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Abstract

The need for sustainable and high-performance materials is becoming increasingly urgent as
society confronts escalating environmental challenges and pressing healthcare demands. Zein,
a protein derived from corn, offers promising potential as a renewable, biodegradable, and
biocompatible material for various applications. However, its utility is hindered by intrinsic
limitations, such as poor processability, inadequate mechanical properties, and limited thermal
stability. This research aims to address these challenges through chemical modifications of
zein, blending with complementary polymers, and employing advanced fabrication techniques
to develop nanoparticles and nanofibers for targeted applications. The first part of this study
focused on chemically modifying zein via esterification using fatty acid chlorides of varying
chain lengths (C6, C10, and C16). The findings revealed that fatty acid-modified zein exhibited
significantly enhanced hydrophobicity, improved melt processability, and superior tensile
properties compared to unmodified zein. The introduction of fatty acid chains also acted as
internal plasticizers, facilitating the creation of a melt-processable biopolymer suitable for
scalable production. In the second phase, the modified zein (mZein) was blended with
poly(butylene adipate-co-terephthalate) (PBAT) via melt extrusion to fabricate biodegradable
films. The study explored the effects of varying blending ratios on the compatibility,
morphology, and physicomechanical properties of the films. It was observed that the
esterification with decanoic acid (C10) significantly enhanced mZein's compatibility with
PBAT, enabling the formation of films with balanced mechanical and barrier properties. A
composition of mZein/PBAT at 30/70 wt% exhibited optimal performance, achieving a tensile
strength of 10.88 MPa, elongation at break of 561.41%, and a modulus of 105.63 MPa.
Furthermore, the blend demonstrated superior oxygen barrier properties, reduced water vapor
permeability, and improved disintegration rates, making it suitable for food packaging and

agricultural applications.
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The third component of this research examined zein as a biopolymer matrix for
nanoencapsulation of bioactive compounds, specifically quercetin and a-tocopherol. Zein
nanoparticles (ZNPs) were fabricated using a green antisolvent co-precipitation method,
achieving encapsulation efficiency of 96% with particle sizes ranging from 50 to 320 nm.
Co-encapsulation of quercetin and a-tocopherol in various formulations revealed distinct
release dynamics, with the Zein/Que/Toc (20:1:1) formulation demonstrating controlled release
rates over 8 hours. ATR-FTIR and fluorescence spectroscopy highlighted the hydrogen bonding
and hydrophobic interactions critical to the encapsulation mechanism. In the final phase, a-
tocopherol-encapsulated zein was integrated with polyvinyl alcohol (PVA) to produce
nonwoven fiber mats via solution blow spinning. These mats exhibited uniform fiber
morphology (diameter: 350-796 nm), excellent mechanical properties, and sustained release
of a-tocopherol over 24 hours. Cytotoxicity assessments confirmed high cell viability (>90%)
and enhanced cell spreading, suggesting the potential for biomedical applications such as
wound dressings.

Overall, this research contributes significantly to the fields of biodegradable polymers and
bioactive delivery systems. By overcoming the intrinsic limitations of zein through chemical
modification and advanced processing techniques, this work offers a scalable framework for
the development of high-performance sustainable materials. These findings have broad
implications for applications in food packaging, agriculture, pharmaceuticals, nutraceuticals,
and biomedical sciences, paving the way for more environmentally friendly and functional

material solutions.
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Chapter 1: Introduction

1.1. Overview and Motivation

Plastics play a vital role in modern life, providing versatile, durable, and cost-effective
solutions across a wide range of applications. However, their environmental impact has become
a significant concern due to their reliance on non-renewable fossil fuels and their persistence
in ecosystems as non-biodegradable waste [1,2]. With global plastic production exceeding 450
million tons annually, the resulting environmental degradation and waste management
challenges have prompted a growing emphasis on developing sustainable alternative
bioplastics that can fulfill functional requirements while mitigating environmental harm [3-5].
Bio-based polymers derived from natural sources such as plants, animals, and microorganisms
have emerged as attractive alternatives, with the potential to reduce the environmental footprint
and reliance on fossil fuels [6,7].

Among bio-based polymers, zein, a corn-derived prolamin protein, holds significant
promise for applications in sustainable packaging, biomedical materials, and drug delivery
systems due to its biodegradability, film-forming properties, and inherent biocompatibility [8—
10]. Zein is abundantly available as a by-product of corn wet milling from bioethanol
production [11]. However, the practical adoption of unmodified zein is hindered by its inherent
weaknesses, including poor mechanical strength, limited thermal stability, and challenging
processability due to strong intermolecular hydrogen bonds restricting its use in sectors where
robustness and flexibility are required [12]. Therefore, to develop zein as a sustainable and
functional biopolymer, it is essential to overcome these limitations. Various chemical, physical,
and enzymatic modification strategies have been proposed to enhance zein mechanical and
barrier properties, as well as its thermal processability for enhanced physicochemical

1



functionality [12,13]. Furthermore, the blending of modified zein with biopolymers has been
reported with balanced compatibility, mechanical performance, and barrier properties suitable
for practical applications [14-16].

Additionally, there is a growing demand for the utilization of zein protein for
hydrophobic bioactives delivery, including curcumin, quercetin, and tocopherols, which
exhibit low solubility and stability in aqueous media[17—-19]. Zein's molecular structure makes
it a promising candidate for encapsulating bioactive compounds due to its amphiphilic nature;
however, its encapsulation efficiency and release control require substantial improvements to
ensure practical viability [20]. The application of zein in nanofiber fabrication for bioactive
delivery is still in its early stages; thus, advancements are required to optimize the release
profiles, mechanical properties, and overall functionality for biomedical uses [21,22]. The
motivation for this research is rooted in addressing these gaps by providing novel
methodologies for enhancing zein through esterification with fatty acids of varying chain
lengths; developing modified zein with biodegradable polymer like poly(butylene adipate-co-
terephthalate) (PBAT) blends with balanced properties for sustainable packaging; and
fabricating zein-based nanoparticles and nanofibers for bioactive delivery. Ultimately, this
research seeks to contribute to the broader field of sustainable materials by improving the
functional properties of zein and demonstrating its versatility across packaging, biomedical

applications, and pharmaceuticals.



1.2.Research objective

The main objective of this study is to investigate the material attributes of corn derived zein,
enhance its properties through chemical modifications, and expand its application potential via
advanced fabrication approaches. Zein, in its natural state, has limited processability,
mechanical properties, and thermal stability. This study aims to overcome zein’s limitations
and develop functional materials for packaging, bioactive delivery, and biomedical
applications by improving the material characteristics through tailored modifications and

advanced processing techniques.

Specific objectives include:

¢ To chemically modify zein through esterification using fatty acids of different chain
lengths (C6, C10, C16). The aim is to evaluate the effects on zein's material properties,
processability, thermal stability, and surface properties to design sustainable packaging
films with improved performance.

¢ To develop and characterize blends of modified zein (mZein) with poly(butylene
adipate-co-terephthalate) (PBAT) using melt extrusion with the aim of producing
biodegradable films with balanced material properties.

¢ To fabricate zein-based nanoparticles for the co-delivery of bioactive compounds

¢ To produce functional fiber mats for biomedical applications by utilizing solution blow

spinning.



1.3.Thesis Outline

The dissertation consists of seven chapters, each contributing to the overall objective of the
research project.

Chapter 1: Introduction

Provides an overview of the study, motivation, and defines the core objectives. This chapter
sets the foundation for the entire thesis by outlining the need for sustainable materials and
identifying zein as a promising biopolymer for various applications.

Chapter 2: Literature Review

Reviews existing literature on zein, its properties, limitations, and potential applications. This
chapter identifies key research gaps that subsequent chapters aim to address, providing context
for the experimental work and highlighting the novelty of the research.

Chapter 3: Fatty Acid Modification of Zein

Presents a systematic study of zein esterification with fatty acids of varying chain lengths. This
chapter directly addresses the core objective of improving zein's processability and material
properties through chemical modification, laying the groundwork for subsequent studies.
Chapter 4 : mZein/PBAT Blends

Investigates melt blending of modified zein with PBAT. This chapter builds on the
modifications from Chapter 3, exploring how the enhanced zein can be blended with other
polymers to create materials with balanced properties suitable for packaging applications.
Chapter 5: Zein Nanoparticles for Bioactive Encapsulation

Develops zein-based nanoparticles for encapsulating bioactive compounds. This chapter
addresses the objective of developing advanced delivery systems using zein, demonstrating its

potential in pharmaceutical and nutraceutical applications.



Chapter 6: PVA-Zein/a-Tocopherol Nonwoven Mats

Fabricates functional nanofibers incorporating zein and bioactive compounds. This chapter
further expands on zein's potential in biomedical applications, specifically addressing the
objective of creating materials for wound dressing applications.

Chapter 7: Conclusions and Future Work

Summarizes key findings and contributions, tying together how each chapter has addressed the
overall research objectives. This chapter also outlines future research directions, suggesting

ways to further enhance zein's functionality and expand its applications
y y p pp



Chapter 2. Background and Literature Review

2.1. Zein Protein

Zein is a prolamin protein found exclusively in corn and is primarily located in the rough
endoplasmic reticulum of corn kernels. The corn kernel comprises over 60 wt% starch and has
a protein content between 7 and 12 wt%, with zein constituting approximately 44—79 wt% of
the total protein content [23]. First discovered by Gorham in 1821[24,25], zein was historically
used as cattle feed. Its commercial production for industrial applications began in 1939[24].
Corn gluten meal (CGM), distillers dried grains (DDQ), distillers dried grains soluble (DDGS),
and corn gluten feed (CGF) are protein-rich sources that can be used to extract zein from corn
processing by-products [24]. Zein possesses beneficial properties, making it an ideal
component for creating biodegradable films, bioplastics, fibers, and systems for delivering

bioactive compounds across various applications [26].

2.2. Fundamental Aspects of Zein

2.2.1. Zein composition and molecular structure

Zein exists within corn seeds as protein aggregates linked by disulfide bonds, constituting a
significant portion of maize protein. Zein is predominantly composed of hydrophobic and non-
polar amino acids, with leucine (20%), proline (10%), and alanine (12%) and polar acidic
(glutamic acid, 20%) [27,28]. Zein also contains low levels of tryptophan and lysine, resulting

in limited nutritional value for human consumption [28]. !

' Tadele, D., Muhammad Shahidul Islam, Mekonnen, T.H. "Zein-Based Nanoparticles and Nanofibers: Co-

Encapsulation, Characterization, and Application in Food and Biomedicine," Trends in Food Science and
Technology .https://doi.org/10.1016/].tifs.2024.104809.2024, 104809
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Zein comprises four types of prolamins based on differences in solubility and structural
arrangement: o-, -, y-, and d-zein prolamin, with a-zein prolamin (with molecular weights of
19 and 22 kDa) constituting 75-85% of the total fraction with alcohol-soluble dimers and
oligomers [17,29]. The molecular weight of f-zein is estimated at 17 kDa, §-zein at 10 kDa,
and molecular weight of y-zein fluctuates between 18 and 27 kDa [30]. The high hydrophobic
content of a-zein prolamin and the presence of polar and non-polar amino acid sequences
render it insoluble in both water and pure ethanol. However, it dissolves in hydroalcoholic
solutions (65%—-95% aqueous ethanol) and in highly alkaline solutions (pH > 11.5), which
disrupt hydrophobic interactions by transforming insoluble amines into soluble forms, thereby
facilitating protein dissolution[31]. The solubility of zein is influenced by the concentration,
pH, temperature, and ionic strength of the solution[32]. Adjusting solution parameters can
further optimize its solubility. Furthermore, zein exhibits an amorphous structure with a glass
transition temperature of 165 °C and demonstrates thermal stability up to 280 °C, offering high

resistance to thermal degradation with an isoelectric point of pH 6.2 [31].

The properties of zein are dependent not only on the composition of amino acids, but also on
their molecular structures. Self-assembling properties of zein are intricately linked to its
molecular structure, which has led to the proposal of several structural models, each providing
insight into its organization as shown in Figure 2.1. The cylinder model posits that a-zein
comprises approximately 50-60% a-helices, interspersed with turns and random coils. This
model describes zein’s primary structure as a sequence of 20 amino acid residues repeated nine
times, with helices flanked by turn regions rich in polar amino acids, such as glutamine [33].
In this structure, nine adjacent, antiparallel helices cluster to form a cylindrical surface
stabilized by van der Waals forces and hydrogen bonding, allowing glutamine-rich regions to
facilitate intermolecular connecting [31]. The ribbon-like model further explores zein
conformation when dissolved in 70% ethanol [34]. This model highlights two-dimensional
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hydrophobic aggregation, where side chains accumulate into a hydrophobic surface while
maintaining hydrophilic ends, thus enhancing structural stability. This configuration further
explains how zein molecules orient on surfaces with differing hydrophobicity and how they
self-assemble into nanoparticles. The hairpin model, derived from nuclear magnetic resonance
(NMR) and Fourier-transform infrared (FTIR) analyses, presents zein as a series of helices
extended and connected into rings or loops [35]. The molecular structure of a-zein is comprised
of linear stacks of rod-shaped helical repeat units. These units are connected by glutamine-rich
bridges or loops which introduce hydrophilic regions that facilitate interactions with other
bioactive macromolecules [36]. The superhelical model was introduced, describing a-zein as a
structure consisting of three antiparallel helices connected by glutamine-rich turns. These turns
provide additional structural stability through hydrogen bonding, enhancing the protein’s
aggregation capacity and intermolecular interactions in different environments [37]. However,
the composition, properties, and molecular structure of a-zein render it a suitable material for
biodegradable film formation and protein-based nanocarrier production. Zein-based
nanocarriers are employed for the co-encapsulation of both hydrophobic and hydrophilic active
compounds. Appropriate modifications of zein can facilitate advanced interactions with
bioactive molecules, resulting in enhanced encapsulation efficiency, stability, bioavailability,

and synergistic efficacy for various applications.
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Figure 2.1. a) Displays various a-helical secondary structures. These structures include
elongated, wheels, cylinders) Displays various a-helical secondary structures. These structures
include elongated, wheels, cylinders, supercoiled, and hairpin models. The permission to
reproduce these structures was obtained from the published ref[31]. Copyrighted in 2023 by
Elsevier. b) Possible mechanism for zein self-assembly from individual molecules to
nanospheres. Initially, a-helices in the zein solution transformed into B-sheet strands, which are
then aligned side-by-side to form antiparallel B-sheets, creating a long ribbon driven by
hydrophobic interactions. This ribbon curl into a toroid or ring, with center hole sealing to form
core-shell and entrapment compounds, which are fundamental for zein-based NP production.
Reproduced from ref [38] Copyright 2018 Elsevier.

2.2. Co-encapsulation of zein nanocarriers

Co-encapsulation has emerged as an effective strategy to improve the stability, bioavailability,

and functionality of various bioactive compounds, particularly in applications requiring dual



or multi-component delivery. This approach is gaining traction in the development of
nanofibers and nanoparticles due to their capacity to encapsulate and deliver multiple active
ingredients within a single carrier, facilitating synergistic health benefits and enhanced
therapeutic effects [39,40]. Zein-based nanoparticles and nanofibers, with their amphiphilic
and biodegradable properties, serve as suitable platforms for co-encapsulating bioactive
compounds like polyphenols, vitamins, and essential oils. By co-encapsulating these
compounds, zein-based carriers stabilize sensitive ingredients, protect them from degradation,
and extend their functional activity within food and biomedical contexts, often resulting in
significantly improved bioavailability and synergistic effects [41]. Moreover, nanofibers and
nanoparticles have garnered significant attention as delivery vehicles for encapsulating two or

more bioactive compounds within a single carrier (Figure 2.2).

2.2.1. Synergistic effects of zein co-encapsulation
The co-encapsulation of multiple bioactive compounds within zein-based systems can lead to

synergistic effects that enhance the functional efficacy of each component. The synergistic
effects arise from combining multiple bioactives, allowing them to interact beneficially within
a single delivery system. For instance, the combined encapsulation of antioxidants like
resveratrol and quercetin in zein-based carriers has shown increased efficacy in therapeutic
applications, including anti-inflammatory and anti-cancer effects [40]. This synergy supports
the concept that whole food matrices with multiple bioactives often demonstrate superior health
benefits compared to isolated compounds. Moreover, in co-encapsulated systems involving
polyphenols or vitamins, the protective matrix formed by zein reduces the degradation of these
compounds under adverse conditions, such as high temperatures or exposure to light, thereby
preserving their bioactivity until they reach their target site in the body. This controlled release
mechanism helps optimize the therapeutic efficacy and shelf life of bioactive compounds,

providing long-term health benefits in nutraceutical and pharmaceutical formulations[42].
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2.2.2. Stability and structural integrity in zein-based co-encapsulation systems
The stability and structural integrity of zein-based co-encapsulation systems are crucial for

ensuring the functionality and efficacy of the encapsulated bioactives. Modifying zein
nanocarriers through cross-linking or blending with other biopolymers, such as
polysaccharides, can enhance the robustness of the encapsulation matrix. This approach
improves encapsulation efficiency, enhances thermal stability, and protects bioactives from
degradation under processing and storage conditions. For example, co-encapsulating bioactives
in a zein-polysaccharide matrix creates a durable structure that prevents the premature release
of bioactives, maintaining their functional properties over extended periods [38]. Studies have
shown that co-encapsulation using nanoemulsions can achieve high encapsulation efficiencies
for both hydrophilic and hydrophobic compounds, such as arbutin and coumaric acid, with
efficiencies of 91% and 82%, respectively. These nanoemulsions demonstrate improved
bioaccessibility and enable stable, controlled release under simulated gastrointestinal
conditions, underscoring their potential for oral delivery applications in food and nutraceuticals
[43].

2.2.3.Controlled release mechanisms

Zein-based co-encapsulation systems offer various release profiles to enhance the efficacy and
stability of bioactive compounds. These profiles include burst release, which enables rapid,
initial release of bioactives; sustained release, providing prolonged, steady delivery; delayed
release, where bioactives are protected until reaching a specific site in the digestive tract;
triggered release, which responds to internal or external stimuli; and targeted release, aimed at
delivering bioactives to a precise location. These diverse mechanisms improve the functionality
of zein nanocarriers in food and biomedical applications, addressing specific needs for
controlled and site-specific bioactive delivery [44]. For instance, liposomal systems that co-
encapsulate curcumin and resveratrol exhibit encapsulation efficiencies exceeding 80% and
show enhanced stability and antioxidant properties when used in a 5:1 ratio. These co-
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encapsulated liposomes release their contents over time, providing sustained therapeutic
effects, which is particularly beneficial in pharmaceutical and functional food applications that
require prolonged bioactive activity [42]. In addition to liposomal systems, microencapsulation
techniques are used to achieve controlled release. Microencapsulation allows bioactives to be
incorporated within tiny capsules that release their contents under specific conditions. For
example, xylitol and menthol have been co-encapsulated in microcapsules for use in chewing
gum, where the double-emulsion and complex coacervation methods were applied. This
encapsulation strategy enhanced the stability and controlled release of the active compounds,
improving the sensory properties of the gum [45]. Similarly, microcapsules containing
coenzyme Q10 and vitamin E created via microfluidic jet spray drying demonstrated
exceptionally high encapsulation efficiencies (98-99%), improved oxidative resistance, and
greater retention rates of the bioactives, making them ideal for dietary supplement applications
[46]. Furthermore, electrospinning is a widely used technique for producing nanofibers,
providing a matrix that can encapsulate bioactive compounds within a fibrous structure. Zein-
based nanofibers, particularly those blended with polyvinyl alcohol (PVA), offer significant
potential as active packaging materials due to their ability to enhance food preservation. Recent
research on ZN/PVA nanofibers infused with bioactive compounds such as thymoquinone (TQ)
and resveratrol (RS) has shown that these nanofibers can effectively extend the shelf life and
microbial safety of perishable foods. For instance, ZN/PVA-TQ-RS nanofibers used in
packaging for refrigerated rainbow trout fillets reduced microbial counts and oxidative
degradation, thereby extending the shelf life by at least three days [47]. The inclusion of TQ
and RS provides natural antimicrobial and antioxidant protection, highlighting the potential of
these nanofibers as bioactive packaging solutions for foods prone to spoilage. To efficiently
fabricate and evaluate the efficacy of co-encapsulation systems, common synthesis techniques

for zein protein-based co-encapsulation and advanced analytical techniques are employed to
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assess the physicochemical properties, morphology, and functionality of the encapsulated

compounds. These techniques were summarized in our review chapter below, respectively.

Furthermore, Table 2.2 provides a comprehensive summary of the benefits and structural

characteristics of various bioactive compounds co-encapsulated in zein-based systems,

elucidating their enhanced stability, bioavailability, and controlled release profiles under

diverse environmental conditions.[45,55,56]
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Table 2.1 Co-encapsulation of various bioactive components with zein nanocarriers and nanofibers.

Matrix Bioactive Encapsulation | Encapsulation Main Findings Reference
Ingredients Method Efficiency
e Improved water solubility, [48]
Zein, Antisolvent Curcumin: 96.2%, antioxidant capacity. and
Curcumin, EGCG 0X capactty.
. S ) o
Caseinate Precipitation EGCG: 77.9% bioavailability
[49]
e Improved stability against
Zein, Curcumin,
Layer-by-Layer | Curcumin: 69.8%, light and thermal degradation
Hyaluronic Acid Quercetagetin
Technology Quercetagetin: 90.3% and controlled release
Zein, Tea Polyphenols, e Excellent dispersibility and [50]
Chitosan B-Carotene antioxidant activity
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Antisolvent

Precipitation

Tea Polyphenols:
90.2%,

B-Carotene: 88.5%

Zein [51]
e Synergistic improvement in 3-
Propylene glycol Curcumin, B-carotene: 97.58 %
carotene and curcumin
alginate B-Carotene Freeze-drying Curcumin: 96.49 0 %
chemical stability.
Tea saponin
Zein, Eugenol, Spray Drying Eugenol: 21.49% e Stable dispersions, controlled | [52]
Casein Thymol Thymol: 16%, release, and effective
antimicrobial activity against
Escherichia coli O157
and Listeria monocytogene
Zein, Polyvinyl Thymoquinone Electrospinning | - e Improved antimicrobial and [47]

Alcohol (PVA)

(TQ), Resveratrol

(RS)

antioxidant properties and
enhanced microbial safety and

sensory qualities of food
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Zein Kaempferol, Anti-solvent Kaempferol:92.90% Improved stability and [53]
Deoxyribonucleic a-tocopherol dispersion a-tocopherol: 97.02% antioxidant protection ,
acid (DNA) enhanced solubility and
controlled release.
Zein, Curcumin Electrospray Curcumin:89% Reduced neuroblastoma cell | [54]
Chitosan Piperine Piperine :87% viability by 50% and
enhanced solubility and
bioavailability
Zein, Polyethylene Curcumin, Coaxial Curcumin: 79%, Improved stability, controlled | [55]
Glycol (PEG) Resveratrol Electrospinning | Resveratrol: 82% release, and bioavailability
Ethyl cellulose
Zein, propylene Resveratrol, Antisolvent Resveratrol: 91.80% Enhanced stability with [56]
glycol alginate, and Coenzyme Q10 Precipitation Coenzyme sustained release

rhamnolipid

Q10:87.64%
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2.3. Fabrication of zein nanoparticles for co-encapsulation

The development of zein-based nanoparticles and nanofibers has attracted substantial interest
in food, pharmaceutical, and biomedical fields due to their ability to co-encapsulate multiple
bioactive compounds. Traditional fabrication methods, however, often encounter challenges
such as inconsistent particle sizes, low encapsulation efficiency, and limited scalability. To
address these limitations, recent advancements in fabrication techniques have been explored to
enhance the functional capabilities, reproducibility, and commercial viability of zein-based
nanostructures, specifically in co-encapsulation applications [31].

Recent advancements in the fabrication of zein nanocarriers have facilitated the development
of innovative techniques that enhance both the efficiency and scalability of co-encapsulation
systems, as illustrated in Figure 2.3. The fabrication of zein nanoparticles encompasses several
key methods, including desolvation, dispersion, and micro-mixing, each employing distinct
approaches. These fabrication techniques leverage the abundant hydroxyl, amino, and carboxyl
groups on zein's side chains, which facilitate effective chemical coupling with a range of
hydrophobic and hydrophilic bioactive compounds. This versatility results in high
encapsulation efficiency, making these nanocarriers ideal for co-encapsulating multiple
bioactives, thus enhancing their stability, bioavailability, and controlled release potential in

food and biomedical applications.
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Figure 2.3. Overview of zein nanoparticle preparation techniques for co-encapsulation of
multiple bioactive compounds, permission from Elsevier, Copyright 2024[57].

2.3.1. Desolvation

Desolvation techniques involve the incorporation of a reagent that diminishes zein solubility,
resulting in the formation of nanoparticles. These techniques encompass solvent/nonsolvent,
coacervation, pH-driven, and dialysis [58]. The antisolvent method, or nanoprecipitation, is
commonly used for nanoparticle (NP) production due to its simplicity, low cost, and
environmentally friendly nature. This approach involves dissolving a solute in a single solvent
and then adding a miscible antisolvent, which induces precipitation through supersaturation.

The process includes either dropwise addition or nanoprecipitation, where a shift in polarity
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encourages the biopolymer to encapsulate the bioactive compound, forming a hydrophobic
core with a protective outer layer. Nanoparticles solidify as the solvent is removed, typically
via extraction, evaporation, centrifugation, washing, and drying after solvent removal [59].
The resulting zein nanoparticles typically exhibited smooth surfaces, small and uniform sizes,
with higher encapsulation efficiency [60]. For instance, co-encapsulation of a-tocopherol and
quercetin with zein NPs prepared using this method resulted in spherical and smooth surfaces
with a particle size of 50-320 nm, and encapsulation efficiency (EE) and loading capacity
(LC)of 96% and 13%, respectively [61]. Moreover, coacervation involves the dispersal of zein
and the drug in an aqueous solution or anhydrous ethanol, followed by gradual addition of
either ethanol or water [62]. This coacervation technique facilitates the encapsulation and
controlled release of bioactive compounds; however, it also has some limitations [62]. The
resultant particles typically exhibit micron-scale dimensions and relatively low encapsulation
efficiencies (EE), ranging from 1.77% to 20.98% [63]. To address these constraints, other
biopolymers and surfactant as a strategy for optimizing particle size and enhancing
encapsulation efficiency are incorporated [64].

