite structure of CDs
were key contributors to the development of the plant disease®. The results of present
investigation are in good agreement with previous reports. Moreover, the CDs break
down into CO:2 and plant hormone analogues that stimulate plant development. The
CO:z is then transformed into carbohydrates through photosynthesis' Calvin cycle*. In
acidic and highly P sorbing soils the availability of P fertilizers to plants decreases
due to leaching. In this case phosphorous fertilizers made with nanotechnology might
be more effective. Nano-sized particles may be able to move through the soil and can
reach the plant roots. Hydroxyapatite nanoparticles (nHAP) were investigated as a
potential fertilizer to increase P efficiency®**°. All developed nanofiber seed coatings
loaded with CDs and nHAP are found to be very effective in improving crop
productivity. The pH studies again confirm the application of seed coats in highly

acidic soil for improved P uptake to solve the current P demand.
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Fig.V.24 The optical photographs of corn seed germination of A) uncoated
seeds B-E) seeds coated with nanofibers B) PCw C) PCwH
D) PCwCDwE) PCwCDwH
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Fig.V.26 a) Radicle and b) Plumule length of seedlings i) Uncoated seeds
ii — v) seeds coated with nanofibers ii) PCw iii) PCwH iv) PCwCDw
V) PCwCDwH

5.11.1 Fresh Biomass Seedling

All treated seedlings' root, shoot and overall biomass were measured
after 15 days of germination. Data were adjusted to the tissue mass of the untreated
control plants to make comparisons easier. Without adding fertilizer, PCw nanofiber
covering is not anticipated to significantly increase biomass on its own. It is

interesting to notice that increase in germination rate was accompanied by an increase
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in seedling biomass, as shown in the Fig.V.27 below. Also, the PCwCDwH nanofiber
coating considerably boosted overall biomass compared to untreated seeds when
loaded with the combination nanofertilizers nHAP and CDs. These results are in
agreement with the studies where nHAP serves as a slow-release P fertilizer and a

carrier for another macronutrient*

. Reports show that CDs promote the root vigour
and moisture level of seeds, which may lead to the promotion of plant growth and
development®”*>, Therefore the addition of nontoxic biofertilizers in to the nanofiber
matrix as superior seed coatings is proved to be a cost effective and eco-friendly

solution to enhance germination and crop yield.

Fresh Seedling Biomass (g)

UI"I Coated PC“ PC W CD“ PC“'H PC“'CD“H

. Fig.V.27 Fresh seedling biomass after 15 days of germination
5.11.2 Statistical Analysis

The germination parameters of five sub samples and their five replicates
were examined. Following a homogeneity test, a one-way ANOVA was performed on
the findings. The results of statistical analysis for germination parameters are given in
Table V.2. An entirely random design was used for the statistical analysis of the data
using analysis of variance. The main and interaction effects were assessed using

Tukey's HSD test at a 0.05 level of probability when the F values were significant.
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Using Levene's test, a homogenous results were found. The addition of nutrients
nHAP and CDs had a substantial impact on the germination percentage. Graphical
representations of the statistical analysis of germination parameters for each treatment
are shown in Fig.V.28. The length of the seedling was used to determine the
germination index and seed vigour index. According to the Tukey HSD test, the
growth of the seedlings for nutrient loaded coated seeds was clearly significant

(TableV.2). The alteration brought on by CDs and nHAP was substantial.

Table V.2 Estimated marginal mean of germination parameters

o L. Seed
Sample 7o Germination Germination Vigour
P (%G) Index (GI) Index
(SVI)
Mean 72.00 72.00 275.20
Uncoated seeds
(SD) (4.472) (4.472) (21.159)
PCw nanofiber Mean 78.00 90.20 344.60
coated seeds (SD) (4.472) (4.142) (17.487)
PCwCDw Mean 94.00 120.56 460.80
nanofiber coated
seeds (SD) (5.477) (7.608) (31.634)
PC wH nanofiber ~ Mean 86.00 103.80 395.80
coated seeds (SD) (5.477) (6.834) (21.429)
PCwCDwH Mean 98.00 139.00 531.00
nanofiber coated
seeds (SD) (4.472) (7.071) (21.331)
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Fig.V.28 Estimated marginal mean of a) Germination percentage
b) Germination Index c) Seed Vigour Index