The pH-controlled method is a nanoencapsulation technique that involves adjusting the pH of
a protein solution to extreme acidic or basic levels, prompting structural changes or unfolding
in the protein. The pH is then brought back to neutral, leading the proteins to refold due to
altered intermolecular interactions, which facilitates nanoparticle (NP) formation [17]. This
technique has demonstrated efficacy in creating composite nanoparticles with a high
encapsulation efficiency, such as carvacrol-loaded zein/sodium caseinate and curcumin-loaded
zein/tea-saponin nanoparticles [65]. This approach has shown promising results, offering
stability at elevated temperatures and protecting bioactives from degradation over extended
periods. Dialysis is an alternative to the conventional solvent/nonsolvent methods. This

approach employs a semipermeable membrane to facilitate solvent diffusion, alter the polar
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environment, and promote the nanoparticle formation [66]. The dialysis method has the
advantage of eliminating additional solvent removal steps. Recent innovations, such as the
built-in ultrasonic dialysis process (BUDP), have further refined this technique, yielding
particles with improved size distributions and encapsulation efficiency. For instance, BUDP
has been successfully applied in the development of polydopamine-coated zein-indomethacin
particles with a high encapsulation efficiency of 89.1% for targeted drug delivery applications
[67]. Consequently, when nanoparticles were synthesized using any of the aforementioned
methods, multiple factors influenced the size of the nanoparticles and encapsulation efficiency
of bioactive compounds, including the polymer content, solvent and non-solvent types, solvent
to non-solvent ratio, rate of solvent addition to non-solvent, stabilizer efficacy, and stirring

speed.

2.3.2. Dispersing

Dispersing methods for zein nanoparticle formation encompass several techniques, including
liquid-liquid dispersion, spray drying, electrospraying, supercritical antisolvent (SAS)
processes, and atomizing/antisolvent precipitation (AAP). These approaches generally involve
two critical steps: fragmentation of the stock solution into droplets followed by self-assembly
and solidification into nanoparticles during solvent removal. The liquid-liquid dispersion
technique uses a high-speed homogenizer to transform the zein stock solution (55-90% aqueous
ethanol) into fine droplets, which are then introduced into deionized water. The rapid diffusion
of ethanol into bulk water owing to its miscibility leads to solvent attrition. Nanoparticle
formation occurs when the ethanol concentration in the droplets decreased below the zein
solubilization limit. The particle size, typically ranging from 100-200 nm, can be modulated
by adjusting the shear rate, ethanol concentration, and zein concentration [68]. Spray drying,
another widely employed method that uses an electric field to create charged droplets from a

liquid solution, enables the production of uniform zein nanoparticles (NPs) with high
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encapsulation efficiency. This technique requires adjusting parameters such as voltage and
collector distance to achieve optimal NP properties, impacting factors like particle size, density,
and stability [69].

The supercritical antisolvent process is an advanced dispersion method that exploits the
antisolvent effect of supercritical carbon dioxide (scCOz). This technique involves dissolving
the drug and zein in a CO;-miscible solvent and spraying the solution into a precipitation vessel
containing scCO». The rapid diffusion of the solvent into scCO> induces supersaturation,
resulting in particle formation[70]. Although SAS offers advantages such as mild operating
temperature, environmental benignity, and solvent-free products, it may produce irregular
particles when solvents are poorly miscible with scCO> [71]. In addition, electrospraying has
attracted considerable attention as a dispersion method. This technique uses an electric field to
disperse the zein solution into finely charged droplets, thereby facilitating the efficient
incorporation of therapeutic molecules [72]. Electrospraying generates particles of small size
with high encapsulation efficiency without necessitating complex separation processes.
Nevertheless, elevated zein concentrations can result in unfavorable particle morphology [73].
Coaxial electrospraying has been utilized to create zein-based microcapsules with core/shell
structures, successfully encapsulating arachidonic acid, a polyunsaturated fatty acid. This
method, verified through confocal laser scanning and electron microscopy, demonstrated
enhanced oxidative stability and a reduction in unpleasant odor for the encapsulated acid. This
approach shows promise for using zein as a fiber-forming plant protein to develop edible

microcapsules suitable for food industry applications [74].

2.3.3. Micro-mixing

Micro-mixing techniques offer enhanced control and continuous operation for the fabrication
of zein nanoparticles in confined spaces. Two prominent methods in this category are the flash

nanoprecipitation (FNP) and microfluidic approaches. FNP involve the rapid mixing of two
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solution streams in a confined chamber, leading to nanoparticle formation. This technique was
successfully employed to create zein nanoparticles with controlled sizes and narrow
distributions, as demonstrated by the production of the resveratrol-loaded zein nanoparticles
[75]. Microfluidic methods are advanced techniques that facilitate rapid, adjustable, and
reproducible nanoparticle production. The reduced turbulence resulting from smaller channel
diameters ensures consistent mixing conditions and uniform particle formation. Studies have
utilized microfluidic chips incorporating staggered herringbone micromixers or T-junction
configurations to generate homogeneous zein -based nanocarriers that offers a comprehensive

and in-depth elucidation of the functions and capacities for future uses in cancer therapy [76].

2.4.Fabrication of zein nanofibers

The production of zein nanofibers, primarily achieved through electrospinning, has gained
significant attention due to the unique properties these materials offer for co-encapsulation.
Nanofibers, with dimensions typically ranging from 0 to 1000 nm, provide a high surface-to-
volume ratio and interconnected porosity, which enhance the encapsulation efficiency and
controlled release capabilities for bioactive compounds. These characteristics make zein
nanofibers an ideal medium for co-encapsulating multiple bioactives, promoting stability,
bioavailability, and prolonged functionality in various food and biomedical applications
[77,78]. These properties render them highly customizable and particularly advantageous for
use in active food packaging and biomedical applications [79]. Zein nanofibers exhibit
remarkable properties including mechanical strength, barrier functionality, superior thermal
properties, and encapsulation efficiency [80]. Additionally, their ability to mimic the
extracellular matrix (ECM) is attributed to their high inter-fiber porosity and interconnectivity,
which are essential for supporting cell growth and tissue development [81]. Techniques such
as electrospinning and solution blowing (Figure 2.4) are effective for fabricating zein

nanofibers with tailored morphologies for enhanced food nutrient delivery and drug release
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systems. These methods enable precise control over the nanofiber structure and composition,
facilitating the development of advanced encapsulation systems with tunable release kinetics

of nutrients and bioactive compounds for food and pharmaceutical applications.

2.4.1. Electrospinning

Electrospinning is a versatile technique for producing nonwoven nanofiber mats with tunable
diameter, pore size, and orientation. This method can utilize a range of materials, including
synthetic polymers, bio-based polymers, and their combinations. Post-processing techniques
such as crosslinking and thermal curing, can further enhance the chemical and physical
properties of the resultant nanofibers to enhance their encapsulation efficiency [82].
Electrospinning has recently emerged as a versatile technique for the fabrication of zein
nanofibers, and its efficacy in food applications has been demonstrated. This method is
particularly suitable for the encapsulation of bioactive compounds in food applications. Recent
research has successfully fabricated composite nanofibers using a zein-acetic acid solution and
carotenoid extract, achieving high encapsulation efficiency and bead-free fiber distribution for
food coloring and supplementation applications [83]. A modified coaxial electrospinning
technique was employed to fabricate drug-laden zein nanofiber structures. In this investigation,
the researchers utilized a zein/ibuprofen (IBU) solution as the core and N,N-
dimethylformamide (DMF) as the sheath material and produced fibers with average diameters
of 0.94 £ 0.34 um and 0.67 + 0.21 pum for different sheath-to-core flowrate ratios. X-ray
diffraction and differential scanning calorimetry (DSC) analyses confirmed the amorphous
state of IBU post-electrospinning, facilitating efficient functionality and sustained drug release
[82]. Furthermore, to enhance the mechanical properties of electrospun zein nanofibers,
researchers have incorporated single-walled carbon nanotubes (SWCNTs) and ethyl cellulose
(EC) into zein solutions. The result demonstrated that the addition of polyethylene oxide (PEO)

to electrospun zein-EC nanocomposite scaffolds facilitates the simultaneous loading of
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multiple drugs while maintaining optimal drug release characteristics, with average fiber
diameters of 312 and 437 nm for the single and double drug-loaded variants, respectively,
exhibited favorable water stability, mechanical strength, and in vitro drug release behavior [84].
Additionally, hybrid electrospinning of zein with other biopolymers, such as gelatin, effectively
enhances the mechanical properties of zein nanofibers and good sustained release
characteristics, making them suitable for delivering hydrophobic bioactives. For example,
curcumin-loaded zein nanofibers also show significant antibacterial activity, with higher
curcumin content increasing effectiveness against food-borne pathogens. When combined with
konjac and glucomannan, these nanofibers exhibit enhanced hydrophobicity, water resistance,

and antibacterial properties, indicating their potential in food packaging applications[85].

2.4.2. Solution blow spinning
Solution blowing spinning (SBS) is an advanced technique for nanofiber production that

utilizes a high-velocity gas stream to shear liquid strands from a polymer solution, forming
fibers as the solvent evaporates. The SBS setup comprises three main components: a solution
feeding system, coaxial spinneret, and collection apparatus [86]. SBS offers several advantages
over traditional electrospinning, including higher flux rates (typically 5-10 mL/h) and faster
fiber formation. However, achieving optimal fiber production requires a careful balance

between the solution flow rate, gas flow rate, and nozzle geometry [87].

Recent studies have demonstrated the efficacy of SBS in the fabrication of zein nanofibers. Liu
et al. successfully produced zein fibers using acetic acid as a solvent and identified optimal
fabrication conditions for the zein concentration (25% to 35% w/w), feed rate (0.04 to 0.1
mL/min), and air pressure (0.28 to 0.62 MPa). Under optimal conditions, they achieved an
average fiber diameter (AFD) of 138 nm with a 23% (w/w) concentration, 0.04 mL/min feed

rate, and 0.38 MPa air pressure[88].

24



Another study fabricates PVA/zein nanofibers using SBS in an aqueous solution containing
60% acetic acid, resulting in fibers with an average diameter of < 300 nm [89]. Moreover,
recent study developed a biocompatible nonwoven fibrous mats composed of poly(vinyl
alcohol) (PVA) and zein encapsulating a-tocopherol, specifically designed for wound dressing
applications. By employing an antisolvent co-precipitation method for the nano-encapsulation
of a-tocopherol in zein, followed by a scalable solution blow spinning (SBS) process, they
successfully produced uniform nonwoven mats. These mats demonstrate promising structural
integrity and biocompatibility, highlighting their potential for enhanced wound healing [44].
This demonstrates that solution blow spinning (SBS) is a viable technique for producing zein
fibers with precisely controlled properties, which enhances the development of advanced
nanofiber-based materials for applications in biomedical engineering and food science.

The solution blow spinning (SBS) process is designed to be scalable for large-scale production.
Unlike traditional electrospinning, SBS does not require high-voltage equipment and can
produce nanofibers at higher throughput rates. This scalability is achieved through the use of
high-velocity air to shear fibers from a polymer solution, and it can be adapted for continuous
manufacturing. While maintaining uniformity and consistent quality at scale is a key challenge,
process parameters such as polymer concentration, air pressure, and nozzle design can be
optimized to achieve the desired fiber morphology and mechanical properties across large

batches.
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Figure 2.4. (1) Schematic representation of electrospinning and solution blowing spinning
techniques for zein-based nanofiber fabrication; (ii)) SEM and confocal microscopy images
illustrating MSC adhesion, proliferation, and spreading on various zein/PLLA-based
composite nanofiber scaffolds functionalized with Dexamethasone (DEX) and Bone
Morphogenetic Protein-2 (BMP-2. This figure has been adapted/reproduced from ref, [90],
with permission from Elsevier, Copyright 2018.

2.5. Modifications to enhance zein for co-encapsulation
While zein protein demonstrates promising properties for film formation, including high

transparency, oxygen barrier capabilities, and humidity resistance, its application as a
polymeric matrix faces certain limitations. These drawbacks impact its efficiency in co-
encapsulating bioactive compounds. To overcome these limitations, modifications to zein
interactions such as cross-linking, blending with other biopolymers, and structural adjustments

are essential. These modifications not only enhance film properties but also improve the
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stability, encapsulation efficiency, and controlled release of co-encapsulated compounds,
making zein-based films more effective for food and biomedical applications [61,91,92]. These
limitations include brittleness and poor flexibility, which restrict its widespread use [91]. To
address these drawbacks, researchers have developed a range of modification strategies aimed
at enhancing the mechanical properties, stability, and functional performance of zein-based
materials through the addition of plasticizers, blending with biopolymers, and incorporation of
nanoparticles and nanofibers [22,92-94]. One such approach involves blending zein with
compatible biopolymers, such as poly(lactic acid) (PLA), with zein results in a composite with
biodegradable films for practical applicability in food packaging [95]. Additionally, the
incorporation of internal and external plasticizers during the film formation process is a
common approach to increase the flexibility and mechanical properties of zein [91].
Furthermore, surface treatments, including coating and cross-linking techniques, are employed
to enhance the stability, moisture resistance, mechanical strength, and barrier layers that protect
zein-based films from environmental factors such as humidity and UV [96].These
modifications implemented through chemical, physical, and enzymatic methods for broadening

the application of zein, particularly for packaging materials and drug delivery systems [31].

2.5.1. Chemical modification

Zein is a promising carrier for bioactive compounds; however, it faces several challenges owing
to its native form, including high hydrophobicity, near neutral isoelectric point (pH 6.3), and
instability [31]. Chemical modification is a highly effective approach for altering the molecular
structure of zein by introducing or removing specific functional groups leading to a high
encapsulation efficiency [97]. This process utilizes reactive groups on the main peptide linkage
or the amino acid side chains of zein, including the amino, carboxyl, and hydroxyl groups [98].
The primary chemical modification techniques include acylation reactions, Maillard reactions,

deamidation and phosphorylation, polyphenol modifications, and cross-linking. Additionally,
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the esterification of zein with long-chain fatty acids and its blending with compatible polymers
such as PBA enhance the hydrophobicity of the modified zein, thereby improving the water

resistance, processability, and mechanical stability of the resultant zein [92,93]

2.5.2. Physical modification
The physical modification of zein involves various techniques, including heating, high-

pressure processing, ultrasonic waves, and plasma treatment [99]. According to studies on the
effects of high-pressure treatment at different pressures on zein in an aqueous ethanol solution
[100], it was observed that after treatment at 25 MPa, the a-helix and B-sheet content of the
zein molecules increased. When the pressure was increased to 125 MPa, the size of the zein
particles decreased and the fluorescence intensity reached its maximum. Further pressure
increases resulted in partial denaturation of the zein molecules. Furthermore, plasma treatment
has been shown to significantly reduce the particle size and enhance the solubility of zein by
transforming B-turns and a-helices into B-sheets, thereby enhancing the barrier properties of
zein nanocarriers [99]. The synergistic application of multiple physical treatments can enhance
the properties of zein, thereby increasing its suitability for various applications, including the
co-encapsulation of bioactive compounds for food packaging, drug delivery, and biomedical

purposes.

2.5.3. Enzymatic modification

Enzymatic modification has emerged as a promising approach to tailor the molecular structure
of zein nanocarriers for enhanced performance in food and biomedical applications. Enzymes,
such as transglutaminase and proteases can be used to introduce functional groups that facilitate
cross-linking or drug binding, thus improving the nanocarriers’ stability, bioavailability, and
controlled release properties [101]. The enzymatic process can increase the biocompatibility of
zein by creating more biodegradable bonds, making the nanocarriers more suitable for

biomedical applications like drug delivery and tissue scaffolding. However, despite these
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advantages, enzymatic modification faces several challenges. One major drawback is the high
cost of enzymes, which can limit scalability for industrial applications. Additionally, the
process can sometimes compromise the mechanical strength of zein-based materials, making

them less suitable for applications requiring durability [102].

2.5.4.Hybridization of zein with metal-organic frameworks (MOFs)
The hybridization of zein with Metal-Organic Frameworks (MOFs) presents a promising

advancement in the utilization for advanced and funcational applications [103]. MOFs,
particularly zinc-based variants, are emerging as multifunctional materials capable of
enhancing food packaging performance due to their integration with polymer matrices like
zein. The integration of zein with metal-organic frameworks (MOFs) and inorganic
nanomaterials has emerged as a promising approach to enhance the functional attributes of
zein-based films, opening new avenues for industry development [104]. MOFs, characterized
by their high porosity, tunable structures, and multifunctionality, offer unique advantages when
combined with biopolymers like zein. Zein-MOF composites have demonstrated enhanced
mechanical strength, water resistance, and thermal stability, thereby improving the durability
and performance of packaging films. Furthermore, MOFs contribute to active and intelligent
packaging functionalities. For instance, they can act as carriers for bioactive compounds,
allowing the controlled release of preservatives or antioxidants, thus extending food shelf life
and enhancing safety [105].

In biomedical applications, MOFs demonstrate similar versatility. Zn-MOFs, for instance, are
beneficial in cancer therapies due to their pH-responsive behavior, enabling targeted drug
delivery to acidic tumor sites. Hybrid zein-MOF materials improve encapsulation efficiency
and release kinetics of bioactive compounds, aided by the hydrophobicity of zein and the
porosity of MOFs. Studies on the safety and/or toxicological concerns surrounding MOF fillers

in food applications is emerging, highlighting the need for rigorous evaluation and mitigation
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strategies to ensure consumer safety[103]. Overall, recent advancements in food packaging
technology have introduced enhanced, active, and intelligent materials, with Metal-Organic
Frameworks (MOFs) playing a pivotal role in co-encapsulation strategies. MOFs offer
multifunctional benefits by enhancing mechanical strength, water resistance, thermal stability,
UV-blocking, and barrier properties of biopolymer films, surpassing the limitations of
traditional packaging materials. Additionally, their capacity to selectively regulate gases like
oxygen, carbon dioxide, and ethylene within packaging creates controlled environments that
extend food shelf life by slowing oxidation and reducing spoilage. As intelligent packaging
indicators, MOFs can visually signal changes in pH, temperature, humidity, or gas composition,
aiding consumers in assessing food freshness and contributing to food waste reduction.
Furthermore, their ability to carry and release bioactive compounds in a controlled manner
ensures sustained food quality and safety. However, challenges such as the high cost of MOF
production, potential migration into food, and the need for comprehensive toxicological
evaluations must be addressed for commercial viability. Future research should prioritize the
development of affordable, stable MOFs with advanced sensing and adsorption capabilities,
paving the way for their effective integration into intelligent food packaging systems that are

safe and sustainable [103].

2.6. Techniques for characterizing co-encapsulation systems

Characterization of delivery nanoparticles and nanofibers is pivotal for optimizing their
functionality, particularly when applied to sensitive bioactive compounds or targeted drug
delivery systems. A range of sophisticated analytical techniques has been employed to
accurately measure the size, shape, and surface charge of zein nanoparticles [61]. Photon
Correlation Spectroscopy (PCS) and Dynamic Light Scattering (DLS) are commonly used to
determine the hydrodynamic diameter and size distribution of particles and provides insights

into their colloidal stability [106]. Field Emission Scanning Electron Microscopy (FE-SEM)
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further corroborates these findings, offering insights into the surface morphology and particle
size, with high-resolution images confirming the spherical and uniform nature of the
nanoparticles[75]. Transmission Electron Microscopy (TEM) also offers high-resolution
images, confirming the shape and size distribution of the nanoparticles (up to 50 nm and
below), which are critical for their intended applications [61]. Atomic Force Microscopy
(AFM) provides detailed topographical maps and can reveal primary particles that exhibit
heights ranging from 15 to 50 nm, which contributes to their high surface area-to-volume ratio
that is a key factor in enhancing the bioavailability and stability of encapsulated compounds

[90].

Zeta potential measurements, which can be conducted using Zetasizer instrument, are essential
for evaluating the stability of zein nanoparticles in suspensions. For example, zein-alginate
particles have demonstrated a zeta potential of approximately -21 mV at pH 4.0, indicating
good stability under these conditions. Stability is a critical parameter that is influenced by pH,
ionic strength, and temperature [107]. Zein nanoparticles generally exhibit great stability at
lower pH levels, where they maintain their structural integrity and resist aggregation [61,107].
At higher pH values, these nanoparticles tend to aggregate due to hydrophobic interactions
between the non-polar groups on their surfaces. The stability of these particles can be enhanced
by reducing the ionic strength, as higher ionic strengths can promote aggregation by decreasing
the electrostatic repulsion. To prevent this, the addition of surfactants, such as Tween 80, can
be used in addition to adjusting pH and ionic strength [107]. Moreover, Zein nanoparticles are
generally more stable at lower temperatures, although they can tolerate moderate heating,

which is advantageous for their use in various industrial applications [41].

Additionally, the presence of other materials, such as alginate, in core/shell structures can
significantly alter the size, morphology, and stability of nanoparticles. For instance, core/shell

zein-alginate nanoparticles have been reported to possess a core diameter of approximately 80
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nm and shell thickness of 40 nm, yielding an overall particle size of approximately 160 nm
[107]. These structures not only enhance the mechanical stability of the nanoparticles but also
provide a controlled release profile, which is particularly advantageous for the delivery of
sensitive bioactive compounds. Understanding and controlling these factors are crucial for
optimizing the functionality and application of zein-based nanomaterials, particularly as they

are integrated into innovative food delivery systems and other biomedical technologies.

2.7. Applications of zein nanoparticles and nanofibers

2.7.1. Zein nanofibers and nanoparticles in the food industry
Zein fibers and nanoparticles hold significant potential for the food industry, particularly in

enhancing food preservation, extending shelf life, and offering innovative edible coating
solutions. The biocompatibility, biodegradability, and film-forming properties of zein enable it
to create protective barriers that can effectively slow down oxidation, moisture loss, and
microbial growth. When incorporated with bioactive agents, such as antimicrobials or
antioxidants, zein-based fibers and nanoparticles further improve food safety and quality by
actively inhibiting spoilage-causing pathogens. These characteristics make zein a promising
material for developing eco-friendly, functional food packaging and edible films, aligning with
the industry's growing emphasis on sustainability and natural preservation methods [108].
These qualities make zein-based nanoparticles (ZNPs) particularly suited for active food
packaging and edible coatings, which contribute functionalities like antimicrobial action,
controlled degradation, thermal stability, and enhanced food safety [109].

Research indicates that co-encapsulated bioactive nutrients within zein matrices can
synergistically enhance biological efficacy, offering sustained and controlled release in food
environments [39]. Zein nanoparticles (ZNPs) can encapsulate a variety of active ingredients,
including antimicrobial agents, antioxidants, and essential oils, thereby gradually releasing
bioactive compounds, offering continuous protection against oxidation, microbial growth, and

spoilage food environment to extend shelf life [108]. Zein-based nanofibers have shown
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considerable promise in enhancing food packaging materials through improved mechanical
properties, barrier effectiveness, and bioactivity. For instance, gelatin/zein nanofiber films
loaded with bioactive compounds like perillaldehyde, thymol, or &-polylysine demonstrated
enhanced antibacterial properties and thermal stability, making them suitable for preserving
chilled meat products [110]. The nanofiber structure not only provides a stable framework for
encapsulating bioactive agents but also facilitates controlled release, which is crucial for
extending the shelf life of perishable items. These findings support the potential of zein
nanofibers as innovative, eco-friendly solutions in active food packaging, aligning with the

industry's shift toward sustainable materials.

2.7.2. Zein-based films for smart and edible packaging

Zein’s unique structural attributes allow it to form edible films and coatings that act as barriers
against external factors, such as microorganisms, gases, and moisture, which are primary
causes of food spoilage. The concept of using biopolymer-based films as a protective layer
aligns with the industry’s focus on sustainability, aiming to extend food shelf life naturally [80].
Zein-based films incorporate bioactive agents directly into the film matrix, functioning as both
protective and active packaging by gradually releasing antimicrobial, antioxidant, or flavor-
enhancing compounds over time [38]. This not only extends shelf life but also maintains
product quality. The amphiphilic nature of zein, composed of both hydrophobic and
hydrophilic domains, enables the encapsulation of diverse bioactive compounds, including
essential oils, vitamins, and polyphenols, facilitating their controlled release. Advanced
nanotechnology has further refined ZNP-based packaging, allowing for precise co-
encapsulation and release mechanisms tailored to extend food stability, improve antimicrobial
action, and maintain food quality over extended periods [39].

Studies highlight the versatility of zein in encapsulating hydrophobic and lipophilic food

components, such as fat-soluble vitamins and natural antioxidants, effectively protecting these
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compounds from degradation and improving their bioavailability [111,112]. For instance, zein-
based encapsulation system for lutein, achieved an encapsulation efficiency of over 85% and
enhancing its stability against oxidative degradation. This controlled release system is
particularly valuable for maintaining nutrient integrity and extending food shelf life [112].
Other studies demonstrated that combining zein nanoparticles with bovine serum albumin
(BSA) enhanced stability and provided optimal morphology for encapsulated compounds,
underscoring the potential of zein-based nanocarriers for preserving food quality [111]. For
example, a zein-chitosan bilayer system was developed that effectively protected polyphenols
and probiotics, demonstrating stability throughout storage and resilience against digestive
processes. Such systems, capable of withstanding processing conditions such as pasteurization,
expand the potential applications of zein-based films in food preservation[113]. An innovative
bio-nanocomposite of fish gelatin, carrageenan, and zein infused with turmeric essential oil
(TEO) was reported to decrease bacterial colonies from 3.08 log CFU/g to 2.81 log CFU/g after
14 days against Salmonella enterica, demonstrating a significant improvement in shelf life for
chicken meat through the sustained release of TEO [114]. These bio-nanocomposites exemplify
sustainable and effective solutions for food preservation by enhancing food safety and quality
through active, edible film applications.

The application of ZNP-based films and coatings as primary smart packaging materials with
multifunctional properties (Figure 2.5) aligns with industry demands for reducing synthetic
additives and promoting eco-friendly packaging alternatives. By leveraging zein’s natural
characteristics, these films serve as both active and edible packaging, supporting the

development of sustainable food packaging solutions.
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Figure 2.5. Schematic representation of the application of ZNP-based smart primary packaging
with functionalities for sustainable food packaging.

2.8. Biomedical applications
In addition to the food industry, zein nanoparticles and nanofibers are gaining traction for

biomedical applications, particularly in drug delivery, tissue engineering, and wound healing
[115]. The biocompatibility and tunable properties of zein make it an ideal material for creating
nanocarriers that can precisely deliver drugs to targeted sites within the body [116]. Zein
nanoparticles have been used to co-encapsulate hydrophilic and hydrophobic drugs, offering
controlled release profiles and enhanced therapeutic efficacy [115,116].

In tissue engineering, zein nanofibers, fabricated through electrospinning, provide a conducive
environment for cell adhesion, proliferation, and differentiation [116,117]. These nanofibers

have been used to develop scaffolds for bone tissue regeneration and nerve repair, in which the
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controlled release of growth factors and other bioactive molecules supports tissue development
[81,116]. Moreover, the unique properties of zein-based nanostructures make them suitable for
wound dressings, where they not only protect the wound site, but also promote healing through
the sustained release of therapeutic agents. For instance, zein nanofibers have been effectively
used as scaffolds for tissue engineering owing to their excellent biocompatibility, which
supports cell adhesion and proliferation [117]. The study demonstrated advancements in
research on zein/poly(l-lactic acid) (PLLA) nanofiber scaffolds by incorporating bone
morphogenetic protein 2 (BMP-2) and dexamethasone (DEX) into a coaxial electrospun
scaffold to achieve dual controlled-release properties tailored for bone tissue engineering
applications. The distinct release profiles of these bioactive molecules were significant: DEX
exhibited a rapid release within the first three days, whereas BMP-2 was released over an
extended period of 21 days. This differential release behavior was likely attributed to the
localization of DEX in the shell layer, which resulted in an initial burst release. Importantly,
12 h post-inoculation with mesenchymal stem cells (MSCs), all the tested nanofiber scaffolds
displayed excellent cell adhesion. Notably, the zein/PLLA scaffold with a dual controlled
release of DEX and BMP-2 demonstrated superior cell viability, suggesting a synergistic effect
between BMP-2 and DEX. This, combined with the inherent topographical features of the zein-
DEX/PLLA-BMP-2 nanofibers, facilitated effective osteoinduction. These findings underscore
the potential of zein/PLLA core—shell electrospun scaffolds with controlled dual release
systems to not only enhance early cell adhesion but also promote osteogenic differentiation,
making them highly suitable for bone tissue engineering applications [90]. Recently, a
Zein/hyaluronic acid layer was developed on stainless steel for orthopedic applications,
utilizing zein coating properties. This zein/hyaluronic acid coating significantly improved
corrosion resistance, wettability, and biocompatibility in simulated biological environments.

Furthermore, cross-linking techniques may further enhance the performance of electrospun
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zein fibers for biomedical use [118]. The potential of a zein—polydopamine-based nanofibrous
scaffold impregnated with titanium oxide (TiO:) nanoparticles as a wound dressing material
has been explored. In vitro studies revealed that the addition of metal oxide nanoparticles
improved cell adhesion, proliferation, and migration, thereby enhancing the wound healing
properties of the fibers [119]. Zein-based materials show promise in biomedical applications;
however, their interactions with biological environments require careful consideration. Key
challenges include managing immune responses, controlling biodegradation rates, and
optimizing the influence of co-encapsulated bioactive compounds. Although zein is generally
biocompatible, its proteinaceous nature may trigger immune reactions, necessitating research
into surface modifications and anti-inflammatory strategies. Biodegradation rates must also be
fine-tuned through factors, such as pH sensitivity, enzymatic activity, and polymer blending to
match application-specific requirements. Furthermore, the encapsulation of bioactive
compounds can significantly affect tissue response, therapeutic efficacy, and overall
biocompatibility. Future research should focus on understanding and optimizing these
interactions to enhance the performance of zein-based materials in drug delivery, tissue
engineering, and wound healing applications. Zein-based materials, known for their excellent
biocompatibility, hold significant promise in biomedical fields, particularly in drug delivery
and tissue engineering. As biocompatible carriers, zein-based systems meet essential safety
criteria, demonstrating non-toxicity, non-immunogenicity, and low cytotoxicity. Research has
shown zein favorable interactions with cells, supporting attachment, morphology, and
proliferation, as well as its non-hemolytic properties. These attributes make zein an ideal
candidate for developing safe and effective bio-materials in medical applications and beyond,

as illustrated in Figure 2. 6.
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Figure 2.6. Schematic illustration of the diverse applications of zein-based nanostructures in
biomedicine, including their use in bone regeneration, wound dressing, nerve guide conduits,
and tissue engineering.

2.9. Challenges and Future Outlook

To fully harness the potential of zein-based nanoparticles and nanofibers in food and
biomedical applications, it is crucial to focus on the synergistic effects that arise from co-
encapsulation, as well as the associated challenges. A major advantage of co-encapsulation lies
in the potential for synergistic interactions between bioactive compounds, which can enhance
their bioavailability, stability, and controlled release profiles. However, these benefits often
require complex, tailored co-encapsulation strategies that can accommodate the distinct
properties of each compound, complicating scalability and limiting commercial viability.

For instance, co-encapsulating antioxidants like curcumin and resveratrol has shown enhanced
bioavailability and stability through mutual protection from oxidative degradation [42].

Furthermore , the combination of hydrophobic and hydrophilic compounds within a single
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carrier can enable multi-functional delivery systems that respond to specific physiological or
environmental triggers, which is particularly valuable for applications in functional foods and
therapeutic delivery [38]. However, developing such systems requires precision in
encapsulation techniques to avoid degradation and ensure efficient release. One approach
involves modification of zein through several mechanisms using agents like hydrolyzation to
enhance surface properties Another set of modifications includes interactions with ionic
reagents and specific pH conditions. Additionally, the incorporation of surfactants, ionic liquids
and finding alternative route for interactions with other biological macromolecules has been
explored to further improve zein functionality.

The development emerging as a promising material for co-encapsulation applications in edible
food packaging and biomedical fields. Its stability, biocompatibility, and controlled degradation
rate make zein-based nanoparticles (NPs) and nanofiber suitable for targeted drug delivery and
functional food packaging. In edible packaging, zein’s ability to encapsulate multiple bioactive
compounds such as antioxidants, antimicrobials, and vitamins supports prolonged shelf life and
enhanced food safety. In biomedical applications, zein NPs and nanofiber show potential in
drug delivery, especially for cancer therapies, due to their compatibility and targeted delivery
capabilities [57]. However, future research should address challenges related to optimizing the
hydrophilic/hydrophobic balance, improving drug loading capacity, and understanding in vivo
safety. Comprehensive studies on zein’s bioavailability, toxicity, and efficacy in clinical
settings are essential to unlock its full potential, paving the way for advanced, safe applications

in food preservation and precision medicine.

2.10. Conclusions
Zein-based nanoparticles and nanofibers present substantial promise as co-encapsulation
systems for bioactive compounds, driven by their unique nutritional value, stability, and

biodegradability. These zein nanocarriers have versatile applications in both food and
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biomedical sectors, facilitating the controlled, sustained release of bioactives like vitamins and
antioxidants with high encapsulation efficiency. Recent advancements have expanded zein's
role in functional foods and therapeutic solutions, with co-encapsulation systems providing
precise delivery and enhanced stability in edible films. These films contribute to improved food
safety, prolonged shelf life, and meet modern demands for targeted release in food

preservation.

However, to fully realize the commercial potential of zein-based co-encapsulation systems,
challenges such as high production costs, scalability, film standardization, and optimized
controlled-release mechanisms must be addressed. Future research should prioritize scalable
fabrication methods like microfluidics and solution blow spinning, as well as eco-friendly
solvents and refined encapsulation processes to enhance safety and environmental
sustainability. This review emphasizes the transformative potential of zein-based nanocarriers
in advancing sustainable, functional edible films, laying a foundation for future research and
commercial adoption in food science and pharmaceutical applications. Addressing these
challenges will position zein-based materials as a standard in sustainable co-encapsulation

technology.
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Chapter 3. Fatty acid modified zein films: effect of fatty acid chain length
on the processability and thermomechanical properties of modified zein

films

3.1. Introduction

The extensive utilization of fossil resource-derived plastics for single-use applications, such as
packaging and containment, has elicited environmental concerns. While these petrochemical-
based conventional plastics exhibit desirable material properties, thus explaining their
prevalence, they present a substantial environmental hazard due to their consumption in vast
quantities, resistance to degradation, and accumulation in landfills that frequently disperse into
the environment [120,121]. These challenges have led to an interest in the development of
environmentally friendly, sustainable, biodegradable, and biocompatible polymers from
natural resources[120]. In particular, the utilization of inexpensive and widely available natural
macromolecules, such as plant-derived proteins and polysaccharides, has attracted
considerable interest. Proteins are appealing natural macromolecules due to their inherently
large molecular weight, film forming properties, and ease of chemical modification due to the
presence of various functional groups [121]. Furthermore, proteins can be sourced from both
animal (e.g., chicken feathers, hair, waste blood) and plant sources (e.g., wheat gluten, corn
zein, soy protein, etc.)[122,123]. Some plant proteins, such as soy protein and wheat gluten,
have been extensively investigated for bioplastic applications; however, limited commercial

success has been observed due to their cost and performance. 2

’Tadele, D., Shorey, R., Mekonnen, T.H. "Fatty Acid Modified Zein Films: Effect of Fatty Acid Chain
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Owing to inter- and intra-molecular hydrogen bonding and hydrophilicity exhibited by the
majority of proteins, they lack inherent melt processability and exhibit high moisture
absorption [117,124].

Zein is an alcohol-soluble prolamin storage protein extracted from corn. Being amphiphilic, it
has nearly equal amounts of hydrophobic and hydrophilic amino acids [125]. Zein is
recognized by the Food and Drug Administration (FDA) as generally safe[126] . Globally, corn
is a major cash crop, and its extensive utilization for bioethanol production leaves behind
enormous quantity of residue rich in zein protein [127]. The residue is typically used as an
inexpensive animal feed, leaving the door open for value-added utilization of zein in
sustainable polymers and other domains. Zein-based materials are recognized to be
biodegradable, biocompatible, and have no allergenic ingredients for developing biopolymers
[7]. Zein proteins are categorized based on their molecular weight, solubility, and amino acid
content into four groups: a-zein (19 and 22 kDa), B-zein (14 kDa), y-zein (16 and 27 kDa), and
d-zein (10 kDa) [11,12] The amino acid composition analysis of zein proteins revealed the
presence of glutamine, leucine, proline, and alanine as the abundant amino acids, while the
fractions of lysine and tryptophan were low. a-zein consists of about 80% of protein fractions
and it is composed of alanine (10%), leucine (20%), proline (10%), and glutamine (21-26%)
[35]. In addition, presence of amino acids with alcohol groups (such as serine and threonine)
is lesser in a-zein than its other counterparts [128]. Furthermore, a-zein proteins have been
observed to self-assemble into networks and thus, could easily be fabricated into films, fibers,

and nanostructures [129,130].

The modification of zein protein is necessary to grant applicability in biopolymeric
materials[131]. Among the various modification routes, successful incorporation of plasticizers
to lubricate and improve chain movement has attracted substantial interest. This is because of

the simplicity of the process, which can be carried out via a continuous extrusion process. For
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instance, zein plasticized with oleic acid (OA) yielded a flexible and mouldable intermediate
resin that was further molded into thin films possessing enhanced toughness and
flexibility[132]. In another study, zein sheets added with palmitic acid (PA) or stearic acid (SA)
exhibited more robust, waterproof, and viscoelastic properties. Due to better distribution
throughout the resin, PA showed a better plasticization effect than SA[133]. However, most
plasticizers being small molecules and sometimes moisture sensitive, leach out during use,
causing further reduction in barrier and mechanical properties [10]. Alternative approaches to
mitigate the plasticizer’s limitations include chemical modification of zein proteins (such as
esterification), grafting approaches, etc. [134]. The esterification of zein with organic acids,
such as acid anhydrides and fatty acids, can offer hydrophobicity, ease of processibility, and

enhanced physical and thermomechanical properties [135].

Acid chlorides that contain a polar carboxylic acid end and a nonpolar alkyl end can easily
esterify proteins through a reaction with the protein's -NH> moiety [136]. The use of bases,
such as pyridine or triethylamine, as a catalyst speeds up the reaction by deprotonating the
positively charged intermediate [137]. Although the current research literature contains a little
database on the esterification of zein proteins with fatty acid chloride to improve their film-
forming ability, it is still a challenge to select the most practical and effective modification
route [132,133]. There has been little work done to systematically compare the differential
effect of fatty acid carbon chain length on the brittleness, barrier, and stability properties of the

formed products.

This work aimed to investigate the effect of esterification of zein specimens employing various
fatty acid chlorides on their respective physiochemical and film forming properties. The fatty
acids used in this study (hexanoic, decanoic, and palmitic acid) were selected to represent a

range of carbon chain lengths (C6, C10, and C16 respectively) commonly found in natural fats
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and oils. This selection allows for a systematic investigation of how fatty acid chain length
impacts the properties of modified zein. Using this range of fatty acids enables examination of
how increasing hydrophobic chain length affects zein modification, processability, and film
properties. The chosen fatty acids are also readily available, relatively inexpensive, and have
been used in previous protein modification studies, allowing for comparisons to existing
literature[ 133]. The success of modification reactions was confirmed and verified with infrared
spectroscopy and other analysis. The changes in flow properties, dispersion homogeneity,
mechanical properties and hydrophobicity were systematically evaluated. To the best of the
authors' knowledge, no studies have been conducted on modifying zein protein with varying
carbon chain length fatty acids to enhance the film forming, melt processibility, and

physicochemical properties.

3.2. Materials and methods

3.2.1. Materials

The a-Zein powder with a protein content of 95% (w/w) was purchased from Sigma-Aldrich.
hexanoyl chloride (98%), hecanoyl chloride (98%), and palmitoyl chloride (>97%) were
supplied by TCI chemicals. Pyridine (99.8%), chloroform (99%), toluene (99.9%), dimethyl
sulfoxide (DMSO) (99.9%), tetrahydrofuran (THF) (>99%, ACS grade), glycerol (> 98%),
oleic acid (> 98%), acetone (>99%), ethanol (>99%), and glacial acetic acid (100%) were also

purchased from Sigma-Aldrich (Oakville, ON, Canada).

3.2.2. Modification of zein protein with fatty acid chlorides

Hexanoyl, decanoyl, and palmitoyl chloride were employed to modify zein protein, as shown
in Scheme 3. 1. For the modification, 10 wt.% of zein protein (10 g) was dissolved in 90 g of

pyridine via sonication (30 min at room temperature). Pyridine served as a solvent and an acid
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scavenger in the reaction. The prepared solution was then transferred to a round bottom flask

(RBF) and heated to 85 °C in a silicone oil bath with constant stirring (300 rpm).
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Scheme 3.1 Proposed reaction mechanism of fatty acid chlorides and zein protein.

As presented in Table 3.1, various reactions utilizing different concentrations of acid chlorides
were conducted for 3 h each. The reaction temperature (85 °C) and reaction time (1 h) were
selected based on preliminary experimentations. The reaction mixtures, having attained a jelly-
like consistency after 3 h of reaction, were cooled down to room temperature and washed with
acetone (thrice). Complete removal of pyridine and unreacted acid chlorides was verified using
an infrared spectrometer (ATR-FTIR) analysis. The washed products were subsequently dried

overnight in a forced air oven at 70 °C and stored in zip lock plastic bags until further analysis.



Table 3.1 Composition of unmodified and esterified zein samples.

Sample identifier Modifier Moles of acid Mass of acid

chlorides used(mmol) chlorides used (g)

Zein (Z) control - - -

7C6-20 Hexanoyl chloride 20 2.7
7.C6-35 (Co) 35 4.7
Z.C6-50 50 8.1
7.C10-20 Decanoyl chloride 20 3.8
ZC-10-35 (C10) 35 6.7
ZC10-50 50 9.5
7.C16-20 Palmitoyl chloride 20 5.5
7C16-35 (C16) 35 9.6
ZC16-50 50 13.7

3.3. Characterization of the unmodified and modified zein specimen

3.3.1. Attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectroscopy

The ATR-FTIR spectra of the modified and unmodified zein protein samples were acquired
under ambient conditions using a Thermal Nicolet 6700 ATR-FTIR spectrometer (Thermo

Electron Corp., Madison, WI). Approximately 2 mg of the zein protein and modified zein were

. . . . -1
dried overnight (70 °C), and the spectra were recorded in the transmission mode at 4 cm

resolution recording 64 scans in the frequency range of 4000 to 600 cm™!.

46



3.3.2. Carbon nuclear magnetic resonance (13C-NMR) spectroscopy

The solid-state 1>*C-NMR spectra were recorded using a Bruker 500 MHz high-resolution NMR
(Bruker-SpectroSpin 500 MHz Ultra shield, Bruker Corporation, MA). The C-NMR spectra

were collected up to 200 ppm.

3.3.3. Solubility test

The effect of various modification reactions on the solubility of zein samples in different
solvents was evaluated. A qualitative evaluation of the solubility of unmodified and modified
zein samples in various solvents (five solvents with varying polarities) was made by visual
inspection of the solid moieties dispersed in the solvent medium. The selected solvents were
acetone, dimethyl sulfoxide (DMSO), ethanol, toluene, and water, with relative polarities of
0.355, 0.444, 0.654, 0.099, and 1.000, respectively. For this, 100 mg of the respective samples
were added to 10 mL of each solvent and sonicated for 10 minutes. The dispersed samples were
left undisturbed for 24 hours, and images were collected. Further, the dispersions were filtered,

the filtered precipitate was dried at 50°C (1 h) and the dried precipitate was weighed.

3.3.4. Fabrication of films

The unmodified and modified zein solutions (5 wt.% in acetic acid) were mixed with 20 wt.%
plasticizer with respect to the dry zein. The plasticizer consisted of an equal ratio of glycerol
and oleic acid. The zein and plasticizer mixtures were dried (70 °C, overnight) to remove acetic
acid. Further, 2.8 g of the dried specimens were pressed into films (with a 0.2 mm spacer) using
a Carver press. The films measured 7.5 cm (length) x 7.5 cm (width) x 0.2 mm (thickness). The

films were compressed for 3 min each at a temperature (90 °C) and pressure of 3,000 psi.
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3.4. Characterization of samples and films

3.4.1. Rheology

The rheological properties of zein solutions in pyridine and molded films were evaluated on a
HAAKE Mars III rheometer (Thermo Scientific, United States). An amplitude sweep analysis
was carried out using a parallel plate geometry (PP35Ti and P20CSL) and spacing of 0.4 mm.
The measurements were recorded at room temperature for the zein solutions and 150 °C for

zein films.

3.4.2. Microscopy

A polarizing optical microscope (Olympus BX53M polarizing optical microscope, USA) was
employed to investigate the surface morphologies of the unmodified and modified zein films
at 50x magnification. Scanning electron microscopy (SEM) images of uncoated samples were
acquired using Quantum FEG-SEM 250 at 20 kV under vacuum. The cross-sectional

morphology of cryo-fractured films was also recorded.

3.4.3. Light transmittance of films

The baseline and modified zein films were cut into rectangular strips that fit into a cuvette
(approximately 1 cm in width). The light transmittance of the films was then measured using a

Cary 100 Bio UV-vis spectrophotometer between 380 and 780 nm.

3.4.4. Tensile property testing

The mechanical properties of the compression molded zein films were tested on a universal
tensile testing machine (AGS-X series, Shimadzu, Japan) by employing a S00N load cell. Zein
films were cut into tensile dog bones using an ASTM D638 Type V die with a gauge length
and width of 27 cm and 3.12 cm, respectively. The tensile test was then conducted at a strain
rate of 25 mm/min and at room temperature. Five samples for each formulation were tested,

and their arithmetic mean was reported.
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3.4.5.Water absorption rate

The water uptake rate of zein films was evaluated over the course of 72 h at room temperature
(25£2 °C). Three strips of each zein film (50 mm % 50 mm) were cut for each formulation and
dried in a forced air oven (70 °C, overnight). Specimens were immersed in 100 mL of water.
Prior to weighing, the excess water was wiped off with Kimwipes™ to remove excess water,

and their weight was recorded. Results were reported as the mean of three replicates

3.4.6. Water contact angle

Using a custom-built optical sessile drop system, the water contact angle (WCA) of the
modified and unmodified zein films was evaluated. A syringe pump dispensed 5 pL of water
onto each sample and contact angle images were captured at 24 °C using a high-magnification
Basler scA 1000-30 fm camera after a 30-second contact time. This duration was chosen to
reflect the material's inherent wettability, minimizing the influence of water absorption or
evaporation. The recorded images were analyzed using the Image] program to ensure accurate

and consistent measurements.

3.5. Statistical analysis

The data has been represented as mean + standard deviation. The statistical differences in the
data were verified by employing a one-way analysis of variance (ANOVA) Tukey test on the

recorded data. The significance level for all analyses was set at p < 0.05.
3.6. Results and discussion

3.6.1. Rheology of zein solution

The rheological behavior of zein solutions was investigated to understand how concentration
influences viscosity and flow properties (Figure 3.1). At concentrations up to 10 wt%, the

viscosity remained constant with increasing shear strain, indicating Newtonian behavior. In
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these solutions, zein chains in pyridine move freely, showing no significant resistance to flow.
However, as the concentration exceeded 15 wt%, the solutions demonstrated a decrease in
viscosity with increasing shear rate, characteristic of shear-thinning behavior. These findings
align with the results reported by Wei et al. and Li et al., where similar changes in flow behavior

were observed in zein solutions above 20 wt% and 15 wt%, respectively [32,138].
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Figure 3.1. Complex viscosity versus shear stress of zein solution with concentrations ranging
from 2.5 to 30 wt.% at 30 °C.

Further this transition is attributed to the onset of polymer chain entanglements, as indicated
by the critical concentration (C*) . The concentration-dependent zero-shear viscosity showed
distinct behavior across two regions, with slopes of 0.5 and 2.5, corresponding to the dilute and
semi-dilute regions, respectively. The critical overlap concentration (C*) was determined to be
approximately 4.9 wt%. Below this critical concentration, zein chains exist primarily as
isolated entities (Figure 3.2a), allowing independent movement. As the concentration
approaches and exceeds C*, the chains begin to entangle (Figure 3.2b), eventually behaving
like a polymer melt at even higher concentrations (Figure 3.2¢) leading to pronounced

viscoelasticity.
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Intrinsic viscosity ([n]) is another key parameter that offers insights into the contribution of
zein to the overall solution viscosity and the suitability of pyridine as a solvent. It is calculated
from the intercept of the Mark-Huggins equation fitted to specific viscosity and concentration
data. The intrinsic viscosity of zein solution was determined to be approximately 54 mL/g as

an extrapolated value of ns,/C when zein concentration (C) approaches zero from equation

(3.2).
_ (nsolution - nsolvent) (31)
TMspecific viscosity (nsp) -
Nsolution
| 3.2
] = lim(=2) (3-2)
c-0

Furthermore, the Huggins equation could also be expressed as

_Tse _

Nred = c [T]] + KH[]]]ZC (3.3)

where Nred 1s the reduced viscosity, KH is the Huggins coefficient, C is the concentration of the

solution, and a linear relationship is presented

Nsp = [M1C + Ky ((]C?) (3.4

In a double logarithmic coordinate, the plot of nsp against C[n] resulted in a linear relationship
in the larger C[n] range, which can be fitted using eq (3.4) [139]. Huggin’s coefficient KH was
estimated as 0.24. Since the thermodynamic meaning of Huggins constant is still rather
ambiguous, we were not interested in its quantitative analysis and discussion in this study, and
it has been used rather empirically as a criterion for evaluating the solubility of a solute in a
solvent [32,139]. It is generally accepted that Ky < 0.5 (zein) dissolves well in the solvent
(pyridine). Pyridine, therefore, acts as a suitable solvent for zein, and also plays a role as a
reaction medium, scavenging the HCI by-product during zein protein esterification.

The relationship between zein concentration to zero-shear viscosity, specific viscosity,

and intrinsic viscosity to evaluate whether pyridine is a suitable solvent for zein was correlated
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with a fitting curve using equations (3.1) to (3.4).These observations provide insights into the
processing behavior of zein solutions, particularly for applications requiring controlled

viscosity, such as film casting and nanoencapsulation processes.

averagae viscosity (Pa.s)

Concentration (wt.%)

Figure 3.2 . The effect of concentration on viscosity for zein solutions, a) dilute region when
concentration is less than overlap concentration (C< C*), b) overlap region (C= C*), ¢) semi-
dilute region (C> C™).

3.6.2. ATR-FTIR and solid-state C-NMR spectra of modified zein

ATR-FTIR spectra of the zein samples were collected to verify the proposed zein modification
reactions. As shown in Figure 3.3, the spectra of the unmodified zein sample and its modified
counterparts were compared. The broad peaks at 3400 cm™! and 3100 cm! on the pristine zein
correspond to the stretching vibrations of -OH and the -NH> moieties from amide A [140,141].
The vibrations related to hydroxyl moieties (-OH) could be explained by the presence of
hydroxyl sidechains in serine and threonine amino acids of the a-zein[128]. A gradual decrease
in the hydroxyl (-OH) peak intensity of the modified zein with the increase in the acid chlorides
concentration was observed (Figure 3.3(a-c)). This was associated with the higher substitution
of hydroxyl moieties due to more acid chlorides in the respective reactions[142]. Moreover, an
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increase in the band at 1750 cm! associated with the acid chlorides' carbonyl groups (C=0)
was observed. The decrease of the hydroxyl peak and the increase of the carbonyl peak have
further verified the modification reaction of zein proteins with the fatty acid

chlorides[121,143].

The peaks representing methylene (-CHz) and methyl (-CH3) groups were also observed at
2920 cm! and 2850 cm™!, respectively. The progressive increase in the methylene and methyl
peak intensities was attributed to the addition of fatty acid chloride chains to the zein molecular
structure. The absence of -COCI characteristic peak at 1800 cm™! confirmed and verified the
effective removal of the unreacted acid chlorides from the modified zein specimens [143,144].
The above characteristic peaks showed the distinct functional groups of zein and confirmed the
occurrence of successful reactions between baseline zein and the respective acid chlorides. The
recorded observations were consistent with other studies [143,145]. The absence of
characteristic pyridine signals between 1200-1025 cm™! (C-N) and 860-480 cm! (C-H) in the
ATR-FTIR spectra of the modified zein sample verified the removal of pyridine from the

modified zein sample.
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In addition, the ATR-FTIR spectra recorded for the zein films (Figure 3a) showed a similar
trend to its powder counterpart. The IR spectra of the modified films displayed a peak at 3400
cm’!, corresponding to the -OH and -NH> moieties of the samples. A decrease in its intensity
was correlated to the successful reaction of the unmodified zein with the various acid chlorides,
in accordance with Scheme 3.1. The changes in the peak intensity at 2920 cm™! and 2850 ¢cm™!
were attributed to the methylene and methyl moieties of the esterified zein. The appearance of
carbonyl (C=0) stretching at 1750 cm™! in the modified samples and its absence in the

unmodified specimen verified the esterification reaction.
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Figure 3.3. ATR-FTIR spectra of (a) zein modified with palmitoyl acid chloride (ZC16), (b)
zein modified with decanoyl acid chloride (ZC10), ¢) zein modified with hexanoyl acid
chloride (ZC6).
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Figure 3.4 illustrates the solid-state C-NMR spectra of the baseline and acid-chloride-modified
zein protein samples. The characteristic signals representing the long aliphatic chains from
acid-chlorides were essential in verifying the proposed reaction (Scheme 3.1). The peaks
between 35.1 and 23.3 ppm represented the methylene (-CH»-) moieties of the long aliphatic
carbon side chains, and the signal at 14.4 ppm corresponded to the methyl (-CH3) groups[146].
As evident from Figure 3.4 (a-c), the samples modified with medium (decanoyl chloride) and
long (palmitoyl chloride) aliphatic carbon chains exhibited more pronounced carbon chain
characteristic peaks. Moreover, a direct correlation was observed between the aliphatic carbon
peak intensity and the number of acid chloride loadings. The 50 mmol samples displayed the
highest intensity peaks, as evident from the samples (ZC6-50, ZC10-50, and ZC16-50). In
agreement with the 4ATR-FTIR results, the characteristic signal at 175 ppm was associated with
the carbonyl group (-C=0-), and the peaks at 140.2 ppm and 100.6 ppm represent the aromatic
side chains associated with the amino acids (tyrosine and phenylalanine) in a- zein protein
specimens [128,147]. In addition, the signal at 55.4 ppm represented the presence of a-carbon
atoms, and the decrease in its intensity (as recorded in the reacted specimen spectra) verified
the occurrence of the proposed reaction (Scheme 1). The results agreed with the literature on
IBCNMR analysis of zein protein specimens [148]. Herein, the spectral analysis confirmed and

verified the proposed reaction mechanism.
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Figure 3.4 . 3C-NMR spectra of zein: (a) modified with palmitoyl chloride (ZC16), (b)
modified with decanoyl chloride (ZC10), and (c) modified with hexanoyl acid chloride (ZC6).