5.12 Antioxidant Property of Developed Nanofibers

The antioxidant power of nanofibers was evaluated with the DPPH inhibition
assay. The results are plotted in Fig.V.29. The determination is based on the action of
the DPPH free radical on the antioxidant, which donates a hydrogen atom to the free
radical species from the surface functional groups —OH and —COOH***. The
resulting radical on the nanoparticle can be stabilised in one of two ways: by
delocalizing the unpaired electron through resonance in the aromatic environment of
the CD core, or by rearranging the chemical bonds of the surface functional groups.
Reactive oxygen species (ROS) are produced when pro-oxidative activities are
increased relative to anti-oxidative (enzymatic and non-enzymatic) activities, causing
oxidative stress, which is a physiological state (response) in cells, tissues, and

organs®. The decline in vigour in plant tissues has been linked to oxidative stress*.

Antioxidants can be encapsulated to increase their bioavailability to shield

them from environmental factors. Electrospun nanofibers can provide the ideal
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environment for antioxidant encapsulation, making electrospinning a great choice for
applications in nanotechnology. The antioxidant activity of fabricated PCwCDw,
PCwH and PCwCDwH nanofibers were evaluated and recorded in Table V.3. The

scavenging activity was calculated based on the Equation 2.9.

Table V.3 Antioxidant activity of nanofibers

Sample OD at 517 nm (Ao) DPPH  free radical

scavenging activty (%)

Control 1.848 0

PCwCDw 0.139 923
PCwH 0.285 84.6
PCwCDwH 0.095 94.8

Fig.V.29 proved that both CDs and nHAP are efficient antioxidants and the
application of this as nanofertilizers through nanofiber seed coats would enhance

seed establishment and germination potential under oxidative stress of soil.
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Fig.V.29 Antioxidant activity of developed nanofibers using DPPH assay
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Conclusion

Electrospinning was employed to create biopolymer-based nanoplatform for
seed coating. According to the outcomes of the current research, electrospun
PEO/Cellulose nanofibers help corn seedlings grow rapidly because of their high
surface area, good fluid absorption capacity and interconnected pore structure. Within
120 h of the germinating phase, the length of the radicle and plumule of corn seeds
grew substantially due to the application of nanofertilizers such as CDs and nHAP
incorporated nanofiber seed coating. CDs might have boosted the resistance of crops
to diseases which is revealed from free radical scavenging abilities. The CDs showed
a favourable impact on crop production. The combined use of hydroxyapatite
nanoparticles with CDs resulted in a notable improvement in early plant development.
This innovative nanofertilizer loaded nanofiber seed coating has such favourable
impacts on plant growth, together with inherent biocompatibility, straightforward
manufacturing which make it a potential material for widespread use in the agronomic

field.
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Summary and Conclusions

Agriculture is one of the essential sectors where nanotechnology needs to be
applied as it directly affects the availability of food. Over several cycles of intense
farming, the soil quality deteriorates owing to nutrient depletion, making all
agricultural methods completely dependent on fertilizers to increase the output from
the soil. For the control of plant diseases and to prevent crops from suffering
substantial losses, modern agriculture heavily relies on the use of pesticides, but many
of the most crucial tools for disease control are rapidly losing their effectiveness as a
result of the emergence of resistance. The usage of pesticides can have side effects
that could be harmful to human health and the environment. To promote agricultural
production, more sustainable techniques are required to prevent the crop loss, plant
diseases and deterioration of arable lands. The goal of this research is to increase food
security by creating a cutting-edge agricultural practices using nanotechnology. This
investigation is an attempt to increase the effectiveness of nutrient utilization and to
reduce fertilizer leaching, which would reduce agricultural production systems'
nonpoint sources of pollution and lower fertilizer costs. The agrichemicals are
encapsulated inside the polymer and applied as seed coats in order to achieve the goal
of controlled release or gradual release. Ultrathin nanofibers formed using the
electrospinning technique is the polymer morphology selected for the application. The
nanofibers exhibit exceptional qualities like high surface to volume ratio, high
porosity, easy tunability and processing. Nanofibers are produced when electrical
forces are applied to a viscoelastic polymer solution to cause unidirectional
elongation. Fabrication of the porous film was carried out to compare the feasibility of
polymer film for the specified application. Polycaprolactone, poly(ethyle oxide) and
cellulose are the organic polymers selected for this study. All polymers are
biocompatible, biodegradable, safe and FDA-approved. The work provided seed
producers a novel and sustainable seed coating technology which will increase crop
yields and food production by reducing the rate of toxic fertilizer application. The
developed seed coating technology helps to protect seeds and seedlings from varying