3.6.3. Solubility of modified zein in organic solvents

The solubility of the pristine and modified zein samples in various organic solvents was tested.

The knowledge of solubility properties is important not only to evaluate the level of

modification, but also to understand the solvent tolerance of bioplastics and to carry out

structural characterization [149]. For this, the solubility of the highly modified zein samples

(ZC6-50, ZC10-50, and ZC16-50) was investigated in acetone, dimethyl sulfoxide (DMSO),

ethanol, toluene, and water. As evident from Figure 3.5, the esterification and grafting of the

fatty acids on zein proteins alters its polarity. As anticipated, the modified specimens exhibited

poor interaction with water, as noted from the rapid sedimentation.



On the contrary, the unmodified zein remained suspended in water. The enhanced
hydrophobicity demonstrated by the modified zein over its unmodified counterparts was
attributed to the grafting of the long-aliphatic carbon chains onto the zein molecules. Similar
observations were noted for unmodified and modified zein samples in ethanol, acetone, and
toluene (Figure 3.5), ascribed to the reduction in polarity of the modified zein samples. The
modified specimens formed a stable dispersion in DMSO. This was attributed to the aprotic
nature of DMSO. Further, a quantitate measurement of the amount of solute dispersed in the
solvents (acetone, DMSO, ethanol, and toluene) was conducted. The filtered and dried
precipitate did not result in significant losses in the amount recovered, owing to negligible
dispersion in the solvent media. This further confirmed the hydrophobicity of the modified

zein.
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Figure 3.5. Solubility of zein samples modified in a) Acetone, b) DMSO, ¢) Ethanol, d)
Toluene, and ¢) Water.

3.6.4.Morphology of modified zein films

The melt flowability of the plasticized zein (pristine) and modified zein with decanoyl chloride
(ZC10-50) was evaluated using a hot stage microscopy. For this, the compression molding cast
films were heated from room temperature (25 °C) to 120 °C and further exposing it to elevated

temperatures (150 °C, 180 °C, and 210 °C). Significant differences in the melting
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characteristics of unmodified and modified zein films were recorded with the increasing
temperature. Figure 3.6 shows no changes in the surface morphology were observed for the
unmodified zein film at 120 °C. Heating the unmodified film further up to 210 °C did not
significantly change surface morphology.

On the contrary, pronounced changes in the surface morphology of the modified specimen (at
120 °C) were recorded. With a further rise in temperature (150 °C), the modified zein film
exhibited viscous behavior as evident from free-moving spherical moieties, and the
disappearance of surface deformation incurred during the compression molding operation. The
smooth surface exhibited by the modified zein specimen at 210 °C showed the effective melting

behavior of the modified zein protein films resulting from grafting the fatty acid chains. These

observations were synchronous to the initial hypothesis.

Figure 3.6 . Melting evaluation optical micrographs: unmodified zein film at: a) 27 °C, b) 120
°C, ¢) 150 °C, d) 180 °C, and ¢) 210 °C, modified zein film at: f) 27 °C, g) 120 °C, h) 150 °C,
1) 180 °C, and j) 210 °C.

Furthermore, optical microscope evaluations were performed to study the surface morphology
of unmodified and modified zein films. A significant difference between the baseline and
modified zein films was observed, as illustrated in Figure 3.7. The pristine zein films exhibited

a nonhomogeneous surface morphology, as presented in Figure 3.7a. This was attributed to the

poor interaction between the unmodified zein and the plasticizer. In contrast, the modified zein

58



samples demonstrated a well-distributed surface morphology, owing to its better interaction
with the plasticizer. The enhanced nonpolar behavior and better dispersibility of modified zein

moieties in the moulded films could contribute to better physical properties. Wang. et al.

reported enhanced homogeneity in the films fabricated with modified zein proteins [150].

Figure 3.7. Optical microscopic surface morphologies , a) pristine zein b) zein/hexanoyl acid
(ZC6-50) c) zein/decanoyl acid (ZC10-50), d) zein/palmitic acid (ZC16-50).

SEM images of the unmodified and modified zein films are shown in Figure 3.8. Significant
changes in the morphology of modified zein films compared to their unmodified counterparts
were observed. As evident from Figure 8, the modified zein films exhibited higher uniformity
and minor deformations. These observations were synchronous with the optical microgram
results (Figure 3.7) and were attributed to the better compatibility of the modified specimen
with the plasticizers. The cross-sectional SEM micrograms of zein films are presented in

Figure A2. It was noted that the cross-sectional homogeneity of the tested specimens differs
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with the variations in the aliphatic carbon chain length used as the modifier. Overall, the
modified zein films displayed minor surface deformities compared to their unmodified

counterparts.

Figure 3.8. SEM surface morphologies of zein films a) baseline zein, b) zein modified with
hexanoyl chloride (ZC6-50), c) zein modified with decanoyl chloride (ZC10-50), and d) zein
modified with palmitoyl chloride (ZC16-50).

3.6.5. Optical Clarity

Among the desirable properties of a film, its transparency is one of the most important
characteristics to consider for practical applications. The fatty acid modified zein films were
smoother, shinier, more transparent and possessed a more prominent light-yellow tone in
comparison to the baseline zein film, as illustrated in Figure 3.9b. The effects of the chemical
modification of zein specimen on its transparency was evaluated using a UV-VIS
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spectrophotometer via light transmission through the samples in the visible light range (400-
800 nm). Figure 3.9a shows that modified zein films with medium carbon chain (ZC10-50)
have the highest light transmittance of 40% at 580 nm. The light transmittance of the modified
zein films with long carbon chains (ZC16-50) and short carbon chains (ZC6-50) also shows an
increasing trend in optical clarity compared to the unmodified zein films. The factors
contributing to this trend are improved grafting of fatty acid chlorides onto zein protein through
reducing the potential formation of aggregates due to hydrophobic and -electrostatic
interactions[151]. Overall, these results indicate that modification of zein protein with fatty

acid carbon chains produces films with good transparency.
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Figure 3.9. a) Light transmission measured with a UV-vis spectrometer, b) Photographs of
representative films.

3.6.6. Rheological properties of zein films

The viscoelastic properties of the zein films were studied at 150°C using amplitude sweep
analysis based on preliminary tests. This analysis aimed to understand the solid-like and liquid-
like behaviors of the films, characterized by the storage modulus (G') and loss modulus (G"),
respectively [152]. G' is indicative of the elastic (solid-like) behavior, while G" represents the
viscous (liquid-like) response. The examination of G' and G" is essential to predict the

processability of these films in various manufacturing processes, including extrusion, injection
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molding, and compression molding [144 ]. The results, as shown in Figure 3.10, demonstrate
that all modified zein samples exhibited higher G' and G" values compared to the unmodified
(baseline) zein film within the linear viscoelastic region. A clear plateau of constant moduli
was observed, indicating the stability of the films' viscoelastic behavior within this region. This
stability is crucial for determining the processing parameters for zein-based films. In Figure
3.10(a-b), zein films modified with ZC16-50 and ZC10-50 display slightly higher G" than G'
in the linear viscoelastic range, suggesting a dominant viscous behavior. Notably, ZC16-50,
which is modified with palmitoyl chloride, demonstrated the highest G" value among all
formulations. This can be attributed to the increased hydrophobic interactions and restricted
molecular mobility introduced by the long fatty acid chains, which enhances the viscous
behavior and results in higher overall viscosity. These findings align with previous studies
indicating that unmodified zein forms strong hydrogen bonds between its hydrophilic groups,
contributing to its distinct rheological behavior compared to modified zein films [153]. The
intersection of G' values between unmodified zein and short-chain modified zein (ZC6-50) may
indicate a gelation point, where the viscoelastic behavior shifts from being primarily viscous
to more elastic. This transition provides critical insight into the gelation behavior and network
formation in zein samples modified with acid chlorides.

The dynamic viscosity analysis of zein films modified with fatty acid chains provided
significant insights into the flow behavior and surface uniformity of the films. The
incorporation of fatty acids into the modified zein films enhanced their viscoelastic flow
behavior by balancing the rigidity and flexibility of the polymer chains, as demonstrated in
Figure 3.10(c). The results indicate that the presence of fatty acids induces a shear-thinning
effect, which is more pronounced in films modified with ZC10-50 and ZC16-50. The extent of
this behavior is influenced by the length and concentration of the fatty acid chains. The

observed shear-thinning behavior arises from newly formed hydrophobic interactions and
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G'(Pa)

altered hydrogen bonding patterns, which occur due to the chemical modification of zein with
fatty acid chlorides [154]. These structural modifications decrease intermolecular friction
during shear, thus enhancing the flow and processability of zein films, which is particularly

beneficial for applications in film extrusion and coating processes.
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Figure 3.10. Storage modulus (G') and Loss modulus (G") of compression molded zein films:
(a) Storage modulus (G') vs. strain (%), (b) Loss modulus (G") vs. strain (%) and (c) Complex
viscosity vs. strain (%).

3.6.7. Mechanical properties

The mechanical properties of zein films were analyzed to assess the impact of fatty acid
chloride modifications, with tensile tests conducted on compression-molded films as shown in
Figure 3.11(a-d). The highest degree of modification was achieved using 50 mmol of acid

chloride, verified through ATR-FTIR (Figure 3.1) and 13C-NMR (Figure 3.2). Consequently,
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the mechanical properties of the extensively modified samples (ZC6-50, ZC10-50, and ZC16-
50) were evaluated.

Unmodified zein films exhibited low tensile strength (1.70 MPa) due to poor film-forming
capabilities and lack of molecular integration, as seen in the morphology analysis. In contrast,
films modified with various fatty acid chlorides displayed significantly enhanced tensile
properties. Zein films modified with hexanoyl chloride (ZC6-50) showed an improved tensile
strength of 3.25 MPa, representing a 91% increase. More notably, films modified with decanoyl
chloride (ZC10-50) exhibited the highest tensile strength of 8.3 MPa, a remarkable 388%
improvement over the unmodified zein. ZC16-50, modified with palmitoyl chloride, also
showed substantial enhancement with a tensile strength of 6.61 MPa, corresponding to a 288%
increase. This significant improvement in tensile strength is attributed to the enhanced film-
forming properties and increased interaction between zein chains and plasticizers, facilitated
by the incorporation of aliphatic carbon chains of varying lengths. The observed trend suggests
that medium-chain fatty acid chlorides (C10) may provide optimal mechanical enhancement,
balancing chain length with molecular mobility and integration. These findings align with
previous studies on zein modified with fatty acid chlorides, such as lauryl chloride (C12),
which also reported substantial improvements in mechanical properties [12]. The elongation at
break, indicative of the films' flexibility, was significantly enhanced in the modified samples.
Compared to the unmodified zein film (38.41%), ZC6-50, ZC10-50, and ZC16-50 exhibited
increases of 25.54%, 71.83%, and 77.04%, respectively, with values of 48.22%, 66%, and 68%.
This trend demonstrates a positive correlation between the fatty acid chain length and the
improvement in film flexibility. This improvement is attributed to the plasticization effect of
the long aliphatic chains introduced by the acid chloride modification. The elastic modulus,
calculated from the linear region of the stress-strain curve, showed an increasing trend with the

elongation of fatty acid chain lengths in the modified films. This trend implies that the longer
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aliphatic chains not only act as plasticizers but also enhance molecular mobility within the zein
matrix, promoting better stress distribution and contributing to improved rigidity. However,
contrasting findings in previous studies reported a decreasing modulus with oleic and palmitic
acid chloride modifications [12,155]. This discrepancy may stem from differences in
experimental conditions, such as the degree of modification, chain packing, and the specific
matrix-filler interactions within the zein structure. Additionally, the plasticization mechanism
could vary depending on the chain length and the compatibility between the fatty acid chains
and the zein matrix, potentially influencing the resulting mechanical properties. The stress-
strain curves in Figure 3.11(d) confirm these findings, where ZC16-50 demonstrates greater
extensibility before failure, indicating enhanced flexibility.

The toughness, calculated as the energy required to break a specimen (area under the stress-
strain curve), showed that modified zein films were at least 30 times tougher than the
unmodified counterpart (Table A1).

Statistical analysis confirmed that all mechanical properties (tensile strength, elongation at
break, toughness, and elastic modulus) were significantly different (p < 0.05) among the tested

samples, as verified by ANOVA (Table A1).
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Figure 3.11. Mechanical properties of baseline and modified zein films: (a) tensile strength,
(b) elongation at break, (c) elastic modulus, and (d) typical stress-strain plot.

3.6.8. Water absorption and contact angle

The effect of fatty acid modification on the water absorption rate of zein films was recorded
for 72 hours, and the results are illustrated in Figure 3.12. In comparison to ZC10-50 and
ZC16-50, unmodified zein film and hexanoyl chloride modification (ZC6-50) showed the
highest water absorption. This was associated with the highest amount of water uptake (92%)
by baseline zein samples. The baseline zein specimen constitutes two-thirds a-zein and 1/3 -
zein. The presence of intermolecular hydrogen bonds (due to the high helix ratio of the
structure) has a positive effect on the osmotic swelling by water molecules. Furthermore, the
glycerol plasticizer being a polar molecule, causes a significant drawback and contributes to
the water absorption of the films[150,156]. The modification of zein with fatty acid chloride
modifiers was expected to reduce the water absorption rate of zein films as it replaces the
hydroxyl and amine polar moieties of pure zein with long aliphatic carbon chains, thus,

enhancing the hydrophobicity of the zein film [133].
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The zein films fabricated with decanoyl and palmitoyl chlorides (ZC10-50 and ZC16-50)
retained their color and transparency. This could be attributed to the nonpolar characteristics
(hydrophobicity) of modified zein specimens, thus, dramatically decreasing the water uptake.
The recorded water absorption of zein film was accounted to be baseline zein (92%), ZC6-50
(71%), ZC10-50 (67%), and ZC16-50 (46%), respectively. In the literature, zein modified with
glycerol and glutaraldehyde has water absorption of 50.73% and 24.08%, respectively[150].

Water contact angle (WCA) measurements were conducted to evaluate the hydrophobicity of
esterified zein films, as shown in Figure A3. The esterified zein sample, ZC16-50, exhibited a
significantly higher WCA of 84.75°, compared to 42.2° for unmodified zein. The unmodified
zein films had the lowest WCA due to the relative hydrophilicity of the zein protein chain. In
contrast, the highest WCA was observed in palmitoyl chloride-modified zein, showing a value
nearly double that of unmodified zein. This increase in WCA aligns with the proposed
mechanism in Scheme 1, where the substitution of hydroxyl and amine groups with nonpolar
long aliphatic chains during esterification reduces hydrophilicity. Similar trends have been

reported in other studies, further supporting these findings [144].
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Figure 3.12. Water absorption of pristine and fatty acid modified zein films
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3.7. Concluding Remarks

This study successfully demonstrated the modification of zein protein through the grafting of
fatty acids hexanoic (C6), decanoic (C10), and palmitic (C16) via an acylation reaction. By
varying the mole ratio of the activated fatty acids to zein protein, zein esters with varying
substitution levels were synthesized. The fatty acid grafting altered the melting behavior, film-
forming properties, and polarity of the zein at different degrees depending on the level of
modification. These modifications were confirmed through ATR-FTIR, NMR, solubility
analysis, and rheological studies.

The mechanical properties of both unmodified and modified zein were assessed by fabricating
films and performing extensive characterization. Films with higher modification levels (ZC6-
50, ZC10-50, and ZC16-50) exhibited significantly improved film-forming capabilities, tensile
strength, surface morphology, and barrier properties compared to the unmodified zein films.
Specifically, enhancements in tensile strength were noted as 91%, 388%, and 288% for ZC6-
50, ZC10-50, and ZC16-50, respectively. The modified films maintained their uniformity and
smooth surfaces, without any visible phase separation. Moreover, the alkyl chains attached to
the modified zein films enhanced their hydrophobicity, contributing to improved water barrier
properties. Overall, this study highlights the benefits of protein structural modifications in the

development of sustainable materials from bio-sourced feedstock.
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Chapter 4. PBAT/Corn Zein Ester Blends: Rheology, Morphology, and

Physicochemical Properties

4.1. Introduction

The production of plastics from non-renewable petrochemicals, the poor management of
plastic waste, the safety of plastics and their degradation residues are all major contributing
factors that pose serious environmental issues to humankind. Researchers have been putting
substantial efforts into developing renewable, biodegradable, and eco-friendly materials as
alternatives to petrochemical-derived plastics. While extensive scientific progress has been
made, there is still a long way until sustainable bioplastics can play a tangible role by
complementing or displacing the more competitive petrochemical plastics as packaging and
other single-use materials [157]. The development of bio-based and biodegradable materials
can contribute towards achieving sustainable development goals and bioeconomy strategies, as
well as acting as alternatives to comply with the ban on non-biodegradable plastic use in global
jurisdictions that are continuously growing [158,159]. Biodegradable polymers, such as
poly(lactic acid) (PLA), polyhydroxyalkanoates (PHAs), and poly(butylene adipate-co-
terephthalate (PBAT) [160—162] received a great deal of attention as premier candidates of
sustainable materials that can help relieve environmental concerns. > PBAT, which can partially
be derived from bio-monomers, is also among the most appealing bioplastic candidates to
replace non-biodegradable polymers derived from fossil fuels, such as polyethylene (PE) and
polypropylene (PP), in packaging and agricultural film applications due to its biodegradability,
inherent toughness, and commercial availability [163]. However, the high cost, as well as the

relatively poor oxygen barrier properties of PBAT compared to traditional plastics, limit its
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widespread application despite its excellent biodegradability and thermo-mechanical properties
[163].

Currently, several approaches are being researched to produce biodegradable polymers with
tailored properties that may relieve the mechanical, thermal, and barrier limitations of the
currently marketed materials. Techniques such as chemical modifications, polymer blending,
multilayer assembly, and the incorporation of fillers/nanofillers are extensively employed to
help develop material systems that can satisfy thermomechanical property requirements,
production cost, and biodegradability demand. Many studies have revealed melt blending of
binary polymer systems, in which the blending materials that can complement each other’s
properties can potentially be an effective method to develop novel materials that can match
with the incumbent polyolefin-dominated packaging plastics [164—166]. The possibility of
blending PBAT with nature-derived biodegradable polymers, such as starch and soy protein,
has been previously investigated, which could offer the benefit of balancing cost and properties
[167,168].

Zein is one of the few known hydrophobic proteins derived from corn, which appears as an
attractive alternative with rapid biodegradability and appealing physicochemical properties,
including water insolubility, non-toxicity, versatility, and film forming ability [169]. Zein
protein can be induced to fold into higher molecular structure polymers when plasticizers are
added to the system. Plasticizers are typically small organic molecules that increase the
flexibility of polymers with improved molecular structure and mechanical properties that
enable various applications [170]. The grafting of fatty acids onto zein protein can be a suitable
approach to further improve its hydrophobicity and thermoplastic properties, as suggested in
multiple works [1,91].

This work builds upon previous research that has demonstrated the promising film-forming

and melt-processing properties of modified zein films with medium and long fatty acid carbon
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chains [91]. However, further investigation into the modification, processing, and film
fabrication of zein is necessary to fully exploit its potential for practical applications. In this
study, we explore the melt extrusion blending of fatty acid grafted zein with PBAT, focusing
on their compatibility, morphology development, thermomechanical properties, and structure-
property correlations. Additionally, we conduct targeted application studies to assess the
oxygen and water barrier properties, optical properties, and disintegration behavior in a
composting environment, thus evaluating its suitability as a packaging material. Notably, our
work also investigates the influence of blending ratios of modified zein and PBAT on
compatibility, morphology, and physicomechanical properties of the resulting blend, providing
valuable insights for industrial applications. By addressing these research gaps, our study offers
a novel and comprehensive approach to leveraging the potential of modified zein films and
their compatibility with PBAT for packaging applications.

Comparing to previous studies, our work presented in Table B1 showcases the enhanced
characteristics of our modified Zein/PBAT blend, even without the use of any compatibilizing
agents. This blend demonstrated enhanced barrier properties, disintegration behavior in a
composting environment, and robust thermomechanical attributes, outperforming blends from
earlier research that utilized compatibilizers. These advancements underscore the potential of
our approach in the development of high-performance, environmentally friendly packaging
material [14,171]. These findings underscore the novelty and significance of our research,

positioning it as a valuable contribution to the field.

4.2. Materials and methods

4.2.1. Materials

a-Zein powder with a protein content of 95% (w/w) was purchased from Sigma-Aldrich. TCI
chemicals supplied decanoyl chloride (98 %). Pyridine (99.8 %), dimethyl sulfoxide (DMSO)

(99.9 %), glycerol (> 98%), diiodomethane (>98%), and oleic acid (> 98 %) were also
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purchased from Sigma-Aldrich (Oakville, ON, Canada). Poly(butylene adipate-co-

terephthalate) (PBAT) pellets were provided by T&T Industry Group Ltd. (Shenzhen, China).

4.2.2. Esterification of zein protein with decanoic acid

The zein protein was modified by esterification reaction with decanoyl chloride using the
method outlined in the previously published paper (Scheme 1)[91]. For this, approximately 10
wt.% of zein was dissolved in pyridine and transferred to a round bottom flask (RBF) while
constantly stirring at 300 rpm. Next, the optimized amount of fatty acid (20 mmol of decanoyl
chloride based on the previous study) was added to the zein solution using a burette. The
esterification reaction was then conducted for 2h at 80 °C. The product was recovered as a
yellowish soft solid mass, then rinsed with water, followed by three washes with acetone to
remove excess unreacted pyridine and decanoyl chloride and dried in an oven at 70°C overnight
- subsequently, 20 wt.% oleic acid plasticizer was added and stored in a zip lock bag until

further use.
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Scheme 4.1 Schematics of zein protein modification with fatty acid chloride.
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4.2.3. Blend preparation

The pre-dried PBAT and modified zein (mZein/PBAT) were initially mixed in a Ziplock bag
and fed into the extruder at a weight ratio of 30/70, 50/50, and 70/30, as shown in Table 4.1.
The mixed blends were then extruded using a twin-screw extruder (Process 11 Parallel Twin-
Screw Extruder, Thermo Fisher Scientific) with a specification of 440 mm in length, L/D of
40:1, and 1lmm in diameter. An extrusion temperature profile of
130/135/140/150/150/140/135/130 °C from die to feed with a screw speed and feed rate of 100
rpm and about 2g/min, respectively, was used. Preliminary experiments based on compression
film casting, morphology, and tensile testing were used to determine extrusion parameters. The
extruded and pelletized granules were cooled and stored in a sealed container (4 °C) until
further use.

Table 4.1 Composition of the unmodified (Zein), modified zein (mZein), and PBAT blends

Samples Zein (g) mZein (g) PBAT (g)
Zein 100 - -
Zein/PBAT 70 - 30
Zein/PBAT 50 - 50
Zein/PBAT 30 - 70
mZein - 100 -
mZein/PBAT - 70 30
mZein/PBAT - 50 50
mZein/PBAT - 30 70
PBAT - - 100

73



4.2.4. Film compression molding

For the fabrication of the bioplastic films, approximately 3g of the modified zein
(mZein/PBAT) pellets from each blend were compressed-moulded between two stainless steel
metal plates with 200 pm mould spacers using a Carver press. Films were compressed for five
minutes at a temperature and pressure of 115 °C and 5000 psi, respectively. Films with
dimensions of 7.5 cm (length) % 7.5 cm (width) x 0.2 mm (thickness) were generated. The films
were then conditioned at room temperature and 50% relative humidity for at least 48 h prior to

the physicomechanical testing.

4.2.5. Contact angle measurements

The water contact angle (WCA) of the unmodified zein, modified zein, and PBAT blend films
were determined at ambient temperature using a custom-built optical angle analyzer using a
sessile drop method. In a typical procedure, the needle position was first adjusted to minimize
the fall distance of the drop onto the polymer surface. Next, the pump was started, and the
liquid water (polar) and diiodomethane (non-polar) was automatically pumped at 3 pL.
Imaging was triggered with a high magnification camera (Basler scA 1000-30 fm) with a fixed
focal length after a 30-second contact time. Each image was automatically analyzed, and the
average contact angle was used to determine the total surface energy. To obtain the surface free
energies of polymer blends, the water and diiodomethane contact angle measurements were
collected on the specimen surfaces. Equations (4.1) and (4.2) were then used to calculate the

solid surface tension for each sample from the contact angles.
1 d,d\s D, P\s
SYw(l +costy ) = [ (s vw)z + (s )2 | (4.1)

1 1 1
FYam(1 + cosbam) = [y dn)z + VrvED? ] (4.2)
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where 0,, and 64, are the contact angles of water and diiodomethane on the sample,
respectively. Vi , Yam and ys are the solid surface energy of water, dilodomethane, and the
sample, respectively. The superscript d represents the dispersive (non-polar) and p represents

the polar components of surface tension, respectively.

Measuring and inserting the known values for water y,, = 72.8 :—i ,1d =218 :—i and yb =

51.0 :—l) and for diiodomethane (y,4,, = 50.8 wll v =49 :—land ygm =1.8 :—i) and the

m2> fdm
solution of the two equations yields ys? and ys¢. The surface energy tension is given by (ys¢ +

vsP)[172].
4.3. Characterization of mZein- PBAT blends

4.3.1. Attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectroscopy

The ATR-FTIR spectra of the mZein/PBAT blends samples were performed under ambient
conditions using a Thermal Nicolet 6700 ATR-FTIR spectrometer (Thermo Electron Corp.,
Madison, WI). Approximately 1 mg of mZein, PBAT, and mZein/PBAT blends were dried
overnight at 70 °C, and the spectra were recorded in the transmission mode at 4 cm ™! resolution,

in the range of 4000-500 cm™! with 32 scans.

4.3.2. Mechanical properties

According to ASTM D882 test method, the tensile strength, elastic modulus, and elongation at
break were determined for neat polymers and their blends using a Mandel-Shimadzu (AGS-X)
tensile testing unit equipped with a 500 N load cell (Shimadzu Corp., Kyoto, Japan). The
crosshead speed was set at 5 mm/min, and the gauge length was 25 mm across each sample.
The average and standard deviation of five specimens were calculated for each formulation at

room temperature.
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4.3.3. Dynamic mechanical analysis (DMA)

Tan delta (8) analysis of the neat polymers and their blends was carried out by (Q800 DMA,
TA Instruments). The damping factor (tan 6) was measured as a function of temperature from
—90 °Cto 20 °C. A film tension clamp was used at a constant heating rate, frequency, and strain
of 3 °C/min, 1 Hz, and 0.2%, respectively. The glass transition temperature (7,) was determined
as the temperature corresponding to the maximum tan 6 peak for the main transition displayed

in the tan d versus temperature curves.

4.3.4. Rheological studies

Rheological measurements were performed using a parallel plate rheometer (HAAKE MARS
II1, Thermo Fisher Scientific), with samples having a thickness of 0.30 mm and a diameter of
20 mm, respectively. An applied strain of 0.1% (in the linear viscoelastic region) and a plate
gap of 0.2 mm were used for the analysis, with a frequency sweep from 0.01 to 100 Hz at 180

°C.

4.3.5. Polarizing Optical Microscopy (POM)

PBAT and mZein blend structure morphology was studied using a polarizing optical
microscope (Olympus BX53M, USA). The mZein and PBAT blends of about 0.03 mm thick
films were prepared by compression moulding at 120 °C. Images were collected at 50X

magnification.

4.3.6. Scanning electron microscopy (SEM)

The cross-sectional morphology of the modified zein/PBAT blends was recorded using
Quantum FEG-SEM 250 at 20 kV under vacuum without any sputter coating to examine the
fracture. In addition, the cross-sectional morphology of the cryo-fractured films was also
recorded after they were immersed in dimethyl sulfoxide (DMSO) for 8h to understand the

blend phases better.
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4.3.7. Light transmittance of blends

The neat polymers and their blend films were cut into rectangular strips that fit into a cuvette
(approximately 1 cm in width). The light transmittance of the films was then measured using a

Cary 100 Bio UV—-vis spectrophotometer between 480 and 780 nm.

4.3.8. Water absorption rate

The water uptake rate of the neat polymers and their blend films were evaluated over the course
of 168 h at room temperature (25 + 2 °C). Three strips of each film (50 mm % 50 mm) were cut
for each formulation and dried in a forced air oven (70 °C, overnight). Three specimens of each
sample were first weighed and then completely submerged in distilled water in a glass container
(100 mL). The weight of the specimens was recorded every 24 h, and prior to weighing, the
excess water was wiped off with blotting paper to remove water. Results were reported as the

mean and standard deviation of three replicates.

4.3.9. Water barrier properties

The water vapour transmission rates were measured using ASTM E96/E96M-16. The
measurement was conducted using a barrier cup with an exposed area of 8.04 cm? to measure
water vapor transmission rates (WVTR). A circular film is then placed over the opening of the
barrier cup filled with 7 mL distilled water (relative humidity 100%). The cups were placed in
a desiccator chamber with a temperature of 23 °C and a relative humidity of approximately
50%. Water permeation through the film was measured over time for 168 h. The WVTR values

(g/m?-h) were then calculated as follows:
WVTR ac 1 4.3
= — X — .
X (4.3)

The water vapour permeability (WVP) is calculated based on the following equation with two
variables: G/t (g/h) represents the linear slope of the best fit of the weight loss vs. time graph,

and A (m?) represents the exposed area of the water barrier cup.
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WP — WVT x 1 »
"~ S(RH, — RH,) (4.4)

The thickness of the films was / (m), the ambient temperature was 23 °C, S represent saturation
vapour pressure and RH; and RH> were the relative humidity inside and outside the test cup.

Each sample was tested with three specimens, and the averages were used as the final value.

4.3.10. Oxygen barrier properties

The oxygen permeability (OP) test was carried out using a custom bubble flow rate system.
Two chamber cassettes, one attached to the oxygen source, and one to a bubble, were used to
seal sample films with a surface area of 18.10 cm?. The oxygen permeation barrier was set at
5 psig between the two chambers to ensure oxygen permeation.

The sample was measured by measuring the time it takes for bubbles to travel from the start of
the experiment to the end of it using a volumetric unit of 100 mL. The OP values were

calculated based on equation (4.5) in units of (cc-m/(m?-day-Pa)).

l

oP = (%) X35 (4.5)

Where V/(t'A) (cc/m2-day) is the oxygen flux, / (m) is the thickness of the films, and AP (Pa)
is the pressure difference between the two sides of the film. Each sample was tested in triplicate

at room temperature and in dry conditions.

4.3.11. Disintegration test

Modified zein/ PBAT blend biodegradability was evaluated by burying the samples in natural
soil following GBT 19275-2003 (evaluation of the biodegradability of plastics under the action
of specific microorganisms). To perform the analysis, a mixture of 2580g soil, 120g compost,
300g perlite, and 5.3 mL bloom was utilized. Initially, all blend sheets measuring 2.5 cm x 2.5
cm were dehydrated in vacuum ovens at 40°C for 24 h or until a stable weight was reached.

Subsequently, three blend films were placed 20 cm below the soil surface. The compost's
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moisture content was maintained at 55-56%, and its temperature was kept at 58 = 2 °C. The
weight difference between the degraded samples was measured after 7, 15, 30, and 45 d. A

remaining weight was calculated for each film to calculate its degree of disintegration:

mi_mf

Remaining weight (%) = (4.6)

i
Where m; is the initial dry weight of the film sample, and myis the final dry weight of the
residual film material recovered. The average remaining weight of the triplicate samples was

calculated and reported.

4.4. Statistical analysis

Analysis of variance (ANOVA) was employed to identify statistical differences in data using

Tukey's HSD mean comparison test with a 95% confidence level (P < 0.05).
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4.5.Results and discussions

4.5.1. ATR-FTIR spectroscopy

The chemical interactions between neat and blended polymeric films were determined
through attenuated total reflectance Fourier transform infrared (ATR-FTIR) analysis. ATR-
FTIR results for mZein, PBAT, and mZein/PBAT blend films are shown in the (Figure 4.1).
The characteristic peaks at 1525 cm™! exhibit peaks corresponding to amide I and 1630 cm’!
amide II of modified zein proteins [14]. In addition, the characteristic peak of mZein/PBAT
(70/30, 50/50, and 30/70) blends showed a reduction in intensity compared to neat PBAT,
indicating the incorporation of modified zein into the PBAT matrix. Moreover, the carbonyl
groups stretching peak of the ester bond (-COO-) at 1710 ¢cm™! remained unchanged for neat
PBAT and mZein/PBAT blends [173]. The unchanged carbonyl group stretching peak at 1710
cm™ in neat PBAT, mZein, and their blends indicates that the ester bonds in these materials
undergo minimal chemical changes during the melting process. However, in the mZein/PBAT
blends, the higher peak intensity suggests stronger chemical interactions compared to neat
PBAT and mZein. This indicates that the blending of mZein and PBAT exhibited enhanced
intermolecular interactions, such as hydrogen bonding or covalent bonding, resulting in more
stable chemical structures and stronger bonding between the polymer chains[14].

Moreover, the spectrum of mZein/PBAT exhibited a disappearance of a wide peak in the
range of 3100-3400 cm™!, which could be ascribed to the incorporation of decanoyl chloride
and oleic acid plasticizers. The peak at 2800 cm-1 in the FTIR analysis of neat mZein, PBAT,
and blends of mZein/PBAT corresponds to the -CH2- and -CH3- functional groups present in
both the fatty acid chain of modified zein and PBAT. The -CH,- and -CH3- groups on the
modified zein and PBAT can form hydrogen bonds with the carbonyl groups on PBAT. This
can result in enhanced interactions between the two materials, potentially leading to improved

mechanical, barrier, and interfacial properties of the blended films. Furthermore, the chemical
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Transmittance (%)

modification of the zein protein with fatty acid chlorides can introduce new functional groups,
such as carbonyl and hydrophobic groups, which can interact with the ester groups and alkyl
chains of the PBAT polymer through hydrogen bonding and van der Waals interactions. These
interactions enhance the interfacial adhesion between the two materials, improving
compatibility and properties in the resulting blends. Additionally, the plasticizing effect of the
fatty acid chlorides may improve the flexibility and processability of the blend, leading to more

homogeneous mixing and distribution of the two materials.
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Figure 4.1 ATR-FTIR Spectra: a) Full spectra of Zein, mZein, PBAT, and PBAT/mZein; b)

Magnified view at 1710 cm™ and 1525¢cm™! of mZein/PBAT blends

4.5.2. Surface and Interfacial free energy

Compatibility and miscibility can be evaluated based on the data obtained from water
contact angle (WCA), surface tension, and interfacial properties of mZein, PBAT, and
mZein/PBAT blends. Owens-Wendt-Kaelble (OWK) and Wu’s models give a better insight
into phase dispersion within a polymer blend [172,174]. Interfacial properties of a mZein and
PBAT blend were studied by measuring water contact angles and surface free energy with polar
(water) and nonpolar (diiodomethane) liquids. Figure 4.2 shows the average contact angle

values, as well as the surface free energy of mZein, PBAT, and mZein/ PBAT blends. The
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modified zein (mZein) was shown to exhibit a higher contact angle than the neat PBAT, which
contributes to the hydrophobicity of the modified zein from the reaction with decanoyl
chloride, which has been shown to increase the hydrophobicity of the surface, and thus, the
contact angle value[91,175]. The average water contact angle of modified zein (mZein) and
neat PBAT was approximately 67.9° and 44.12°, respectively. As anticipated, blending PBAT
with mZein showed an improvement in hydrophobicity, as there was an increase in water
contact angle as the content of mZein went up, which peaked at 64.3° at mZein concentration
of 70 wt.%. The increase in surface hydrophobicity is one of the promising properties of
modified zein that can be utilized with PBAT to improve water resistance[175]. Another
important parameter for estimating the intermolecular interaction, as well as determining the
miscibility and compatibility of the blends, is surface energy[176]. The neat mZein and PBAT
surface energies were calculated and found to be 42.68 and 60.9 mJ/m?, respectively, by
analyzing the dispersive and polar components of the average water content angle surface using
equations (1) and (2). Tavares et al. also found similar results for the surface energy of
PBAT[177]. Lower surface tension between modified zein and PBAT blends can indicate
improved compatibility between the two polymers, leading to better mixing and reduced phase
separation (Figure 4.2). In contrast, unmodified zein and PBAT blends exhibit higher surface
tension, which suggests that they have lower compatibility and less uniform blends. This
observation is supported by supplementary information (Figure B1), which shows a clear
difference in surface tension between the modified and unmodified blends.

The surface tension reduction also suggests inadequate bonding between the
polymer surface and liquid, reducing surface energy[178]. The interfacial tension of the mZein
and PBAT blend can be determined by analyzing their dispersive and polar components from
total surface energy at room temperature. Interfacial tensions of unmodified and modified zein

and PBAT blends were calculated using the OWK’s model (Equation 4.7), and Wu’s model
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(Equation 4.8) to determine the miscibility and compatibility of the blends, and the average
values are presented in Table 4.2. Adding mZein to the PBAT blends resulted in a significant
decrease in interfacial tension, as compared to the unmodified blends. The interfacial tensions
of the modified blends were measured to be 2.015 mN/m, 1.524 mN/m, and 2.012 mN/m,
considerably lower than the interfacial tensions of the unmodified blends, which were
measured to be 9.734 mN/m, 7.244 mN/m, and 4.918 mN/m. This decrease in interfacial
tension suggests that adding mZein improved the compatibility between the two polymers,
leading to better mixing and reduced phase separation in the blend. The lower interfacial
tension also indicates that the blend's mechanical properties, such as its tensile strength and
impact resistance, may be improved, as the reduced interfacial tension allows for better stress

transfer between the polymers[179].
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Where, y;1, represents interfacial surface energy of mZein and PBAT blend, y; surface energy
of mZein, and v, is surface energy of PBAT. y{ and y! are the dispersive and the polar

components of surface energy, respectively.

Table 4.2 mZein/PBAT blend interfacial tension values.

Sample Zein mZein PBAT OWK Wu
wt.%) (wt.%) (wt.%) equation equation
(mN/m) (mN/m)

Zein/PBAT (70/30) 70 - 30 6.120 3.614
Zein/PBAT (50/50) 50 - 50 5.571 1.673
Zein/PBAT (30/70) 30 - 70 1.896 3.022
mZein/PBAT (70/30) - 70 30 0.352 1.663
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mZein/PBAT (50/50) - 50 50 1.029 0.495
mZein/PBAT (30/70) - 30 70 1.975 0.037
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Figure 4.2 . Water contact angle and surface energy for mZein/PBAT blend films.

4.5.3. Morphology analysis

The morphology of polymer blends plays a crucial role in understanding the material’s
features, such as compatibility, mechanical, thermal, and permeability properties [180].
Therefore, the morphology of neat mZein, PBAT, and mZein/PBAT blends was evaluated by
employing optical microscopy and SEM on the cross-sectional areas of the samples, as shown
in Figure 4.3. Figure 4.3(a-b) shows that the neat mZein and PBAT samples show
homogenous phases with light yellow and brown colours, respectively. The SEM image in
Figure 4.3(c) reveals a rough surface morphology of neat mZein with significant surface

defects, which was attributed to the low degree of plasticization of mZein. On the other hand,
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the PBAT displays a much smoother and uniform morphology, indicating the excellent film-

forming properties of PBAT as compared to mZein, as shown in Figure 4.3(d).

(@) S
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Figure 4.3. Optical microscope images of (a) neat mZein, (b) PBAT; scanning electron

microscopy images of cross-sectional area of (c) neat mZein and (d) PBAT

In the case of the mZein/PBAT (70/30) blend, it contained rough surface morphology, with
mZein constituting the continuous phase Figure (4.4a). As the concentration of PBAT
increases, the morphologies of the blends look more homogenous, especially at higher
mZein/PBAT blend ratios (50/50) and (30/70), as depicted in Figure 4.4(b-c¢). Similar
observations were also reported by Fourati et al., that reported a similar trend for PBAT and
starch blends [181]. Overall, the PBAT and mZein are fairly uniform and homogeneous in most
blend formulations, indicating excellent compatibility and interactions at higher PBAT

concentrations.

Additionally, the fractured blend sheets were immersed in dimethyl sulfoxide (DMSO) to etch
out for 8 h, optimized based on the solubility of mZein in DMSO, to further investigate the
phase distribution of the mZein and PBAT. DMSO was utilized for etching because can
selectively dissolve mZein, while maintaining the PBAT phase, thus making DMSO a suitable

solvent to remove mZein phase from the blend without affecting PBAT [91]. Figure 4.4 (d-f)
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presents the morphology of PBAT after etching, revealing the microstructure of the blends. It
was observed that the fraction of pores increased with the higher mZein loading in the blend
composition. This indicates that the presence of mZein affects the morphology of the PBAT
matrix. However, it is important to note that even at the highest mZein loading (mZein
(70)/PBAT(30)), the etched blend maintained its integrity. This finding suggests that mZein
was not completely etched out from the blend. The limited presence of pores in the etched
blend despite the increased mZein loading points towards the existence of strong interactions
between mZein and PBAT. One possible explanation for this observation is the formation of
hydrogen bonds between the amino acid residues of mZein and the ester backbone of PBAT.
These hydrogen bonds can contribute to the excellent compatibility between the blend
components. Additionally, hydrophobic interactions between the hydrophobic regions of
mZein and PBAT could also play a role in enhancing the blend's compatibility. The
combination of hydrogen bonding and hydrophobic interactions within the mZein/PBAT
blends contributes to the maintenance of the blend's microstructure even after etching. These
interactions act as bridging forces that stabilize the blend and prevent the complete extraction
of mZein from the PBAT matrix. Consequently, the etched blend retains its integrity and
exhibits limited pore formation, indicating a strong attraction between the blend components.
This strong interaction between mZein and PBAT polymer chains, facilitated by hydrogen
bonding and hydrophobic interactions, plays a crucial role in implying the enhanced
compatibility and integrity of the materials within the blend. These findings highlight the
potential of mZein/PBAT blends for various applications that benefit from a well-preserved

microstructure and enhanced material properties.
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Figure 4.4. SEM images of cross-sectional area of (a) mZein/PBAT (70/30 wt.%); (b)
mZein/PBAT (50/50 wt.%) and (c) mZein/PBAT (30/70 wt.%). SEM images of modified zein
and PBAT blends surface after etching with DMSO: (d) mZein/PBAT (70/30 wt.%); (e)

mZein/PBAT (50/50 wt.%) and (f) mZein/PBAT (30/70 wt.%)

4.5.4. Mechanical Properties

Figure 4.5 depicts the tensile strength, elastic modulus, and elongation at break of the mZein,
PBAT, and mZein/PBAT blend films, which were shown to vary based on the composition of
mZein and the blending conditions[182]. To provide a more comprehensive understanding of
the mechanical behaviour of mZein, PBAT, and mZein/PBAT blends under stretch, the tensile
properties of the films were investigated, and the stress-strain curves are presented in Figure
4.5a. Notably, the mZein and mZein/PBAT blend exhibits a linear elastic region followed by
a slight plastic region, which can be attributed to the grafting of decanoic acid that acts as the
internal plasticizer. Figure 4.5b presents the tensile strength of mZein, PBAT, and
mZein/PBAT blends. It was noted that when the content of mZein in the blend compositions

increased from 30 wt.% to 70wt.%, the resulting tensile strength shows a decreasing trend.
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The tensile strength for the blends exhibited 3.25 MPa, 5.39 MPa, and 10.88 MPa, for the blend
ratio of 70/30, 50/50, and 30/70, respectively. It was interesting to note that the tensile strength
of the mZein/PBAT with (70/30) and (50/50) blend ratios has reduced from the mZein (p <
0.05). This could be attributed to the interference of intra and intermolecular interaction of zein
with the PBAT chain that led to reduced entanglement and reduced tensile strength. However,
when the blend is dominated by PBAT (mZein/PBAT 30/70), high tensile strength was noted
(10.88 MPa), close to the tensile strength of PBAT. A study by Guo et al. investigated the blend
of soy protein with PBAT matrices and reported that incorporating up to 20 wt.% of soy protein
resulted in a maximum tensile strength of 9 MPa. However, incorporating more than 20% soy
protein did not improve the tensile strength. This finding is similar to the observations for the
mZein/PBAT blend [183].

The elastic modulus results (Figure 4.5¢) demonstrated that the esterified zein (mZein) has a
high modulus, and its blending with PBAT results in films with a high modulus that varies with
its loading level in the blend. The high modulus of zein accompanied by low elasticity, is an
inherent property of most proteinaceous macromolecules, attributed to strong intra — and
intermolecular interaction [134]. For applications that require high stiffness, such as injection
molded or thermoformed sheets, the mZein can bestow its stiffness to PBAT in the blends. This
is appealing considering that PBAT has an inherent shortcoming of having low tensile modulus
[184]. The elongation at break of mZein/PBAT blend films displayed a similar trend as tensile
strength, with the maximum elongation at break obtained for formulations with a higher
proportion of PBAT (561.41% for 30/70 ratio), as shown in Figure 4.5d.

Overall, the elongation at the break of the blends decreased with an increase in the modified
zein content, which was in tandem with the tensile strength and modulus trends. The blend
films containing 30% modified zein also exhibited a much better elongation at break than those

containing 50 and 70 wt.% of mZein, indicating that the optimum mZein loading in the PBAT
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should be about 30 wt.% for better mechanical properties. This result is comparable with those
reported by Wei et al., which studied the incorporation of 20 wt.% unmodified zein into PBAT
via reactive blending process with the employment of poly(ethylene glycol diglyceryl ether)
compatibilizer and crosslinker, leading to elongation at break of 860%][14]. Despite the
improved tensile strength and elongation at break of the mZein/PBAT blends compared to
mZein, it is important to acknowledge these mechanical property of the blends are still lower
than neat PBAT. While these limitations in high-tensile-strength applications of mZein/PBAT
might limit the usage of the materials as highly functional packaging bags and agricultural
mulching films, they may find usages in other suitable application scopes in areas where
moderate tensile strength is sufficient, such as disposable packaging, non-load-bearing films,
and non-structural components.

In addition, this tensile analysis took into account of the tensile strength, elastic modulus, and
elongation at break of both unmodified zein and mZein/PBAT blend films, as depicted in Table
B2. The results revealed a significant difference compared to the modified zein/PBAT blend
(p < 0.05), which exhibited substantially enhanced mechanical properties. It is important to
note that this work did not involve a compatibilizer to improve the blend compatibility but
utilized modification of zein protein with fatty acid chlorides that can act as compatibilizer
itself, which resulted in a net positive improvement on the mechanical properties, as long as

the mZein ratio is maintained at a limited level in the blends.
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Figure 4.5. Mechanical properties neat modified zein, PBAT and mZein/PBAT blend films:

(a) stress-strain curve, (b) tensile strength, (c) elastic modulus, and (d) elongation at break.

4.5.5. Rheological Properties

The rheology properties, such as complex viscosity, storage modulus, and loss modulus, can
provide information about the molecular interactions, structures, and phase transition under the
shear of the blend samples. Complex viscosity, which is a measure of the resistance of a

polymer sample to flow under deformation, was analyzed for mZein, PBAT, and the
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corresponding mZein/PBAT blend films as a function of frequencies using a parallel plate
rheometer at 180°C and 220°C and results are shown in Figure 4.6(a & b). As anticipated,
the neat mZein exhibited the highest complex viscosity from the studied samples due to the
high intra- and intermolecular chain interactions attributed to the amino acid residual functional
groups on the zein structure. On the other hand, PBAT possesses lower complex viscosity, and
the shear thinning slope was much steeper than mZein viscosity profile, showing that the
viscosity of PBAT decreases drastically under high shear. This high shear-thinning behaviour
of PBAT is more desirable for polymer processing as smooth melt flow of blended polymers
would be preferable in the melt extrusion process at higher shear, as well as to improve the
end-use performance of the sample.

The mZein/PBAT at (30/70) wt.% blend showed promising melt viscosity than mZein/PBAT
at (50/50) and (70/30) wt.%, as the slope of (30/70) wt.% is similar to that of neat PBAT. The
lower amount of mZein in the blends led to a decreased complex viscosity. The observed
decrease in viscosity from a higher to lower modulus in the mZein/PBAT blends may primarily
be due to changes in molecular dynamics, such as enhanced chain mobility and reduced
entanglement. The plasticizing effect of blending PBAT with mZein likely reduces chain
entanglement, thus promoting molecular mobility and decreasing viscosity. Additionally, the
compatibility between mZein and PBAT can influence the viscosity profile, as improved phase
interactions facilitate flow without significant polymer degradation [185]. Additionally, a
gradual shift from Newtonian behavior at low frequency and deviations from shear thinning
behavior at higher frequency was noted as the temperature increased from 180°C to 220°C.
Carreau model was applied to predict the flow curve of the neat mZein, PBAT,
mZein/PBAT samples using Equation 4.9, and the model was compared to the experimental

data from the rheological study at 180 °C and 220 °C.

n-1

n(w) = o * [1+ (@)?] () (4.9)
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Where 1 is the shear viscosity ; 7, (Pa s) is the zero-shear viscosity ; A (s) is the characteristic
or relaxation time; n is a dimensionless parameter which determines the slope of shear viscosity
versus shear rate in the shear-thinning (power law) and (®) angular frequency (rad/sec). Higher
value of power index (n) and relaxation time (A) indicates a stronger shear thinning and slower
recovery time behavior of the polymer blends, respectively [186,187]. The average values of
zero-shear viscosity, power index, and relaxation time for the blends of mZein/PBAT obtained
from the Carreau model curve are summarized in Table 4.3. Figure 4.6(a-b) shows the
experimental findings and the Carreau model fit, presented with solid lines and markers,
respectively. Despite some deviations at higher frequencies, the model fits the experimental
data well for the samples, especially at 220°C.

Table 4.3. Fitting parameter, Carreau model, for all samples

Blends . . . c

(mZein/PBAT) Zero Shear viscosity (n) Power index (n)  Relaxation time (1)
180 °C 200 °C 180°C 200 °C 180 °C 200 °C

mZein (100/0) 6009 1578 0.624 0.764 0.897 0.784
mZein/PBAT (70/30) 2122 1198 0.423 0.483 2.940 0.404
mZein/PBAT (50/50) 1415 945 0.454 0.592 1.12 0.197
mZein/PBAT (30/70) 778 684 0.321 0.568 0.895 0.127
PBAT (0/100) 598 498 0.147 0.470 0.458 0.0424
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Figure 4.6. Complex viscosity vs generalized models of neat mZein, PBAT and mZein/PBAT
as function of angular frequency at: a)180°C and b) 220°C; (¢) Storage modulus (G') and (d)
loss modulus (G") of the neat and blended polymers at 180 °C.

Figure 6(c-d) presents the storage (G’) and loss modulus (G"”) of mZein, PBAT and
mZein/PBAT blend samples as a function of angular frequency at 180 °C. The storage and loss
modulus refers to the material's ability to store and dissipate energy during deformation, also
used to characterize the viscoelastic properties of the samples. Blending mZein into PBAT
substantially changed the storage (G') and loss modulus (G"). It was demonstrated that the
mZein and PBAT exhibited the highest (G' and G") and lowest moduli (G' and G"), respectively
similar to the complex viscosity trend. Furthermore, incorporating mZein in PBAT increased

the moduli with a magnitude proportional to the mZein loading levels. This result agrees with
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the reduction in the ductility of the blends with the incorporation of mZein observed in the

tensile property study (Figure 4.5d).

4.5.6. Dynamic mechanical analysis (DMA)

The effects of blending modified zein (mZein) with (PBAT) on the thermomechanical
properties were further investigated with a dynamic mechanical analysis (DMA). Both the
storage modulus and tan J results as a function of temperature (Figure 4.7(a &b)) showed that
the thermomechanical properties of mZein/PBAT blend films were significantly affected by
the blend ratio. As illustrated in Figure 4.7a, the mZein has a tan  peak at -55 °C attributed to
the glass transition temperature. The observed low glass transition temperature of mZein is
attributed to the effective plasticization via the grafted fatty acids. On the other hand, the PBAT
displayed a tan o peak at ~ -18 °C. Blending mZein with PBAT resulted in glass transition
temperatures that are very close to that of the PBAT. It was also noted that no separate tan &
peaks were noted for mZein in any of the blends, including the 70/30 wt.% blend ratio. These
observations indicate the high compatibility of PBAT with mZein, resulting in near
homogeneous material with uniform distribution of mZein in the PBAT and vice vera.
Moreover, the tan 6 peak intensity gradually reduced with increasing mZein loading
compositions of (70/30) wt.%, (50/50) wt.%, and (30/70) wt.%. This reduction in the tan d may
be attributed to the blend's restricted molecular motion due to the blending with the stiffer

mZein [188,189].