climatic conditions, soil borne and seed borne pathogens.
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Study of Fibers and Film of Nanohydroxyapatite, Zinc
Oxide Nanoparticles and Trichoderma Viride Incorporated PCL and
PCL/PEO Blend Nanofibers

Zinc oxide nanoparticles, nanohydroxyapatite and Trichoderma viride were
incorporated into the polycaprolactone and polycaprolactone/poly(ethylene oxide)
blend nanofibrous seed coating which allowed access to micronutrient and
macronutrient in the proximity of the seed in very small but sufficient quantities. The
nontoxic nanofiber coating acts like protective covering. ZnO NPs are synthesised
by fuel approach in solution combustion method using Zinc nitrate hexahydrate and
Urea as the fuel. The wet chemical method was used to synthesize hydroxyapatite
nanoparticles. The FTIR and XRD studies indicated the formation of ZnO NPs
and nHAP. SEM images revealed the synthesized ZnO NPs and nHAP are spherical
with average diameters 98.72 nm and 95.36 nm respectively. Prepared
hydroxyapatite nanoparticles are agglomerated. The PCL nanofibers was prepared
using a 10% (w/v) PCL solution in 4:1 solvent mixture of chloroform and DMF.
This resulted in the formation of fibers with an average diameter of 276 nm. The
optimised percentage of nHAP, ZnO NPs and T.viride added were 20%, 10%
and 10% respectively with respect to weight of PCL. A blended nanofiber was
fabricated using PCL and PEO with an aim to reduce the high hydrophobicity of
PCL. This was optimised by taking three different composition ratios of PCL and
PEO. The blend B3 with PCL: PEO ratio of 30:70 resulted in smooth, uniform bead
free nanofibers. This composition was used to fabricate composite nanofiber with
nHAP, ZnO NPs and T.viride. The FTIR spectra of the fibers showed no change in
PCL due to electrospinning. The presence of peaks corresponding to nHAP, ZnO
NPs and T.viride confirmed the incorporation of fillers into the PCL scaffold.

The TGA study revealed that the addition of nutrients increased the
decomposition temperature and char yield. The XRD analysis and morphological
studies SEM, EDX and TEM analysis confirmed the loading of components in PCL
matrix. The static water contact angle was found to decrease with the incorporation of
nHAP, ZnO NPS and T.viride compared to pristine PCL. The blending of PCL with
PEO resulted in a nanofiber with optimum surface wettability as required for