Figure 4.7b displays the storage modulus (G') of mZein, PBAT, and mZein/PBAT blends as
a function of temperature. Generally, all curves, except for mZein, exhibit two typical plateaus
in the temperature ranges of —90 to —20 °C and 15 to 20 °C, which are attributed to the glassy
and rubbery states of PBAT chains, respectively[190]. The storage modulus (G’) of the mZein

and mZein/PBAT blend samples in the rubbery plateau region is higher than that of neat PBAT
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due to the inherent stiffness of mZein (Figure 4.5¢) incorporated in the blend formulations. On
the other hand, the storage modulus curve of mZein shows the gradual transition of the material
from a glassy state to rubber-elastic plateau to viscous flow region, indicating that the material
is slowly approaching its melting point. Due to the internal plasticization of mZein, the material
exhibited lower Tg and Tm, which was reflected on both the tan & and storage modulus curves.
However, it should be noted that the overall storage modulus of mZein is higher than PBAT
and the mZein/PBAT blends, which agrees with the elastic modulus results obtained from
tensile testing (Figure 4.5¢). The analysis of Cole-Cole plots for modified zein and PBAT is
another solid confirmation to indicate that the decanoic surface modification of zein leads to
better intermolecular interaction between mZein and PBAT, as illustrated in (Figure 4.7¢). The
plot reveals the shapes of semi-circle getting bigger as concentration of PBAT increase, which
indicate the increase in uniformity and reduction in phase segregation between two polymeric

between mZein and PBAT systems, an observation that aligns with the results obtained from

SEM analysis.
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Figure 4.7. DMA analysis of neat mZein, neat PBAT and mZein/PBA; a) tan 6 , b) Storage
modulus and c) Cole-Cole plot of blend films

4.5.7. Water absorption and Optical clarity

The results of water absorption for neat mZein, PBAT, and mZein/PBAT blend samples were
shown through immersion of films in distilled water for 168 hours, are shown in Figure 4.8a.

Neat mZein absorbs about 25% water, while neat PBAT absorbs only about 7.85%, which is
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in agreement with other studies[161]. This might be due to the porous structure of modified
zein, as shown in the SEM results in conjuncture with the presence of residual polar functional
groups in zein (e.g., amide, carboxyl, hydroxyl, secondary amine, etc.), which allows the
binding of water molecules on the structure and subsequent diffusion through the film despite
the hydrophobic modification of mZein. The water absorption rate of the mZein/PBAT blend
formulations at (30/70), (50/50), and 70/30 wt.% were 19.32, 15, and 11.89%, respectively,
indicating that the water absorption correlates with the mZein concentration in the blend. This
is again attributed to the higher magnitude molecular interactions of water with mZein and the

inhomogeneity of the blend morphology in the blends [191].
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Figure 4.8. a) Water absorption b) Optical clarity of neat mZein, neat PBAT and mZein/PBA
blend films.

Optical transparency/opacity is important in practical applications of films and sheets, such as
food packaging and containment applications. The changes in the optical transparency of the
neat mZein, PBAT and mZein/PBAT blend films were measured in the ultraviolet and visible
regions (280-800 nm). As presented in Figure 4.8b, the neat mZein film showed lower
transparency than the neat PBAT. This is due to the presence of pigments in zein that is

responsible for reducing the film’s transparency[192,193]. The blend of mZein/PBAT provided
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transparency values that were in between the neat mZein and PBAT from the blending and

colour dilution effect.

4.5.8. Water vapor and oxygen permeability

The water vapour permeability is another critical parameter in characterizing the barrier
properties of films, which could also determine the film’s moisture absorption and dehydration
uptake based on diffusivity and solubility [194]. The mZein films have high water vapor
permeability, which means water vapor passes through the films easily. This is due to a
combination of the residual hydrophilic groups on the zein polymer’s chain, such as secondary
amine and carboxyl groups, as well as the porous structure as observed in the morphology
evaluations. Zein’s hydrophilic side chains can be blocked by esterification and grafting fatty
acids, as demonstrated in the previous investigation[91] though the reactions may not be
effective against all the diverse hydrophilic functional groups of zein protein, which makes
mZein still slightly hydrophilic. On the other hand, PBAT was shown to generate uniform films
with smooth morphology, as noted from SEM, which leaves fewer pathways for moisture
molecules to diffuse through the film[7,163]. Thus, incorporating mZein into PBAT matrix at
70/30, 50/50, and 30/70 wt.% blend ratios increased the WVP by 68%, 59.8%, and 39.07%,
respectively, compared to neat PBAT films, as shown in Figure 4.9a.

As shown in Figure 4.9b, mZein exhibited excellent oxygen barrier properties, having the
lowest oxygen permeability (OP), which is attributed to the molecular structure of zein, which
still contains many polar groups such as secondary amine and carboxyl groups that restrict the
diffusion of oxygen molecules through the samples despite the grafting of fatty acids. PBAT,
on the other hand, typically has high oxygen permeability due to the lack of polar groups on its
butanediol and terephthalic co-polyester chains. This allows the non-polar oxygen molecules

to pass through by enhanced absorption and diffusion[195]. The results in Figure 4.9b also
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WVP x10-3 (kg.m/s.m?2.Pa)

revealed that the blending of 30wt.%, 50 wt.% and 70 wt.% mZein with PBAT provides oxygen

permeability improvement of 22%, 51%, and 59%, respectively.
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Figure 4.9. (a) Water vapor and (b) Oxygen permeability of neat mZein, neat PBAT and
mZein/PBA blend films.

4.5.9. Disintegration test

The disintegration of neat mZein, PBAT, and mZein/PBAT blends in compost soil is presented
in Figure 4.10. As shown in Figure 4.10a, the control and blend films displayed substantial
disintegration and weight loss over 45 days study period employed in this investigation.
Specifically, the mZein completely disintegrated and assimilated with the compost in only 30
days. In contrast, the neat PBAT film showed limited change, displaying minor surface cracks
after 30 days of evaluation, indicating that PBAT does not disintegrate rapidly in compost soil.
The weight loss data for neat PBAT film (Figure 4.10b) indicated that after 45 days of
evaluation, it had lost approximately 36% of its weight, which suggests that it degrades at a
significantly slower rate compared to neat mZein that assimilated in the compost soil within
30 days. The slightly longer time it takes for PBAT to become compostable compared to mZein

could be attributed to the chemical composition of PBAT in addition to its compact
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morphology. PBAT is composed of three monomers, namely, 1,4-butanediol, adipic acid, and
terephthalic acid. These monomers are known to be more resistant to microbial degradation
compared to the amino acid-based structure of mZein[196]. Incorporating mZein into the
PBAT matrix have thus resulted in the enhancement of disintegration noted from the increased
weight loss of the resulting mZein/PBAT blends. After 45 days of composting, the
mZein/PBAT blends with the 70/30 blend has wholly assimilated with the compost and the
50/50 blend displayed 81% weight loss. The 30/70 blend also exhibited a 75% weight loss after
45 days, as depicted in Figure 4.10b. These observations suggest that incorporating mZein into
the PBAT matrix can significantly enhance the biodegradability of the resulting blend films in
composting environments. While the preliminary compost disintegration study showed
promising results for the biodegradability of the mZein/PBAT blends, it is essential to conduct
more comprehensive studies to obtain more conclusive results. Monitoring carbon dioxide
generation and other relevant parameters can provide a more comprehensive picture of the

biodegradability of these materials and help assess their environmental impact.
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Figure 4.10. a) Images of samples taken after biodegradation in soil, and b) the remaining
weight percentage of samples.

4.6. Concluding Remarks

This study investigated the blending of polybutylene adipate-co-terephthalate (PBAT) with

modified zein proteins (mZein) to understand the surface energy mediated compatibility, phase

morphology development, and physicomechanical properties. Considering that corn zein is an

inexpensive and renewable macromolecule with appealing oxygen barrier and film-forming
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properties, its employability as a complementary additive in PBAT could have practical
significance for applications that benefit from cost efficiency, biodegradability, and oxygen
barrier properties, such as food packaging films. It has been shown that the esterification
modification of zein with decanoic acid led to enhanced compatibility with PBAT.
Furthermore, the fatty acid chains acted as an internal plasticizer to improve the film-forming
properties of the mZein. Incorporating mZein into PBAT has enhanced the oxygen barrier
properties and disintegration with magnitudes dependent on the concentration of the blending
partners. Adding 30 wt.% of mZein into PBAT provided appealing tensile properties, including
sufficiently high tensile strength while also displaying high elongation at break and improved
modulus. Moreover, this formulation (mZein/PBAT 30/70) provided balanced oxygen and
moisture barrier properties between the mZein and PBAT and substantially improved
disintegration attributes compared to PBAT. These findings suggest that appropriate
compositions of mZein/PBAT blends have the potential to be used in practical applications,
such as food packaging films, due to their enhanced thermomechanical and barrier properties.
Further studies are needed to fully evaluate the performance and suitability of these blends for

real-life applications.
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Chapter 5. Co-encapsulation of Quercetin and a-Tocopherol bioactives in
Zein Nanoparticles: Synergistic interactions, stability, and controlled

release

5.1. Introduction

Chronic diseases, such as cancer, diabetes, and cardiovascular and respiratory conditions,
currently account for approximately 71% of global death rates [197]. The increasing prevalence
of chronic diseases has generated heightened interest in nutraceuticals and functional food
ingredients, which are believed to offer health benefits beyond basic nutrition and may aid in
the prevention and management of various health conditions [198,199]. Nutraceuticals and
functional food ingredients are becoming increasingly popular because of their potential to
support overall well-being and address specific health concerns [198]. The nutraceutical market
is expected to experience significant growth, reaching an estimated value of USD 228.0 billion
by 2025, with a projected compound annual growth rate (CAGR) of 7% from 2019 to 2025
[198,199]. This growth reflects an increasing consumer interest in natural health-promoting
ingredients as part of a holistic approach to health and wellness. Quercetin and a-tocopherol
are two bioactive nutraceuticals that have garnered attention owing to their potential health
benefits. Quercetin, a flavonoid with antioxidant, antimicrobial, and anti-inflammatory
properties, is known for its ability to prevent chronic diseases such as cardiovascular issues and
tumors [41,200].

A-Tocopherol, also known as vitamin E, is a fat-soluble vitamin with antioxidant properties
that protect cells from damage caused by free radicals [201-203]. The synergy between

quercetin and a-tocopherol has promising implications in future multifunctional medicines. *

“D.T. Tadele, T.H. Mekonnen. Co-encapsulation of quercetin and a-tocopherol bioactives in zein
nanoparticles: synergistic interactions, stability, and controlled release ,ACS Applied. Polymer.
Material., (2024),6,7, 3767-3777 10.1021/acsapm.3c03000
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However, their poor aqueous solubility, sensitivity to light and heat, and low bioavailability
present challenges for their utilization in functional foods [204,205]. Addressing these
obstacles is essential for realizing the full potential of nutraceuticals and for maximizing their
health benefits. Research has shown interest in the combined encapsulation approach that
overcomes these challenges and enhances the synergistic effects of these nutraceuticals,
resulting in benefits greater than their individual effects against chronic diseases [55,62,205].
One effective method for achieving this is through the use of nanoparticles, which offer optimal
particle size, high encapsulation efficiency, slow degradation rate, remarkable targetability, and
penetration capabilities [55,62,206]. A recent evaluation of various colloidal delivery systems
demonstrated the remarkable efficacy of zein-based nanoparticles, which can be attributed to
the non-polarity of zein, simple fabrication process, exceptional loading capacity, and
impressive physical and chemical stability [207]. In this study, we explored the possibility of
improving the functional properties of zein-based nanoparticles by co-encapsulating them with
quercetin and a-tocopherol. Zein, a protein derived from corn, is Generally Recognized as Safe
(GRAS) for use in the food industry, making it a suitable candidate for such applications
[92,93,208]. Zein is predominantly hydrophobic and insoluble in water but can be soluble in
concentrated aqueous ethanol solutions (60-90%) or alkaline solutions (pH > 11) owing to its
high proportion of non-polar amino acids. [24,91,92]. Zein proteins possess inherent qualities,
including non-toxicity, biodegradability, and biocompatibility, which make them desirable
materials for various applications [169,209]. The non-polar nature of zein and its unique
solubility properties allow for effective nanoparticle formation through antisolvent
precipitation methods [210,211]. The antisolvent precipitation method uses a solution of zein
and a solvent that is subsequently introduced into an antisolvent, resulting in spontaneous self-

assembly of zein molecules into nanoparticles or microparticles [211]. This method has been
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employed to generate zein nanoparticles encapsulating diverse bioactive compounds such as
B-carotene [73], curcumin [55], quercetin [62], and a-Tocopherol [205]. The incorporation of
bioactive compounds into zein nanoparticles has been demonstrated to increase their stability
with respect to light, pH fluctuations, and heating, as well as to enhance their oral
bioavailability [18,59,212].

The utilization of zein nanoparticles in functional foods is frequently constrained because of
their tendency to aggregate near their isoelectric point (6.2) under high ionic strengths, elevated
temperatures, and in specific regions of the gastrointestinal tract [213,214]. Several strategies
have been proposed to increase the chemical stability of zein nanoparticles and broaden the
scope of bioactive compounds, such as surface modification [215], coating with
polysaccharides [213,216], incorporation of emulsifiers[217], and utilization of surfactants. In
this study, Tween 80 was employed to enhance the physicochemical properties of zein
nanoparticles. Tween 80 was selected for its improved photostability, enhanced
bioaccessibility, safety, and prolonged storage capacity, which provides a steric barrier that
ensures optimal dispersion and stability of the encapsulated bioactive compounds
[38,116,210].

The primary aim of this study was to develop a co-delivery system for unstable delivery of
bioactive substances with high encapsulation efficiency and controlled release. In this regard,
we synthesized zein nanoparticles as carriers for co-encapsulating quercetin and a-tocopherol,
leveraging the unique properties of zein to create an innovative co-delivery system that
enhances the synergistic health benefits of these compounds. The nanoparticles were
thoroughly evaluated for their morphological structure, physicochemical and intermolecular
interactions, stability, and controlled-release properties schematic 5.1. Our findings highlight
the potential of this nano-delivery system for co-encapsulation and effective transport of

unstable bioactive compounds.
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Schematic 5.1. Overview of Co-Encapsulation Process of Quercetin and a-Tocopherol in
Zein Nanoparticles, Including Fabrication Steps, Characterization, Stability, and Controlled

Release Profiles.

5.2. Materials and methods

5.2.1. Materials

Zein powder ( 95 wt. %), quercetin (95 wt.%), and a-tocopherol (97 wt. %) were obtained
from Sigma-Aldrich. Tween 80, hydrochloric acid (HCI) of ACS reagent grade (37%), sodium
hydroxide (NaOH), and ethanol (EtOH) of 99.99% purity were purchased from Sigma-Aldrich
(Oakville, ON, Canada). Pepsin from porcine gastric mucosa (600 U/mg , Sigma 77160) and
pancreatic with 8 x UPS (Sigma P7545) and bile salts (Sigma B8756) were purchased from

Sigma-Aldrich (Oakville, ON, Canada).
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5.2.2. Fabrication of quercetin and a-Tocopherol loaded zein nanoparticle

In this study, we utilized the antisolvent co-precipitation (ASCP) method to fabricate zein
nanoparticles loaded with quercetin and a-tocopherol. Deionized water was used, as previously
described by Ma et al. [62]. The purpose of this approach was to create a stable nanoparticle
formulation for co-drug delivery applications. For each formulation, 0.4g of zein was dissolved
in 40 mL of 80:20 ethanol aqueous solution to achieve a concentration of 1% (w/v). A consistent
0.02 g of quercetin was added to all formulations based on the zein-to-quercetin ratio
established from the preliminary experimental design. Varying amounts of a-tocopherol were
then added, specifically 0.02 g, 0.1 g, 0.3 g, and 0.5 g. After complete dissolution, the resulting
40 mL solution was added dropwise to 100 mL of the antisolvent and stirred continuously (600
rpm) for 2h. To obtain zein/Que/Toc aqueous dispersions, ethanol was removed by rotary
evaporation (45 °C for 20 min). After ethanol was removed via rotary evaporation, the volume
of the concentrated zein/Que/Toc solution was reduced to approximately 80 mL. To
compensate for the volume lost during evaporation and reach the intended concentration for
effective nanoparticle formation, the volume was adjusted to 100 mL with deionized water. The
solution was subsequently diluted to 200 mL to attain the optimal concentration range of the
nanoparticles. The pH of the diluted dispersions was adjusted to a range of 3-9 using 1M HCl
or IM NaOH. The resulting samples were designated as zein/Que, zein/Toc, and zein/Que/Toc,
respectively, based on  predetermined  weight ratios:  zein/Que/Toc(20:1:1),
zein/Que/Toc(20:1:5), zein/Que/Toc(20:1:15), and zein/Que/Toc(20:1:25). The samples were

stored at 4 °C for further analysis.

5.2.3. Optimization of nanoparticles

To optimize the formulation of zein/Que/Toc nanoparticles, we employed a Box-Behnken
design (BBD) to assess the influence of zein/Que/Toc concentration, pH, and Tween 80 on the
nanoparticle formulation. This design was chosen for its superior predictability, particularly at
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factor extremes, and ability to reduce the necessary number of experimental runs while
ensuring robust data acquisition, as described by Sanchez-Lopez et al.[218]. The interactions
between the independent variables (pH, concentrations of zein/Que/Toc, and Tween 80) and
dependent variables (mean size, polydispersity index, zeta potential, and encapsulation
efficiency) were investigated using a central composite factorial design using
Minitab®14.12.0. The resulting data were subjected to rigorous statistical analysis of variance
(ANOVA), and the influence of the independent variables on the dependent variables was
described using the polynomial quadratic equation (1).
Y, = Bo + BiX1 + B2Xp + BsXs + B XT + P22 X7 + B3z XF + PraX1Xo + B13X1 X5

+ f23X2X3 + & (5.1)
where Y, is the observed response variable, o to 2,3 are the regression coefficients, € the error,
and X1, X2, and X3 are the independent variables.
Details of the factors and their response parameters are provided in the Supporting Information

(Table C1 and C2), with the design replicated twice and with three center-point repetitions.
5.3. Characterization of zein-Que-Toc nanoparticles

5.3.1. Particle size, polydispersity index (PDI), and (-potential (mV)

The particle size, polydispersity index (PDI), and zeta potential ({-potential) of the formulated
zein/Que/Toc nanoparticles were examined using a Malvern Zetasizer Nano series instrument
(Westborough, MA, United States), which employs dynamic light scattering (DLS) and
electrophoretic light scattering (Zetasizer Nano Series, DTS 1061) to measure these properties.
To minimize the impact of multiple scattering effects, the nanoparticles were first diluted with
deionized (DI) water and sonicated for 10 min to achieve a concentration of 1 mg/mL. All
measurements were consistently conducted at 25 °C, and each sample was analyzed in

triplicate, with the averages reported as standard deviations.
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5.3.2. Encapsulation efficiency (EE) and Loading capacity (LC)

To measure the encapsulation efficiency (EE%) and loading capacity (LC%) of quercetin and
a-tocopherol, we followed procedures from previous studies [62,206]. The nanoparticles were
first diluted with deionized water and then sonicated for 10 min to achieve a range of
concentrations. Ethyl acetate was used to remove unencapsulated quercetin and a-tocopherol,
followed by centrifugation at 5000 rpm for 5 min. The supernatant collected after
centrifugation was subjected to UV-visible spectroscopic analysis using a Cary 300 Bio UV-
visible spectrophotometer.

A critical aspect of our analysis was the selection of distinct measurement wavelengths for
quercetin and o-tocopherol to minimize potential spectral interference. Quercetin's
concentration was determined at 369 nm, while a-tocopherol was measured at 295 nm. To
ensure the accuracy of our measurements, particularly considering the close absorption maxima
of these compounds, we established standard curves for both quercetin (R? = 0.9992) and o-
tocopherol (R? = 0.9995) at their respective wavelengths. In addition, acknowledging the
potential effect of quercetin on the absorbance of a-tocopherol, we generated an auxiliary
standard curve for a-tocopherol at a wavelength of 369 nm (R? = 0.9993). This step was crucial
for accurately discerning the contribution of each compound in the co-embedded system,
ensuring reliable and interference-free measurements. The calibration curves are presented in
the Supporting Information (Figures C1). Finally, the EE% values for quercetin and a-
tocopherol were derived using equations (5.2) and (5.4), respectively, whereas their respective

LC% values were obtained from equations (5.3) and (5. 5).

free quercetin
EE (%) = 1 - ( : ) x 100 (5.2)
total quercetin

free quercetin
LC (%) = [ 1— ( _ ) x 100 (5.3)
total mass of nanoparticles
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EE (%) = [ 1 ( free tocopherol ) « 100 -
v total tocopherol (54)

free tocopherl
LC (%) = | 1— ( , ) % 100 (5.5)
total mass of nanoparticles

5.3.3. Rheology

The rheological properties of the freshly prepared zein/Que, zein/Toc, and Zein/Que/Toc
nanoparticles were evaluated using a rheometer (HAAKE Mars I1I, Thermo Scientific, United
States). A parallel plate geometry with P20CSL plates and 0.46 mm spacing was employed for
the analysis. Amplitude sweep analysis was conducted on the samples, which were tested over

a shear rate range of 0.01 to 100 s™! at 25 °C (in the linear viscoelastic region).

5.3.4. Morphology

The microstructure of freeze-dried zein, zein/Que, zein/Toc, and zein/Que/Toc nanoparticles
was examined by field-emission scanning electron microscopy (SEM) using a Zeiss Ultra Plus
microscope. The gold layer was applied to the samples using sputtering with an accelerating
voltage of 5.0 kV. Transmission electron microscopy (TEM) was used to analyze a solution
containing 5 mL of nanoparticles. The solution was placed on a 200-mesh grid and air-dried at
room temperature before being loaded into a microscope. Images of the nanoparticles were

captured using a Tecnai F20 G2 instrument operated at a voltage of 200 kV.
5.3.5. Attenuated Total Reflection Fourier transform infrared spectroscopy (ATR-
FTIR) and Fluorescence Spectroscopy

ATR-FTIR spectroscopy was used to characterize the nanoparticles in various formulations,
including zein, Que, Toc, zein/Que, zein/Toc, and zein/Que/Toc. The analysis was conducted

over the wavenumber range of 500-4000 cm!, using a Thermo Nicolet 6700 ATR-FTIR
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spectrometer (Thermo Scientific, United States). Each sample underwent 64 scans at a
resolution of 4 cm’!.

To analyze zein/Que/Toc nanoparticles, fluorescence spectroscopy was performed according
to the method described by Ye et al. [203]. The nanoparticles were first diluted to a
concentration of 0.2 mg/mL using DI water with a pH adjusted to 4.0. A BioTek fluorimeter
was used to record the emission spectra of the samples, ranging from 280 nm to 450 nm, upon
exposure to a light beam at an excitation wavelength of 280 nm. Synchronous fluorescence

spectra were captured at wavelength shifts (AL) of 15 and 100 nm.
5.4. Physicochemical stability nanoparticles

5.4.1. Storage stability

Colloidal dispersions of zein/Que/Toc nanoparticles were stored under refrigerated conditions
at 4 °C and monitored over a period of two months. The size of the nanoparticles was
determined using DLS as outlined in section 3.5.1. The retention rates of a-tocopherol and
quercetin were calculated using equation 6.

Retention rate (%)

Amount of a — Tocopherol and quercetin in the nanoparicles

Initila amount of a« — Tocopherol and quercetin

x 100 (5.6)

5.4.2. Light stability

The light stability of colloidal dispersions consisting of free quercetin, free a-tocopherol,
zein/Que, zein/Toc, and zein/Que/Toc nanoparticle formulations was evaluated utilizing the
method outlined by Chen et al. [41]. The samples were extracted at intervals of 0, 30, 60, 90,
120, and 150 min. Flavonoid degradation typically follows first-order kinetics, and accordingly,
the half-life (ti2) and degradation rate constant (k) were determined using the following

equations:
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o

In2

tip === (5.8)
where, (t) is the time (min), Co is the initial concentration, and C is the concentration at time

(®.
5.4.3. pH stability

The pH of the freshly prepared nanoparticle solutions was adjusted using 1 M NaOH or HCI,
thereby encompassing a range of 3—-9, and the particle size (d nm), polydispersity index (PDI),
zeta potential (mV), encapsulation efficiency (EE%), and loading capacity (LC%) were
evaluated. Particle size, PDI, and zeta potential were determined using DLS ( Section 5.3.1),
whereas encapsulation efficiency and loading capacity were calculated according to the

procedures outlined in Section 5.3.2.

5.5. In Vitro gastrointestinal digestion

In vitro gastrointestinal digestion of the nanoparticle samples was conducted according to the
method described by Chen et al. [206]. In the gastric phase, 30 mL of particle dispersion was
mixed with 60 mL of simulated gastric fluid (SGF) containing 3.2 g/mL pepsin. The pH was
adjusted to 2.0, and the mixture was incubated at 37 °C on a shaker MaxQ 4450 (150 rpm for
1 h). For the intestinal phase, 40 mL of the gastric digesta was transferred to a 100 mL beaker,
and the pH was adjusted to 7.0. Then, 40 mL of simulated intestinal fluid (SIF) enriched with
5 mg/mL bile salt and 0.4 mg/mL pancreatin was added. The pH was adjusted to 7.0, and the
mixture was incubated at 37 °C under shaking (150 rpm) for an additional 1 h. Following
digestion, samples were taken every 30 min to assess the zein/Que/Toc nanoparticle release
profile, which was measured using the method described in section 5.3.2 and the following

equation:
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rol %) = Amount of Zein/Que/Toc released % 100 59
ereaseid) = rotal amout of encapsualted in the sample 62

5.6. Statistical analysis

All measurements were conducted in triplicate, and the data are presented as mean + standard
deviation. To determine the significance of the results, one-way analysis of variance (ANOVA)
with Tukey’s test was performed. Statistical significance was considered at a p-value less than

0.05, indicating a significant difference between the mean values.