seed coating applications. The swelling and stability investigations revealed that the
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BHZT fibers swelled by about 200% in the first few hours, significantly higher than
the PCL fibers. After 10 hours, every nanofiber enabled a consistent pattern for
stability and swellability. On dissolving nanofibers in water, more than 50% of the
material was retained even after 30 min, as opposed to film, where only 30% of the
material was retained. Comparing the fibers with the film, electrospinning
method reduced the burst release resulting in regulated release of agrichemicals in
fibers. Comparing the ZnO NPs, nHAP and T.viride integrated PCL/PEO film
and nanofiber release characteristics, a burst release of over 50% is observed in
the film whereas only a controlled release is noted in the fibers. Porosity
measurements of nanofibers were conducted using n-butanol uptake method. The
nanofibers exhibited high degree of porosity with a maximum porosity of 98% for
BHZT fiber. The analogous polymer film showed very low porosity of 25%.
Hence it can be concluded that the large surface area and porosity of nanofibers
made them more effective in promoting plant growth. With addition of active
ingredients, the diameter of the fibers are varied. Nutrients are added to the
electrospun polymer nanofibers to increase the availability of fertilizer for the
seed which improve germination potential. The pH and conductivity studies
showed a slow release of nutrient from the fiber mats. The aqueous solution of
nutrient incorporated PHZ, PHZT and BHZT fibers showed a pH range between 5.4
and 6.5. The pH of the soil containing most vital plant nutrients ideal for plant
growth was found to be in the range of 5.5-6.2. The conductivity studies
revealed lower conductivity for coated seeds than for untreated seeds,
indicating that the seeds are well protected during storage. The prepared nanofertilizer
loaded fibers enhanced the growth of corn seedlings. This is due to the slow release of
Zn, Ca and P as confirmed by metal release study using ICP-OES. The slow release of
calcium and phosphorous from nanofibers indicates the low solubility of
nanoformulation of HAP. In addition to providing nutrients to the plant during
its growth period, the nanofertilizers employed in this study prevented

excessive amounts of these compounds from leaching.

To determine the importance of the addition of nutrients and nanofertilizers,
as well as how they interacted, germination studies were conducted over a five-day
period. The findings are analysed using one way ANOVA. The use of developed
polymer nanofibers as seed coats has significantly increased the growth of radicle

and plumule length of Zea mays seeds within 120 h of the germinating period. The
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three parameters germination percentage (G %), germination index (GI), seed vigour
index (SVI) were studied. Nutrient supplementation was observed to boost the

germination parameters significantly.

PCL coating provide a sustainable environment to developing embryo by
providing optimum retention of moisture and protecting the seed directly from
harmful pathogens. The porous polymer film, BHZTr had not shown any
improvement in germination and seedling biomass. The developed nanofiber seed
coating significantly improved seedling biomass than conventional film coating
approaches utilized by the industry, which inhibited gas and water exchange and
hindered radicle and plumule emergence during the germination. The efficiency of the

seed coating can be graded as follows:

BHZTrF film coated < Uncoated < PCL nanofiber coated < PHZ nanofiber
coated < PHZT nanofiber coated < BHZT nanofiber coated seeds

The antagonistic activity of immobilized T.viride spores, a plant beneficial
microorganism against Aspergillus pathogenic fungi proved the use of such nanofiber
seed coating protection as a powerful and versatile platform to enable plant growth in

pathogen infested soils.

Study of PCL Nanofiber Loaded with Free a-Amylase and a-Amylase

Immobilized on MCM-41 in Presence of Plant Growth Promoters

The application of nanofiber immobilized alpha-amylase for seed germination
was done. PCL nanofibers with immobilized alpha-amylase in presence of essential
micronutrient, MgO NPs and plant growth regulator, gibberellic acid were applied as
seed coats. The use of soluble alpha-amylase in industry is restricted by pH and
temperature variations. This caused negative effects on the stability of the enzyme and
activity. Alpha-amylase immobilization on inorganic-organic matrix is an effective
means of enzyme stabilization. a-Amylase is a crucial biocatalyst for starch
hydrolysis in seed germination. The encapsulation of a-amylase enzyme was done
through electrospinning. Immobilization was carried out in two ways. PCL and free o-
amylase are directly spun into nanofibers which resulted in direct entrapment of