5.7. Results and discussion

5.7.1. Effect of co-encapsulation of quercetin and a-Tocopherol Physicochemical
properties of zein/Que/Toc co-encapsulated particles

The physicochemical properties of the Zein/Que/Toc nanoparticles were investigated, and the
average particle size distribution, polydispersity index (PDI), zeta potential, encapsulation
efficiency (EE), and loading capacity (LC) of different compositions were evaluated (Figure
5.1). Uniformity of the nanoparticle size was indicated by the consistency of the PDI values,
which were all less than 0.21 across all samples, as shown in Figure 5.1a. The average particle
size of pure zein nanoparticles (ZPs) was 125.7 nm. Upon incorporation of quercetin and o-
tocopherol, there was a notable increase in particle size, with the Zein/Que/Toc (20:1:25)
formulation reaching a maximum of 320.83 nm. However, in the formulation of Zein/Que/Toc
(20:1:5), a minimum particle size of 223.7 nm was observed, which was significantly smaller
than that of the zein/que encapsulation alone (270 nm). Notably, Zein/Que/Toc nanoparticles
(Figure 5.1b) exhibited a bimodal distribution across all formulations, with the majority of
particles clustered around the average particle size and a small fraction of particles appearing
at larger sizes, possibly resulting from particle aggregation [214]. This increase in size can be
attributed to the variation in the precipitation efficiency of the combined bioactive compounds
during the fabrication process, resulting from differences in polarity [201,204]. The zeta

potential values, which are crucial for determining the surface charge of the nanoparticles, were
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also investigated, and are shown in Figure S.1c. The surface charge of the pure zein
nanoparticles was found to be positive, as evidenced by the measured zeta potential of 18.5
mV. In contrast, quercetin and tocopherol exhibited negative surface charges, with measured
zeta potentials of -9.7 mV and -0.5 mV, respectively. However, the Zein/Que, Zein/Toc, and
Zein/Que/Toc complexes exhibited a significant reduction in zeta potential, to -27.81 mV, -
23.5 mV, and -33.12 mV, respectively. This reduction is likely attributed to electrostatic
adsorption occurring between the negatively charged quercetin and zein particles, with o-
tocopherol being incorporated into the complex. Previous studies have indicated that
electrostatic interactions between zein nanoparticles and other bioactive compounds, such as
quercetin and curcumin, can alter zeta potential [204,219]. The observed zeta potential for the
Zein/Que/Toc nanoparticles not only aligns with the widely accepted notion of adequate
electrostatic stabilization (zeta-potential absolute value exceeding 30 mV), but also
underscores the effectiveness of incorporating a-tocopherol and quercetin into zein
nanoparticles in maintaining nanoparticle stability. Additionally, the observed zeta potential of
the Zein/Que/Toc nanoparticles aligns with the effectiveness of co-encapsulation in biological
environments, validating the maintenance of colloidal stability [220].

Figure 5.1d illustrates that Zein/Que/Toc nanoparticles exhibited the highest encapsulation
efficiency (EE%) of 96% and loading capacity (LC%) of 13% among all formulations,
highlighting the outstanding encapsulation and bioactive co-delivery potential of zein. The
high EE% and LC% can also be attributed to the synergistic interaction of zein with quercetin
and a-tocopherol, which facilitated efficient entrapment of the bioactive compounds within the
zein nanoparticles. The significant encapsulation and loading capacities of Zein/Que/Toc
nanoparticles make them promising candidates for the controlled release, therapeutic efficacy,
and protection of encapsulated agents against biological and environmental stressors. These

findings are supported by previous research on zein-based nanoparticles by Chen et al. [206],
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demonstrated that zein nanoparticles loaded with curcumin exhibit high encapsulation
efficiency and loading capacity, leading to enhanced stability and sustained release of the
encapsulated compound. Similarly, Zhang et al. [205] showed that zein nanoparticles loaded
with resveratrol had high encapsulation efficiency and loading capacity, resulting in improved
stability and controlled release of bioactive compounds. Therefore, the combination of these
two bioactive compounds with zein in Zein/Que/Toc nanoparticles may result in a synergistic

effect, leading to enhanced controlled release and therapeutic efficacy.
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Figure 5.1. Shows a) PDI, b) particle size distribution, ¢) zeta potential, and d) encapsulation
efficiency and loading capacity of zein nanoparticles for various formulations

5.7.2. Effect of pH on zein-nanoparticles

In the investigation of the properties of the nanoparticles at various pH levels, several intriguing
findings were observed, as illustrated in Figure 5.2. The correlation between PDI and particle
size is depicted in Figure 5.2 (a-b), exhibiting a notable variation in the distribution throughout

the pH spectrum in terms of size. This pH-mediated modulation of particle size underscores
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the pivotal role of pH in influencing the colloidal stability [41]. This illustrates noticeable
variations in particle uniformity and the possibility of aggregation in response to pH
fluctuations, indicating the pivotal role of pH in governing the behavior and stability of
nanoparticles [221]. Moreover, the electrostatic stability presented in Figure 5.2¢ elucidates
the zeta potential across the spectrum of pH values. The Zein/Que/Toc formulations exhibited
a notable zeta potential of -33 mV at pH 4, indicating a stable formulation due to electrostatic
repulsion, minimizing aggregation. However, the zeta potentials at other pH values were
relatively similar, regardless of the changes in the proportions of quercetin and a-tocopherol
across each sample formulation. The variation in the encapsulation efficiency (EE%) and
loading capacity (LC%) of zein nanoparticles across a range of pH values is shown in Figure
5.2d. At pH 4, the EE reached 94% owing to the positive charge on zein below its isoelectric
point, enhancing compound encapsulation. At pH 7, which is close to the zein isoelectric point,
EE was slightly lower at 86%, but LC peaked at 10.5%. This suggests that near-neutral charge
conditions at pH 7 favor optimal packing within the nanoparticles, allowing for an increased
loading of bioactive compounds. These results emphasize the significance of pH in the

formulation of zein nanoparticles for efficient bioactive delivery [205,216].
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Figure 5.2. Effects of pH on a) PDI, b) particle size distribution, c) zeta potential, (d)
encapsulation efficiency and loading capacity of Zein/Que/Toc nanoparticles.

5.7.3. Morphological analysis

Figure 3 illustrates scanning electron microscopy (SEM) and Transmission electron
microscopy images that offer invaluable insights into the morphological features of co-
encapsulated Zein/Que/Toc nanoparticle. Zein nanoparticles, depicted in Figure 5.3a,
generally exhibited a spherical and uniform particle distribution, devoid of mass aggregation.
This characteristic is attributed to the mutual surface charge [41]. The incorporation of
quercetin and a-tocopherol into zein nanoparticles is evidenced by the distinct morphological
alterations depicted in Figure 5.3(b-c). This alteration may be attributed to the interaction
between these compounds and zein nanoparticles. In addition, the combined effect of
Zein/Que/Toc nanoparticles has demonstrated the phenomenon which has led to an
enhancement in particle size and minor aggregation while simultaneously maintaining a

uniform surface, as depicted in Figure 5.3d. The morphological characteristics of these zein
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nanoparticles were aligned with the size distribution data obtained through dynamic light
scattering. This finding highlights the significant influence of a-tocopherol and quercetin on
the structural properties of nanoparticles. This observation is in line with prior studies, such as
that by Ma et al., where the co-delivery of curcumin and quercetin with zein nanoparticles led
to complex morphological changes as the concentrations of the bioactive compounds increased

[62].

Additionally, the TEM images in Figure 5.3(e-h) reveal the morphology of zein nanoparticles
that contain both quercetin and tocopherol. The particles were spherical in shape and exhibited
a high level of stability against aggregation, as evidenced by the fact that only three particles
adhered to one another. The particles' size distribution was observed within the range of 50 to
200 nm, which corresponded to the results obtained from the dynamic light-scattering
instrument. The differences in the surface size of the particles suggest potential variations in
the molecular arrangements within the particle structure and the surface charge of the

nanoparticles[211].

Figure 5.3. SEM images of (a) zein nanoparticles, (b) Zein/Que, (¢) Zein/Toc, and (d)
Zein/Que/Toc (20:1:1) nanoparticles. TEM images of (e) zein nanoparticles, (f) Zein/Que, (g)
Zein/Toc, and (h) Zein/Que/Toc (20:1:1) nanoparticles.
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5.7.4. ATR-FTIR Spectroscopy and Rheological/Fluorescence Analyses of Zein/Que/Toc
Nanoparticles

The ATR-FTIR spectra depicted in Figure 5.4a provide a comprehensive and detailed analysis
of the molecular structure of the zein/quercetin/tocopherol nanoparticles. The spectrum
demonstrates a broad absorption band from 3408 to 3280 ¢cm™!, which corresponds to O-H
stretching vibrations, suggesting the presence of essential hydrogen bonding that significantly
contributes to the stability of the nanoparticles [62,205,208].The incorporation of tocopherol
and quercetin into zein/Que/Toc nanoparticle frameworks has been confirmed through the
identification of distinct C-H stretching peaks in the range of 2920-2850 cm™, which indicates
the successful incorporation of these bioactive molecules [222]. These peaks were more
pronounced than those observed for pure zein nanoparticles [223]. Furthermore, a sharp and
distinct peak at approximately 1735 cm™ signifies the presence of carbonyl (C=O) stretching
vibrations. These vibrations are often associated with ester or carboxylic acid functional
groups.

Notably, the band corresponds to the C-O stretching (amide I), and the C-N stretching coupled
with N-H bending (amide II) further corroborating the presence of zein. These amide bands,
compared to individual zein, have shifted to 1645 and 1515 cm™ in the Zein/Que/Toc
nanoparticles, with an increased peak intensity. Alterations in peak intensities and positions,
particularly in the regions associated with aromatic C=C stretching and O-H bending, suggest
structural modifications in quercetin and tocopherol upon interaction with zein [10,29].
Moreover, a discrete peak at 1095 cm™, corresponding to a-tocopherol's phenyl ring bending,
exhibits a shift from its original 950 cm™ position in pure tocopherol. This shift, coupled with
the disappearance of a peak at 3408 cm™, implies a relaxation of the aromatic ring and
hydrogen bond interactions with zein carbonyl groups. Such interactions are instrumental in
altering the macromolecular chain conformation within the zein/Que/Toc complex, thereby

impacting its flexibility and mobility [41]. These spectral changes are indicative of molecular
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interactions critical for optimizing the delivery and release mechanisms of bioactive

compounds [8,10].
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Figure 5.4. ATR-FTIR, Rheological, and Fluorescence Spectroscopy analysis.

Subsection (a) presents the ATR-FTIR spectral analysis of (1) Pure Zein, (2) Quercetin, (3)
Tocopherol, (4) Zein nanoparticles (ZPs), (5) Zein/Que (20:1), (6) Zein/Toc (20:1), and (7)
Zein/Que/Toc (20:1:25), (b) shows a rheological properties, (¢) depicted the fluorescence
spectroscopy for Zein/Que (20:1), Zein/Toc (20:1), and Zein/Que/Toc at various ratios of
(20:1:1), (20:1:5), (20:1:15), and (20:1:25) nanoparticle formulations.

The rheological properties of the co-encapsulated quercetin and o-tocopherol in zein
nanoparticles are shown in Figure 5.4b. The shear-thinning, non-Newtonian, pseudoplastic
nature of the zein/Que combination suggests that the inherent structures become less viscous
under shear. This property could be beneficial for bioactive encapsulation and for maintaining
nanoparticle stability during storage [18]. Interestingly, the viscosity of zein/Toc was lower
than that of zein/Que, possibly because of intermolecular hydrogen bonding initiated by a-
tocopherol, resulting in a more viscous solution [202]. The tri-component system

Zein/Que/Toc integrates the characteristics of both Zein/Que and Zein/Toc. The co-delivery of

a-tocopherol and quercetin appears to enhance the network structure of the system. Notably,
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the Zein/Que/Toc samples demonstrated a unique rheological pattern: a higher shear stress at
low shear rates transitioning to a plateau as shear increases. This behavior could significantly
affect bioactive encapsulation, release dynamics, and overall nanoparticle performance in

drug/nutraceutical delivery.

The fluorescence spectroscopy data illustrated in Figure 5.4¢ explain the inherent behavior of
zein nanoparticles, especially those with quercetin and a-tocopherol. For instance,
Zein/Que/Toc (20:1:25) nanoparticles at a wavelength of 300 nm showed an emission intensity
of 1909, which was lower than that of their counterparts, hinting at possible quenching or
molecular adjustments within the nanoparticles at varying component ratios [221]. A marked
increase in the emission intensity across all formulations was observed at 325 nm. The
consistently high intensities of Zein/Que/Toc (20:1:5) between 345 nm and 450 nm suggest a
strong fluorescence emission, which is potentially useful for tracking nanoparticles in
biological systems. Overall, fluorescence data underscore the potential of zein-based
nanoparticles in fluorescence-guided tracking and monitoring within bioactive delivery
systems [203,204].

5.7.5. Physicochemical stability analysis

In the exploration of the co-encapsulation of quercetin and a-tocopherol within zein
nanoparticles, we noted a controlled yet decreasing retention release of various Zein/Que/Toc
formulations over a span of 60 days, as shown in Figure 5.5a. The Zein/Que (20:1) formulation
began with a robust retention release of 90.45% on day 0, which decreased to 62.8% by day
60. Similarly, Zein/Toc (20:1) showed a decreasing trend from 94.23% to 60.56%. Intriguingly,
the combined Zein/Que/Toc (20:1:1) and Zein/Que/Toc (20:1:25) formulations started with the
release of 96.31% and 93.67%, respectively, tapering to 72.52% and 58.78%, respectively, on
day 60. These patterns indicate that the combined encapsulation of quercetin and a-tocopherol

within zein nanoparticles creates distinct release dynamics. This requires a deeper examination
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to tailor the optimal bioactive release. Zhang et al. highlighted the sustained curcumin release

from zein nanoparticles, which varied with formulation and encapsulation efficiency [217].

Particle size is pivotal in understanding the release behavior. As shown in Figure 5.5b, the size
of the Zein/Que(20:1) nanoparticles ranged between 178.5-249.41 nm in size. This contrasted
with Zein/Toc(20:1), which was 142.61-201.45 nm range. The combined formulations,
Zein/Que/Toc(20:1:1), Zein/Que/Toc(20:1:5), Zein/Que/Toc(20:1:15), and
Zein/Que/Toc(20:1:25), spanned in sizes of 189.36-239.84 nm, 201.47-248.1 nm, 217.9-
262.48 nm, and 218.32-277.78 nm, respectively. These variations are anticipated to be

instrumental in the observed differences in bioactive release across formulations.

The zeta potential, which is indicative of the surface charge of a nanoparticle and affects its
interaction dynamics, also offers insights into its release behavior, as shown in Figure 5.5c.
The ranges for Zein/Que(20:1), Zein/Toc(20:1), Zein/Que/Toc(20:1:1), Zein/Que/Toc(20:1:5),
Zein/Que/Toc(20:1:15), and Zein/Que/Toc(20:1:25) were -27.54 to -17.3 mV, -29.2to -18 mV,
-32.5t0-12.4 mV, -33.2 to -27.1 mV, -33.7 to -22.8 mV, and -36.7 to -28.9 mV, respectively.
In the context of bioactive compound co-delivery, zeta potential can significantly affect
encapsulation efficiency, release speed, and overall therapeutic potential. A study by Leena et
al. on zein nanoparticles for curcumin and resveratrol co-delivery found that zeta potential

plays a crucial role in determining encapsulation efficiency and release dynamics [55].

Furthermore, it is imperative to understand the kinetic degradation. Figure 5.5d shows a
decline in light stability across different time intervals, hinting at potential molecular structural
changes or degradation of the nanoparticles. Specifically, the Zein/Que/Toc (20:1:25)
formulation began to wane after 150 min, indicating a possible susceptibility to light-induced
changes. Such degradation insights underscore the importance of ensuring nanoparticle

stability to retain the efficacy of encapsulated compounds. Chen et al. noted that curcumin-
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encapsulated zein nanoparticles exhibit heightened photothermal stability and antioxidant

activity [206].
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Figure 5.5. There are four crucial aspects regarding the storage of Zein/Que/Toc nanoparticles
for a period of 60 days: a) retention and release mechanism, b) particle size distribution, c) zeta
potential, and d) degradation kinetics.

5.7.6. In-vitro release

The in vitro release profiles of quercetin and a-tocopherol encapsulated in zein nanoparticles
were analyzed, as illustrated in Figure 5.6(a-b). Quercetin consistently displayed a more
pronounced release than a-tocopherol, with independent release peaking at 79.7% after 8 h.
Interestingly, when incorporated into the Zein/Que (20:1) matrix, the release was marginally

passive, settling at 74.9% within the same duration. This modulation by zein tip-offs at the
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potential for controlled release is beneficial for practical applications [55,62]. a-Tocopherol
exhibited a systematic release profile, culminating at 60.4% at 8-hour interval. However, upon
encapsulation in the Zein/Toc (20:1) formulation, bioactive release increased to 72.1%,
suggesting enhanced bioavailability. The release dynamics of the tri-component Zein/Que/Toc
formulations were intricate. The Zein/Que/Toc (20:1:5) composition showed a release of
73.11% after 8 h, indicating a potential synergistic interplay between quercetin and o-
tocopherol. In contrast, the Zein/Que/Toc (20:1:15) and Zein/Que/Toc (20:1:25) compositions
showed slightly decreased release of 66.9% and 63.2%, respectively. These variations
underscore the profound influence of the component ratios in shaping the encapsulation and
release paths during gastrointestinal digestion. Moreover, co-encapsulated quercetin may also
modulate the release rate by altering the zein matrix structure or by affecting the interaction of
tocopherol with zein, potentially contributing to a more sustained release. The encapsulation
of tocopherols within zein nanoparticles enhances their stability, solubility, and bioavailability,
leading to a more rapid release than that of unencapsulated tocopherols. This controlled-release
mechanism and protection against degradation are attributed to the encapsulation process,
which modifies the physicochemical properties of tocopherols, such as their zeta potential.
These changes were responsible for the observed differences in the release rates, as shown in

Figure 5.6b.
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Figure 5.6. In vitro release patterns of polyphenols were influenced by varying quercetin-to-
tocopherol ratios within a dual encapsulation system. The release profiles of quercetin (a) and
a-tocopherol (b) are shown separately.

5.7.7. Optimization co-encapsulated zein nanoparticles

The optimization of the Zein/Que/Toc nanoparticle formulation was carried out by utilizing the
Box-Behnken design methodology and building upon the previously identified optimal
formulation of 20:1:5. The size of the nanoparticles was predominantly influenced by pH, with
concentrations of quercetin and a-tocopherol falling within the range of 120-270 nm. The
polydispersity index (PDI) exhibited a spectrum between 0.14-0.35, indicating the importance
of pH and nanoparticle concentrations. Notably, an encapsulation efficiency (EE) surpassing
95% was achieved at the optimal pH and formulation ratio. The observed zeta potential ranged
from -18.7 mV to -39.2 mV, and pH, in conjunction with zein, quercetin, and a-tocopherol
concentrations, were found to be the most influential factors. This finding is consistent with
those of previous studies, which support the validity and reliability of our findings [224-226].
The average particle size, PDI, EE (%), and zeta potential of the optimized

zein/quercetin/tocopherol Zein/Que/Toc nanoparticles, as well as the normal probability plots

of the supporting information, are shown in Figures S2 and S3, respectively.
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5.8. Concluding Remarks
In this study, quercetin and a-tocopherol were successfully co-encapsulated in zein

nanoparticles using an antisolvent co-precipitation technique. The integration of these
bioactive compounds was confirmed by SEM and TEM analyses, which revealed distinct
morphological shifts upon encapsulation. The ATR-FTIR spectra further demonstrated
significant molecular interactions, highlighting the combined roles of a-tocopherol and
quercetin. The in vitro release profiles of quercetin and a-tocopherol indicated that quercetin
consistently exhibited a more pronounced release than a-tocopherol, which was associated with
its enhanced interaction with zein. When incorporated into the zein/Que (20:1) matrix, the
release of quercetin was slightly passive, suggesting a controlled release potential. In contrast,
a-tocopherol demonstrated a systematic release profile that was enhanced when encapsulated
in the Zein/Toc (20:1) formulation, potentially increasing its bioavailability. The tri-component
Zein/Que/Toc formulations exhibited intricate release dynamics. The Zein/Que/Toc (20:1:5)
composition achieved a moderate yet substantial release of 73.11% at the 8-hour mark,
indicating a potential synergistic or stabilizing interaction between quercetin and a-tocopherol.
The Zein/Que/Toc (20:1:15) and Zein/Que/Toc (20:1:25) compositions exhibited slightly
attenuated releases of 66.87% and 63.19%, respectively, highlighting the influence of
component ratios on encapsulation and release during gastrointestinal digestion. Overall, this
study provides valuable insights into the co-encapsulation of quercetin and a-tocopherol within

zein nanoparticles, showing their potential for advanced bioactive delivery applications.
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Chapter 6. Development and Characterization of PVA-Zein/a-Tocopherol

Nonwoven Mats for Functional Wound Dressing Applications

6.1. Introduction

The disposal of non-renewable petrochemical polymers has become a growing
environmental concern due to their slow degradability and in some cases toxicity concerns
[227]. To mitigate this issue, there has been a significant shift towards the development and
utilization of biodegradable and biopolymer-derived plastics [228,229]. Biopolymers obtained
from plant, animal, and microbial sources hold considerable promise for minimizing
environmental impacts and enhancing sustainability, owing to their renewable nature and
biodegradability [230,231]. In particular, biopolymers are of interest for applications in which
bacterial infections are a primary concern, such as single-use medical products [232]. In
contrast, the use of traditional petroleum-based polymers in these applications poses
sustainability challenges, leading to increased interest in biopolymers as viable substitutes for

petroleum-based plastics, particularly for short-term use products [233-235].

Wound healing remains a critical challenge in healthcare due to complications such as bacterial
infections, oxidative stress, and chronic inflammation, which can delay or prevent the natural
healing process [236-239]. Conventional wound dressings often fail to address these complex
needs, underscoring the need for multifunctional materials capable of enhancing healing and

controlling infections through sustained bioactive release[240,241]. °

> D.T. Tadele, D. David, E. Yim, T.H. Mekonnen
Development and characterization of PV A-zein/a-tocopherol nonwoven mats for functional wound dressing
applications. Colloids and Surfaces B: Biointerfaces , 246 ,, 10.1016/j.colsurfb.2024.114355.2025,114355
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Recent advancements in nanocarrier-based drug delivery systems have significantly improved
wound healing outcomes by providing controlled and sustained release of therapeutic agents.
Nanocarriers, such as polymeric nanoparticles and liposomes, loaded with bioactive
compounds like antimicrobial peptides and ‘fantioxidants, have demonstrated the ability to
enhance tissue regeneration, reduce infection, and accelerate wound closure [242—244]. These
innovations highlight the need for advanced materials that not only protect wounds but also

actively facilitate the healing process.

Polymer nanofibers, typically produced via electrospinning, have gained considerable attention
for their application in drug delivery due to their high specific surface area, porosity, and
tunable fiber diameter [245-247]. However, electrospinning suffers from low throughput,
which typically range from 0.4 to 1 mL/, thus limiting its scalability for industrial applications

[248-251].

Solution blow spinning (SBS) has emerged as a high-throughput nanofiber fabrication
alternative. SBS uses high-velocity air to shear fibers from a polymer solution, achieving
significantly higher production rates approximately 160 g/h for poly(ethylene oxide) making it
suitable for large-scale manufacturing[87]. The SBS technique offers an energy-efficient and
scalable process, producing fibers with comparable properties to those obtained via
electrospinning[252]. This method has been successfully applied in the fabrication of
nanofibers from biodegradable polymers, such as poly(hydroxybutyrate) (PHB) and e-poly-L-
lysine (e-PLL),which exhibit both biocompatibility and antibacterial properties, making them

promising candidates for multifunctional wound dressing [253].

Polyvinyl alcohol (PVA) is widely recognized for its spinnability, biocompatibility, non-

toxicity, and biodegradability, making it an excellent matrix for wound healing applications
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[254-258]. Research demonstrates the incorporation of PVA with zein, a biodegradable and
amphiphilic protein extracted from corn, to produce nanofibrous mats utilizing the SBS
technique[89]. Zein plays a crucial role in this system due to its encapsulation capabilities,
particularly for hydrophobic bioactive agents like a-tocopherol (vitamin E), which is known
for its antioxidant properties and ability to protect cells from oxidative damage[202,205,259].
The novelty of this work lies the combined use of antisolvent co-precipitation for synthesis of
a-tocopherol-loaded zein nanoparticle and SBS for mat fabrication highlights a cost-effective,
scalable approach to developing biodegradable wound dressings. This innovative approach
presents a scalable and cost-effective alternative to traditional electrospinning for producing
advanced wound dressings [24,170]. Our previous research demonstrated that zein
nanoparticles could encapsulate bioactive compounds such as a-tocopherol, protecting them
from degradation and sustained controlled release[61]. The sustained release of a-tocopherol
from these mats not only facilitates the antioxidant activity necessary to manage chronic
wounds but also enhances the wound healing environment by reducing the risk of infection.
The structural, mechanical, and in vitro biological properties of these nanofibrous mats were
systematically analyzed to assess their potential as advanced wound dressings. The results
provide a promising platform for applications beyond wound care, including in biomedical
devices, hygiene products, and environmentally friendly healthcare solutions, potentially
leading to improved patient outcomes and more scalable sustainable clinical practices. Future
research will focus on optimizing fiber composition, incorporating antimicrobial agents, and

conducting in vivo studies to validate the efficacy of these mats in real biological environments.
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6.2. Materials and methods

6.2.1. Materials

Zein powder (95 wt.%), a-tocopherol (97 wt.%), and Tween 80 were procured from Sigma-
Aldrich. PVA with a molecular weight of 72,000 g/mol (99% hydrolyzed) was obtained from
Sigma-Aldrich (Canada). NIH3T3 mouse fibroblast cells, Dulbecco's modified eagle medium
(DMEM), 10% fetal bovine serum (FBS), and 1% penicillin-streptomycin (PS) were obtained
from the American Type Culture Collection (ATCC, US). The LIVE/DEAD™
Viability/Cytotoxicity Kit for mammalian cells and alamarBlue™ Cell Viability assay reagent
were procured from Invitrogen™ (Thermo Fisher Scientific, Eugene, OR, USA) and
(DAL1025, Thermo Fisher Scientific, Mississauga, ON, Canada), respectively. Phosphate-

buffered saline (PBS) was obtained from Fisher (Fisher Scientific, Mississauga, ON, Canada).

6.2.2. Synthesis of a-tocopherol loaded zein nanoparticles

In our previous work [61], we reported the antisolvent co-precipitation (ASCP) method for
synthesizing o-tocopherol-loaded zein nanoparticles. The antisolvent co-precipitation
technique was employed for the synthesis of a-tocopherol-loaded zein nanoparticles due to its
simplicity, efficiency, and cost-effectiveness. This method allows for high encapsulation
efficiency and controlled particle size, crucial for the sustained release of bioactive compounds
in wound healing. In this study, a solution was prepared by dissolving 1.5 g zein in 50 mL of
an 80:20 mixture of ethanol and water at room temperature. Subsequently, varying amounts of
a-tocopherol were added to this solution to encapsulate zein nanoparticles. To be specific,
0.225 g, 0.45 g, and 0.75 g of a-tocopherol were added to achieve 15%, 30%, and 50% weight
ratios, respectively. The resulting solution was added dropwise to 100 mL of the deionized
water antisolvent while stirring continuously at 600 rpm for 2 h. Ethanol was removed by rotary

evaporation (45 °C for 20 min) to obtain zein/a-tocopherol aqueous dispersions. The resulting
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samples were designated as ZT-15, ZT-30, and ZT-50, respectively, and stored at 4 °C until
further analysis.

6.3. Characterization of zein-a-tocopherol nanoparticles

6.3.1. Particle size, polydispersity index (PDI), and {-potential (mV)

The particle size, polydispersity index (PDI), and zeta potential (-potential) of ZT-15, ZT-30,
and ZT-50 nanoparticles were determined using a Zetasizer Nano series instrument (Malvern
Panalytical, Westborough, MA, United States). Aliquots of freshly prepared dispersions (0.1
mg/mL) were pipetted into disposable folded capillary cells (DTS1070). Measurements for
each sample were conducted in triplicate, with 10-100 runs performed per sample, at a

temperature of 25 °C and an equilibration time of 60s.