enzyme in nanofiber matrix. As a second approach a-amylase was covalently grafted
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on MCM-41 via glutaraldehyde as a cross linker, then loaded in PCL solution for
electrospinning. MCM-41 was synthesized using sol gel method followed by
hydrothermal treatment. The characterization of synthesized MgO NPs, MCM-41,
MCM-41 immobilized a-amylase and nanofibers were done using FT-IR, XRD, TG,
SEM, EDX and TEM analysis. All the results indicated the successful synthesis and
incorporation of components. The aim of the present study was to evaluate the effects
of exogenously applied alpha-amylase immobilized nanofibers as seed coats in
germination of corn seeds. The contact angle of nanofibers PA was found to be 101.3°
and MCM-41 immobilized a-amylase loaded nanofibers PMA, PMMA and PMMG
showed hydrophilic property with contact angle less than 90° value. The decrease in
the water contact angle to 74.3° in PMMG compared to high hydrophobicity in
pristine PCL and high hydrophilicty of water soluble poymers is considered
advantageous as the nanofibrous seed coating would assist water absorption in a
controlled rate without making the seed dry. All the three scaffolds PMA, PMMA,
PMMG show comparable swelling rates. The membrane PA absorbs the solution
slowly compared to other nanofibers. Stability studies of PA, PMA and PMMA
showed almost 100% stability even after 12 h. It is acceptable to conclude that the
weight loss of the composite fiber mats is primarily caused by the deterioration of the
composite bulk, which is aided by the release of fillers and accelerated ester bond
breakage caused by more amorphous regions. The pH variation of PBS buffer
solution of nanofibers was found to be controlled by the PCL matrix degradation rate
as well as dissolution profile of MgO nanoparticle. The extent of decrease in pH is
low in MCM-41 immobilized a-amylase loaded nanofibers compared to directly
entrapped amylase in PCL, which might be due to covalent grafting of a- amylase on
MCM-41 restricts the diffusion of enzyme. Thus reduces the degradation of PCL
membrane. Out of the nanofibers the pH range for the PMMG nanofiber seems to be
the most suitable seed coat since optimum pH range for corn seed germination is
found to be 5. 8 — 6.5. Mg ion release pattern was analysed using ICP-OES for
PMMA and PMMG. The release increased gradually reaching a maximum of 44 pg
for PMMA and 32 pg for PMMG at the end of the incubation period. The germination
percentage, germination index and seed vigour index are all calculated in order to
study the germination rate. The germination trials are carried out for a period of

5 days. The germination potential and coating efficiency follows the order
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Uncoated < PA nanofiber coated seeds < PMA nanofiber coated seeds < PMMA

nanofiber coated seeds < PMMG nanofiber coated seeds

The high growth rate and more seedling biomass in PMMA and PMMG
is due to the presence of MgO NPs. In PMMG additional enhancement is due to the
presence of GA. Statistical analysis confirmed that the addition of nutrients
and enzyme had a substantial impact on the germination percentage. The a-amylase
enzymatic activity of developed nanofibers was measured with time. The results
showed that the enzymatic activity increased initially from 103 U/mL to 127U/ml till
20 minutes of incubation time for PA. But MCM-41 supported enzyme incorporated
fibers exhibited slow activity in the initial 30 minutes. In contrast to directly loaded
enzyme, it was discovered that immobilized enzyme on MCM-41 required a longer
incubation period for maximum enzyme activity, up to 40 min. The MCM-41 grafted
enzyme loaded nanofibers were also capable of retaining its activity throughout the
incubation period with no appreciable loss of activity. There was no drastic decrease
in activity compared to the directly encapsulated enzyme in PA. The stability of
immobilized enzyme in PCL nanofibers with regard to pH, temperature, reusability

and storage were studied.

Nanofibers where a-amylase anchored via covalent grafting on MCM-41
performs better at low and high pH than o-amylase loaded directly in PCL matrix.
The optimum pH for both methods was found to be 6.5. Immobilization through
covalent grafting enzyme activity maintains almost constant even at pH 7.5 without
any significant decrease. pH stability of nanofibers is one of the major advantages to
promote seed germination under different soil pH. The optimum temperature for
maximum activity for all nanofibers was observed at 40 °C and the activity maintains
high for PMMG, PMMA and PMA even at 50°C due to covalent immobilization
through inorganic carrier MCM-41. The reuse of enzyme-loaded nanofibers was
investigated for up to five runs; almost 56% of the initial activity of PMMG was
retained. The storage stability of immobilized a-amylase was examined by monitoring
the enzyme activity in every 10 days for a period of 8 weeks. The directly
encapsulated PA nanofiber shows 45% activity after 60 days but in PMMA where
enzyme incorporated in inorganic silica support lost only 28% activity even after

60 days. The process of seed germination is influenced by various environmental
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factors, including soil, pH, moisture and temperature. In addition, the enzymes are
essential for seed germination, growth, and development. The germination process
can't go on without enzymes. These results indicated that immobilized a- amylase into
PCL nanofiber can be used for seed coating for better germination parameters and
seedling growth. The PCL with a-amylase immobilized on MCM-41 imparts more
stability and proved to be superior organic-inorganic composite seed coats which can

be applied for entire lifetime of seedling development.
Study of PEQ/Cellulose Nanofibers Incorporated with nHAP and CDs

As a next step, to overcome these economic and environmental obstacles, the
research focus is shifted towards incorporation of biopolymers and biofertilizers from
biomass for controlled release of fertilizers. The majority of polymers after complete
nutrient release are not easily biodegradable, which leads to an unfavourable build-up
of plastic residues and a new source of soil contamination. The aim of the present
work is the extraction of a biopolymer, cellulose from water hyacinth which then
blended with PEO and electrospun into nanofibers. This blend was incorporated with
carbon dots derived from water hyacinth and nanohydroxyapatite as nanofertilizer and
spun into different composition of fertilizer loaded nanofibers. The study is focused
on the promising properties of developed fibers as seed coating for agricultural
applications. The efficiency of new and smart biobased seed coating are explored for
the controlled release of fertilizers and enhanced germination parameters. Carbon dots
are successfully synthesized from HTC process liquid obtained from Hydrothermal
Carbonization of water hyacinth stem. Nanohroxyapatite was synthesized as
mentioned by wet precipitation method. The electrospinning solution was prepared by
50:50 PEO/Cellulose blend with 20% nHAP in presence and absence of CDs. The
solutions are electrospun to generate nanofibers. The synthesized CDs, cellulose and
nanofibers are characterized using the same techniques used in previous studies.
IR, XRD, TGA, SEM, EDX AND TEM analysis revealed the incorporation of fillers.
IR and XRD spectrum of composite nanofibers showed additional peaks of CDs and
nHAP. The synthesized carbon dots (CDs) are characterized using UV-Visible
spectroscopy, Photoluminescence spectroscopy and TEM analysis. The PL spectra of
CDs incorporated nanofiber showed emission peak around 440 nm. This confirmed

the incorporation of CDs within nanofiber matrix. TGA showed that all samples had
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the most intense thermal decomposition process within the range of 280-360°C. In
this temperature range, the nanofillers such as nHAP and CDs shift the degradation
temperature slightly toward higher temperatures. The thermal stability of nanofibers
increased upon the addition of fillers. The decomposition temperature for PCw,
PCwCDw, PCwH and PCwCDwH nanofibers were found to be 288°C, 316°C , 341°C
and 359.7°C respectively. The SEM images of fibers showed formation of uniform,
beadless fibers with the EDX images showing presence of phosphorus and calcium on

the surface. Fiber diameter decreased upon the addition of fillers.

Water contact angle of prepared nanofibers gives a measure of wettability
which is less compared to pristine PEO. This would be beneficial since the
nanofibrous seed coating prevents seed degradation due to water absorption. Variation
of pH and conductance of aqueous solution of nanofibers were analysed to understand
the efficiency of nanofibers for controlled release of agrichemicals. The pH of coated
seeds was in the range of 7.4 to 6.8. The release of agrichemicals from the fibers into
aqueous system causes variation in the pH of the system. The PEO/Cellulose
nanofiber seed coats with biofertilizer CDs and nHAP proved as an effective
treatment for protection of seeds and crops from highly acidic soils. The conductance
values of nanofibers showed an initial increase but after 48 h the conductance
followed a constant pattern. The swelling and stability investigations showed that
even though PEO is water soluble, composite nanofibers of PEO with cellulose and
the dispersion of CDs and nHAP allow the controlled release of active ingredients.
Since the combined nutrients are present on the surface and in the interior of the
nanofibers, a burst release of nutrients followed by a controlled flow to the seed

during germination is expected.

Metal release study from PCwH and PCwCDwH conducted using ICP-OES for
Ca and P release. Ca and P release pattern follows a regular controlled path. The fast
and irregular trend in PCwH is due to the high degree of wettability compared to
PCwCDwH. The slow release of calcium and phosphorous from nanofibers indicates
the low solubility of nanoformulation of HAP. Germination studies are performed
using nanofiber coated seeds with uncoated seeds as control. Germination parameters
are calculated. Statistical analysis further confirmed the results of germination.

Germination potential and fresh biomass seedling follows the order
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Uncoated seeds < PCw nanofiber coated seeds <PCwH nanofiber coated seeds <

PCwCDw nanofiber coated seeds < PCwCDwH nanofiber coated seeds

Hydroxyapatite nanoparticles (nHAP) were investigated as a potential
fertilizer to increase P efficiency. The present study demonstrated the positive benefits
of CDs on corn plant development. The antioxidant properties of nanofibers were
investigated using DPPH assay. The nanofibers PCwCDw, PCwH and PCwCDwH
showed high DPPH free radical scavenging activty. The nanofiber PCwCDwH
exhibited high activity of 94.8%. Antioxidant studies proved that both CDs and
nHAP are efficient antioxidants and the application of this as nanofertilizers through
nanofiber seed coats would enhance seed establishment and germination potential

under oxidative stress of soil.

This study concluded that all nanofibers developed with added fertilizers can
release the nutrients within the seed coat during germination in a controlled manner.
This attempt in agronomical sector is more advantageous because nontoxic materials
such as nHAP, CDs, ZnO NPs, MgO NPs, a-amylase and gibberellic acid were
applied as plant growth promoters. This strategy can replace conventional toxic,
synthetic chemical fertilizers. Furthermore, to broaden the application of seed coats in
addition to germination studies, Trichoderma viride was immobilized in the seed
coating matrix as biocontrol agent and ability of seed coats in pathogen infected
conditions are explored. Further studies are done to identify whether the use of the
proposed bio-derived materials offers any significant benefit over existing materials in
seed germination and seedling development. With a view to reduce the cost and
increase the biocompatibility, biopolymers and biofertilizers derived from biobased
materials are employed in the present work as efficient seed coats. Therefore the seed
coats are promising to expand the application to agronomic industry. The roles of seed
coats to alleviate abiotic stress conditions such as drought, salinity and oxidative
stress were investigated in this study. The results are promising lines of research for
seed coating. The ultimate goal of introducing a novel crop management product into
the agricultural market which will reduce reliance on synthetic agricultural chemicals,
plant diseases and in turn increase the profitability for seedling producers is

accomplished using the developed nanofibrous seed coating systems.
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Summary and Conclusions

Future Scope

The selection of the best formulation for polymers and inoculants in seed
coating can be quite difficult; the research should be expanded by altering the
composition of coating materials and plant beneficial materials for specific crops.
Further studies are needed to explore the use of this innovative method in applications
like elemental analysis of fresh biomass of seedling to measure the rate of absorption
of nutrient elements. After the application of nanofibers in the soil, the water that has
leached over a period of time must be analyzed to determine whether the scaffolds
have caused any water pollution. An agricultural field experiment must be carried out
to evaluate the impact of fiber mats on the entire life cycle of the plant. This study is
expected to open the door for new advancements in fertilizer types, administration
methods and dosage used in sustainable agriculture. These data will serve as the
foundation for expansion into other crop-disease management systems. An in-depth
evaluation of the suggested seed treatment's overall effects on the root system will

enable us to determine whether the method is viable.
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