6.3.2. Encapsulation efficiency (EE) and Loading capacity (LC)

To measure the encapsulation efficiency (EE%) and loading capacity (LC%) of a-tocopherol,
a methodology adapted from previous studies [59,61]. The nanoparticles were first diluted

with deionized water and then sonicated for 10 min to obtain a range of concentrations
suitable for analysis. Ethyl acetate was used to separate unencapsulated a-tocopherol,
followed by centrifugation at 5000 rpm for 5 min. The supernatant, collected after
centrifugation, was subjected to UV-visible spectroscopic analysis using a Cary 300
Bio UV-visible spectrophotometer. The a-tocopherol concentration was measured at
294 nm and standard curves for a-tocopherol (R? = 0.99) wavelengths were generated.
Detailed calibration curves at the specified wavelengths are presented in the
Supporting Information Figure D1. The EE (%) and LC (%) values of a-tocopherol

were calculated using equations (6.1) and (6.2), respectively:

free tocopherol
EE (%) = (1 - ( ) x 100 (6.1)

total tocopherol
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Lc@s =1 ( free tocopherl ) < 100 6.2
o) total mass of nanoparticles (6.2)

6.3.3. Fabrication of nanofibrous mats by solution blowing spinning

A 10 wt.% solution of PVA was prepared by dissolving PVA in distilled water at 90 °C on a hot
plate with magnetic stirring at 250 rpm for 2 h. Following complete dissolution, the a-
tocopherol-loaded zein nanoparticles were added to the PVA solution to generate a composite
polymer dispersion. Specifically, dispersions of ZT-15, ZT-30, and ZT-50, corresponding to a-
tocopherol to zein weight ratios of 15%, 30%, and 50%, respectively, were dispersed into the
PVA solution.

The resulting polymer composite dispersions were then subjected to a solution blowing process
to fabricate nonwoven nanofiber mats. The solution blow spinning process was performed
using a coaxial needle procured from Rame-Hart Instrument Co., featuring an inner needle
gauge of 14 and an outer needle gauge of 10. The inner needle had an internal diameter of 1.60
mm and an external diameter of 2.11 mm, whereas the outer needle had an internal diameter of
2.69 mm and an external diameter of 3.40 mm. The polymer dispersion was pumped at a flow
rate of 6 mL/h using a Teledyne ISCO 500D syringe pump. High-velocity air at 100 psi was
used to shear the fibers from the polymer dispersion cone. The coaxial needle setup ensured
precise control over fiber formation, leading to uniform and consistent nonwoven mats. A
schematic of the experimental setup of the coaxial needle assembled with a syringe pump is
shown in Fig.1. The distance between the needle tip and the collector was maintained at 60 cm.
Polytetrafluoroethylene (PTFE) nonstick Teflon sheets were used as collection substrates for
the nanofibers. Detailed specifications and formulations of the blend compositions are listed in
Table 6.1. A schematic of the experimental setup of the coaxial needle assembled with a syringe

pump is shown in schematic 6.1.
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Schematic 6.1. Schematic showing the basic setup for fabricating a-tocopherol-loaded zein

nanoparticles — PVA mats using a solution blowing process.

Table 6.1. Details of polyvinyl alcohol/a-tocopherol loaded zein nanoparticle solution

preparation
Sample code Sample description Zein a-tocopherol PVA
(w t%) (wt.%) (wt.%)
PVA-Zein PV A-Zein (control) 1.5 - 10
PZT-15 PVA-Zein- 15% of a-tocopherol 1.5 0.225 10
PZT-30 PVA-Zein- 30% of a-tocopherol 1.5 0.450 10
PZT-50 PVA-Zein- 50% of a-tocopherol 1.5 0.750 10
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6.4.Characterization of the nonwoven nanofiber mats

6.4.1. Morphology

Morphology analysis of the nonwoven fiber mats was conducted using field emission scanning
electron microscopy (FESEM, Quanta FEG 250 model, Abingdon, UK) operated at an
accelerating voltage of 10 kV. Prior to observation, the double-sided fiber mats were mounted
on metal stubs covered with carbon tape adhesive and subsequently sputter-coated with a thin
layer of gold (10 nm) under high vacuum conditions. The diameters of arbitrarily selected fibers
in the SEM micrographs were measured using NIH ImageJ software, and a histogram was
plotted to display the frequency distribution of the fiber diameters, with a minimum of 100

individual fibers analyzed per sample.

6.4.2. Attenuated total reflection Fourier transform infrared spectroscopy (ATR-FTIR)

The FTIR spectra of the nanofibrous mats were analyzed using a Thermo Nicolet 6700 ATR—
FTIR spectrometer. The spectra were obtained over a wavelength range of 500-4000 cm ™ with

a resolution of 4 cm™, and 64 scans were collected for each sample.

6.4.3. Rheology

The rheological characteristics of the PVA-Zein, PZT-15, PZT-30, and PZT-50 solutions were
assessed using a HAAKE Mars III rheometer (Thermo Scientific, United States). A parallel
plate geometry with P20CSL plates and a spacing of 0.46 mm was utilized for the analysis.
Amplitude sweep tests were performed over a strain range of 0.01% to 100% at a temperature
of 25 °C to identify the linear viscoelastic region (LVR). The samples were subjected to shear

rate variations from 0.01 to 100 s™.

6.4.4. Differential scanning calorimetry (DSC)

Differential scanning calorimetry (DSC) analysis was performed using DSC equipment

(Discovery 2500, TA Instruments, DE, USA). The samples weighing 7 mg each were heated
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from 26 to 260 °C at a rate of 10 °C/min under a nitrogen atmosphere at a flow rate of 50 mL
min !. These temperatures were used to assess the thermal stability and phase transitions of the
mats, providing insights into their structural integrity. To ensure accuracy, each sample was

tested using at least three replicates at 25 °C.

6.4.5. Mechanical properties

The mechanical properties of the samples were assessed using a Mandel-Shimadzu (AGS-X)
tensile testing unit 0.5 kN load cell (Kyoto, Japan). The speed was set to | mm/min, and the
gauge length was maintained at 15 mm for each sample. Five test specimens were cut from
each of the PVA-Zein, PZT-15, PZT-30, and PZT-50 fiber mats for testing. The ultimate tensile

strength, elongation at break, and Young's modulus of each sample were determined.

6.4.6. Degradation behavior of PVA/Zein-Toc mats

The short-term degradation of PVA/Zein-Toc mats was studied under simulated physiological
conditions over 24 hours. Mats were fabricated using the solution blow spinning technique and
subsequently immersed in phosphate-buffered saline (PBS) at pH 7.4 and 37°C to mimic
physiological environments. Uniformly cut pieces of the mats were weighed to determine their
initial mass. The samples were then immersed in PBS and collected at predetermined time
intervals of 0, 0.5, 1, 2,4, 8, and 24 hours. To assess degradation, weight loss was calculated as
a percentage of the initial mass (equation 6.3). Additionally, Fourier-transform infrared
spectroscopy (FTIR) analysis was conducted on the dried samples at each time point to identify
any chemical changes in key functional groups. The analysis focused on hydroxyl (-OH) and
acetate (C=0) groups associated with PVA, as well as amide I (C=0 stretch) and amide II (N-
H bend) bands for zein, and characteristic peaks of a-tocopherol. This approach allowed for
the detailed evaluation of the degradation profile and structural integrity of the mats over time.

W, — W.
WL(%)=%><
0

100 (6.3)
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where: Wy is the initial weight of the fiber sample and W is the weight of the fiber sample

after immersion at different time intervals.

6.5. In vitro drug release Kinetics

The release kinetics of a-tocopherol from PVA-Zein, PZT-15, PZT-30, and PZT-50 fiber mats
were analyzed using UV-visible spectroscopy. Samples (2 mg, 10 mm x 10 mm) were affixed
to an adhesive polyimide film and placed in test tubes containing 2 mL of 0.01 M phosphate-
buffered saline (PBS) (pH 7.4).The test tubes were then stored in an incubation shaker at 37 °C
and 100 rpm to simulate wound dressing conditions on the skin. At predetermined intervals
within 24 h, 3 mL of PBS was removed and replaced with an equal volume of fresh PBS. The
absorbance of the withdrawn samples was measured at the characteristic peak of a-tocopherol
(292 nm) using a Cary 300 Bio UV-visible spectrophotometer.

The total amount of a-tocopherol released into PBS was determined by comparing the
absorbance values to a pre-established calibration curve Figure D1. Three replicates of each
sample were analyzed to determine drug release, and the results were expressed in terms of
cumulative release as a function of time, as per equation (6.4):

Rel %) = Amount of a — Toc released % 100 6.4
ereaseid) = Total amout of a — Toc loaded into the nanofiber o4

6.6.Mathematical models for drug release kinetics

The mechanism of a-tocopherol release was analyzed using several kinetic models, including
zero-order, first-order, Higuchi diffusion, and Korsmeyer-Peppas models. These models were
employed to determine the diffusion exponent (n) and understand the release mechanisms. The
release data were fitted to each model, and the one with the highest correlation coefficient (R?)
was used to calculate the release kinetics of a-tocopherol [258]. The equations used for these

models are as follows.
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Qr = Qo + Kot (6.5)

In(Q; — Q¢) = InQ, — Kjt (6.6)
Q: = KH\/E (6.7)
((22_; = K, t" (6.8)

Where Ko, Ki, Ku, and Kkk are the zero-order release, first-order release, Higuchi, and
Korsmeyer constants, respectively. Qo and n are the initial release amount (mg/mL) and

diffusion or release exponent, respectively.

6.7. Cell culture studies

NIH3T3 mouse fibroblast cells (ATCC, US) were cultured according to the supplier’s
recommendations at 37 °C and 5% CO: in maintenance media comprising DMEM, 10% FBS,
and 1% PS. Cell suspensions in the maintenance media were seeded into 24-well plates and
incubated for 24 h at 37°C in a humidified atmosphere containing 5% CO- to achieve a
monolayer cell culture. NIH3T3 cells at 28-30 passages were used for the experiments, and the

seeding density was 10,000 cells/cm? unless otherwise specified.

6.7.1. Cell viability and cytotoxicity test

The PVA-Zein, PZT-15, PZT-30, and PZT-50 samples were cut into disc shapes (1 cm?) and
UV-sterilized for 30 minutes inside a biosafety cabinet. Subsequently, the samples were
incubated in serum-free media of DMEM with 1% PS for 24 h at 37°C. After 24 h, 500 pL of
the sample extract were added to each experimental well containing a cell monolayer, and 500
pL of fresh culture media was added to the positive control tissue culture polystyrene (TCPS)
well. Before addition to the cell monolayer, 10% FBS was added to the extracts. The plates

were incubated for 24 h at 37°C in a humidified atmosphere with 5% COs..
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Cell viability was assessed using Live/Dead staining with 0.25 pL of 4 mM eBioscience
Calcein AM Viability Dye (65-0853-39 Invitrogen) and 1 pL of 2 uM ethidium homodimer-1
(E1169 Invitrogen) diluted with DMEM for each well (with two experimental replicas). After
24 h, extracts were withdrawn from each well, and the experimental replicas were incubated
with the Live/Dead staining solution in the dark at room temperature for 30 minutes. NIH3T3
cells cultured in TCPS well plates served as the positive control, and the ethanol-treated
NIH3T3s served as the negative control. Stained cells were imaged with a Zeiss fluorescence
microscope (Axio Observer Z1) and analyzed using Fiji.

The cytotoxicity of samples was evaluated by an alamarBlue cell viability assay according to
the manufacturer’s recommendation. Briefly, NIH3T3 cells were seeded onto a 24-well plate
with three experimental replicates and allowed to form a monolayer over 24 h. Cultured cells
were exposed to the extract solution at 37 °C and 5% CO: for 24 h. After this incubation period,
the extracts were replaced with 10% (v/v) alamarBlue™ Cell Viability Reagent (Thermo
Fischer Scientific, USA) in maintenance media and incubated at 37°C for 1 h. The fluorescence
intensities for each sample of the biological replicates were recorded at an excitation
wavelength of 560 nm and emission wavelength of 590 nm using a microplate reader (BioTek
Citation 5, USA). NIH3T3 cells cultured directly in TCPS well plates served as the positive
control, and wells without cells served as the background. The cell viability % was determined

by normalizing with the positive TCPS control.

6.8. Statistical analysis

All statistical analyses were performed using GraphPad Prism version 9. The mean =+ standard
deviation of all data is included in the results. The numbers of replicates are listed in the figure
legends. To evaluate statistical significance, ordinary one-way ANOVA with Tukey's multiple

comparison test was used.
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6.9.Results and Discussion

6.9.1. Morphology analysis of tocopherol loaded PVA-Zein nonwoven fiber mats

The morphology of the fibrous mats was analyzed via scanning electron microscopy (SEM).
As depicted in Figure 6.1, the mats displayed distinct morphologies based on a-tocopherol
loading levels. As illustrated in Figure 6.1a, the control PVA-Zein Fibers exhibited a
homogeneous structure with smooth, uninterrupted fibers covering the entire surface and no
bead formation. The average fiber diameter was measured to be 587.7 nm using the ImageJ
software after analyzing approximately 100 fibers, as shown in (Figure 6.1e). The PZT-15
fibrous mat, as displayed in Figure 6.1b, exhibited a similar smooth morphology, with small
particles distributed along the fibers, indicating the successful encapsulation of a-tocopherol
within the zein matrix. The average diameter of these fibers increased to 796.4 nm, as shown
in (Figure 6.1f), suggesting that the addition of encapsulated a-tocopherol affects the fiber
formation process, as expected [260,261]. The surface of the PZT-30 fibrous mat, as depicted
in the Figure 6.1c, exhibited a more prominent particle distribution that was uniformly
dispersed along the length of the fibers. This uniform distribution suggests the effective
encapsulation and integration of a-tocopherol. The average fiber diameter noticeably decreased
to 347.2 nm (Figure 6.1g), which was likely attributable to alterations in viscosity and surface
tension resulting from increased a-tocopherol loading[262].

Furthermore, Figure 6.1d shows the PZT-50 nonwoven mat with the densest particle
distribution on the fiber surface, indicating a high loading level. The average fiber diameter
was measured to be 354.8 nm (Figure 6.1h), which is slightly greater than that of the PZT-30
fibers, but still significantly smaller than that of the control and PZT-15 fibers. These findings
suggest that fiber diameter is inversely proportional to the concentration of a-tocopherol loaded
in the samples, with higher concentrations resulting in smaller fiber diameters. The observed

morphologies suggest that a-tocopherol significantly influences the fiber formation process,
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possibly due to changes in the solution properties, such as viscosity and surface tension, during
the solution blowing process [260,262,263].Smaller fiber diameters are associated with
increased specific surface area and higher porosity, which leads to several potential benefits for
wound healing. Literature indicates that fibers with smaller diameters enhance cell attachment
and migration due to the larger surface area available for cell interaction, which promotes faster
tissue regeneration[264]. Additionally, the smaller pore size associated with reduced fiber
diameters can improve the controlled release of therapeutic agents, ensuring localized and
sustained delivery of bioactive compounds like a-tocopherol to the wound [265]. Overall, SEM
analysis showed the successful incorporation of encapsulated a-tocopherol nanoparticles into
the PVA-zein fibers and the impact of tocopherol loading on the fiber morphology. These
findings are crucial for wound dressing applications, where the fiber dimensions could affect
the controlled tocopherol release, which provides therapeutic benefits, and the fiber matrix

offers structural support.
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Figure 6.1 Demonstrates the morphology of the nanofibers, revealing uniform diameter
distribution and smooth surface topography, which are critical for ensuring consistent drug
release: (a) SEM image of control PVA-zein fibers without a-tocopherol; (b) SEM image of
PZT-15 fibers with 15% a-tocopherol; (c) SEM image of PZT-30 fibers with 30% a-tocopherol
showing a more pronounced and uniform distribution of particles on the fiber surface; and (d)
SEM image of PZT-50 fibers loaded with 50% a-tocopherol, exhibiting the densest particle
distribution, indicating a high loading level.(e-h) Fiber diameter distributions corresponding to
images (a-d), respectively, with average diameters of 587.7 nm, 796.4 nm, 347.2 nm, and 354.8
nm. (i-1) depict pictures of fibrous mats.

6.9.2. ATR-FTIR and Rheology Analysis

ATR-FTIR was used to characterize the molecular interactions among the components in the
nonwoven mat samples. The FTIR spectra of the PVA-Zein and a-tocopherol loaded fiber mats
(Figure 6.2a) shows several peaks corresponding to the presence of zein: around 3300 cm™
for OH/NH stretching vibrations, 1735 cm™ for C=O0 stretching (amide I), and 1590 cm™ for
N-H bending (amide II) associated with the protein's aromatic ring [93,266]. These
characteristic peaks confirm the presence of zein in the fibrous mats.

The spectra also reveal peaks indicative of the PVA component, such as the broad OH stretching

band around 3300 cm™, which overlaps with the NH stretching of zein, and the peak at 1090
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cm' corresponding to the C-O stretching vibrations[89,257]. Additionally, the spectra of the
ta-tocopherol loaded samples (PZT-15, PZT-30, and PZT-50) display a peak at 1079 cm™,
corresponding to the C-O-C stretching vibrations, and a peak around 690 cm™', which can be
attributed to CH bending vibrations of the tocopherol molecule[61,205] that vary in intensity
with their concentrations. These bands confirmed the successful incorporation of a-tocopherol
into the fiber mats. Furthermore, the spectra showed that the intensity of the peaks varied with
the concentration of a-tocopherol, indicating changes in the molecular interactions as a result
of the concentrations within the fiber matrix. The characteristic bands of a-tocopherol were
observed without significant shifts, suggesting that no new chemical bonds were formed
between a-tocopherol and the PVA-Zein matrix during the solution blowing process. This
observation indicates that the encapsulation process primarily involves physical entrapment
rather than chemical interactions [202]. The presence of characteristic peaks from both a-
tocopherol and the PVA-Zein matrix, along with the absence of significant peak shifts, suggests
that the components retain their individual chemical structures, contributing to the overall

functionality of the fibrous mats for wound dressing applications.
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Figure 6.2 ATR-FTIR and Rheological Analysis of PVA-Zein/a-tocopherol Fibrous Mats.
(a) ATR-FTIR spectra of PVA-Zein and PVA-Zein/o-tocopherol fibrous mats with different a-
tocopherol loadings (PZT-15, PZT-30, and PZT-50). The samples were analyzed over the
wavenumber range of 500-4000 cm™ using an ATR-FTIR spectrometer (Thermo Nicolet 6700),
and 64 scans were collected for each sample with a resolution of 4 cm™. Key peaks at 3300
cm™ (OH/NH stretching), 1735 cm™ (C=0 stretching), and 1590 cm™ (N-H bending) are
identified to confirm the presence of zein and PVA, while peaks at 1079 cm™ and 690 cm™
correspond to the C-O-C and CH bending vibrations of a-tocopherol.(b) Rheological profiles
of PVA-Zein and PVA-Zein/a-tocopherol solutions (PZT-15, PZT-30, PZT-50) as a function of
shear rate (0.01 to 100 s™), measured at 25 °C using a HAAKE Mars III rheometer with
P20CSL parallel plates and a gap size of 0.46 mm. The solutions were prepared with 10 wt.%
PVA in deionized water and varying concentrations of a-tocopherol-loaded zein nanoparticles
(15%, 30%, and 50%).(c) Particle size distributions of a-tocopherol-loaded zein nanoparticles
(ZT-15, ZT-30, ZT-50) showing unimodal distribution with increasing particle size at higher
tocopherol concentrations.(d) Encapsulation efficiency (EE%) and Loading capacity (LC%)
for a-tocopherol-loaded zein nanoparticles. ZT-50 exhibited the highest EE% (~92%) and
LC%, with ZT-30 displaying (~10%) .

The rheological properties of the PVA-Zein solutions loaded with varying concentrations
of a-tocopherol (15%, 30%, and 50%) were analyzed to understand their behavior before the
solution-blow spinning process. Figure 6.2b presents the rheological properties of (PZT-15,

PZT-30, and PZT-50) solutions as a function of the shear rate. The viscosity measurements
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indicate that all solutions display near-Newtonian behavior across the shear rate range of 0.1
to 100 s™', which is consistent with previous literature on consistent flow properties under
varying shear conditions for most polymer solutions [267]. The control PVA-Zein solution
showed the highest viscosity, whereas the addition of a-tocopherol resulted in a decrease in
viscosity. Among the a-tocopherol-loaded solutions, the PZT-50 dispersion exhibited the
lowest viscosity, followed by PZT-30 and PZT-15, which displayed relatively high viscosities.
The observed reduction in viscosity with increasing tocopherol concentration can be attributed
to the plasticizing effect of tocopherol, which enhances the mobility of polymer chains [259].
This behavior is beneficial for the solution blowing process, as it facilitates the formation of
uniform and continuous fibers. Notably, the particle size distribution of tocopherol-loaded zein
nanoparticles (ZT-15, ZT-30, and ZT-50) exhibited an unimodal distribution across all
formulations, with the majority of particles clustered around the average particle size (Figure
6.2¢). The particle size increased with increasing a-tocopherol content, indicating the influence
of a-tocopherol on nanoparticle formation. This increase in size can be attributed to the
variation in the precipitation efficiency of tocopherol during the fabrication process, resulting
from the differences in its interaction with the zein matrix.

The encapsulation efficiency (EE%) and loading capacity (LC%) of a-tocopherol in the
nanoparticles are shown in (Figure 6.2d). ZT-50 exhibited the highest EE% at approximately
92%, while ZT-30 showed the highest LC% at around 10%. These results suggest that an
intermediate o-tocopherol concentration provides optimal encapsulation efficiency and

maximizes loading capacity [205,268].

6.9.3. Thermal properties, degradation behavior, and surface charge analysis of PVA-

Zein/a-tocopherol nanofibrous mats

The thermal behavior of PVA-Zein/a-tocopherol fiber mats with different tocopherol contents

(PZT-15, PZT-30, and PZT-50) is shown in Figure 6.3a. The DSC curve of the PVA-Zein
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(control) matrix exhibited a broad endothermic transition at approximately 96 °C, which was
associated with the glass transition temperature (Tg) of PVA and the release of absorbed water
(due to the hygroscopic nature of PVA) [269]. This also suggests that the material is either
amorphous or semi-crystalline [270]. The DSC curves for PZT-15, PZT-30, and PZT-50
showed progressively pronounced endothermic transitions toward lower temperatures with
increasing tocopherol content, indicating stronger interactions and a plasticizing effect on the
PVA matrix [271,272]. The DSC melting profiles are crucial for identifying the state of
tocopherol and confirming that its incorporation into the fiber mats likely suppresses its
crystallization, forming an amorphous complex with the polymer. This ensures sustained and
controlled release of the drug, thus enhancing its therapeutic efficacy [273,274].

The physical state of an active pharmaceutical ingredient can significantly influence its
bioavailability and stability, which is particularly relevant for fiber mats [258]. The absence of
a sharp melting peak for tocopherol in the DSC profiles suggests that tocopherol existed in an
amorphous or disordered crystalline phase within the polymer matrix. This amorphous state
can be advantageous because it typically offers higher solubility and, consequently, better
bioavailability in the wound area when used for wound healing applications [275]. Figure 6.3b
shows the zeta potential measurements for zein nanoparticles, ZT-15, ZT-30, and ZT-50, which
displayed approximately -31 mV, -27 mV, -24 mV, and -19 mV, respectively. The decrease in
zeta potential was attributed to the deposition of a-tocopherol molecules on the surface of zein
NPs. The deposited bioactive can prevent the adsorption of stabilizers, leading to electrostatic
and hydrophobic interactions, and increasing the tendency of zein nanoparticles to aggregate
[276]. Conversely, in this study, less a-tocopherol encapsulated in zein nanoparticles exhibited
excellent colloidal stability, reducing the likelihood of nanoparticle aggregation within the PVA
composite dispersion. Overall, the good stability of the nanoparticles ensured the formation of

uniform fibrous mats and consistent bioactive release properties.
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The weight loss profile (Figure 6.3c¢) and FTIR spectra (Figure 4d) highlight the degradation
behavior of the PVA/Zein-a-tocopherol mats. Over a 24-hour period, PVA-Zein mats exhibited
the highest weight loss, reaching 29%, indicating a faster degradation rate. In contrast, the a-
tocopherol-loaded samples PZT-15, PZT-30, and PZT-50 showed lower weight loss
percentages of 26%, 24%, and 19%, respectively. Among these, PZT-50 displayed the lowest
degradation rate. The reduced weight loss in the PZT samples indicates that the incorporation
of a-tocopherol enhances the structural stability of the mats, allowing for more controlled
degradation. This property is beneficial for applications requiring sustained release of bioactive
agents over time. The weight loss profiles observed in our study are consistent with the
behavior reported for zein-based bio composites. For example, Wu et al., investigated the in
vitro degradation of zein/PCL scaffolds in PBS. Their results showed that scaffolds containing
higher zein content exhibited greater weight loss over time. After 28 days, zein/PCL scaffolds
with 20% and 40% zein content exhibited 15% and 32% weight loss, respectively, highlighting
that increased zein content accelerates degradation. This correlates with our findings, where
the incorporation of a-tocopherol into PVA/Zein mats similarly modulated the degradation
rates, indicating a controlled release mechanism [277].

The FTIR spectra (Figure 6.3d) further support this observation, highlighting the chemical
structure changes over time. Characteristic peaks corresponding to hydroxyl (-OH) stretching
around 3200-3500 cm™ and amide I (C=O stretch) and amide II (N-H bend) bands around
1600-1700 cm™ show slight shifts and intensity changes, indicating polymer hydrolysis and
matrix breakdown. The C—H stretching bands around 2800-2900 cm™ were monitored to
evaluate the integrity of the polymer backbone over time. Across all samples, (PZT-15, PZT-
30, PZT-50) demonstrated minimal changes in peak intensity in this region compared to
PVAZein, suggesting that the inclusion of a-tocopherol and PVA contributes to enhanced

structural stability and slower degradation of the aliphatic chains. Notably, PZT-50 retains more
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of its characteristic peaks over time compared to PVA-Zein, correlating with its slower
degradation rate observed in the weight loss data. These results confirm that the PZT samples
undergo controlled and sustained degradation, making them effective candidates for wound

healing applications with prolonged bioactive release.
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Figure 6.3. Structural Characterization and Degradation Behavior of PVA/Zein-Tocopherol
Nanofibrous Mats:(a) DSC Thermograms of PVA-Zein (control) and PZT-15, PZT-30, and
PZT-50 fibrous mats were recorded using DSC (Discovery 2500, TA Instruments) over a
temperature range of 26 to 260 °C at a heating rate of 10 °C/min under nitrogen atmosphere
(50 mL/min). The thermograms depict the endothermic transitions corresponding to the glass
transition temperature and thermal degradation.(b) Zeta Potential Measurements of zein
nanoparticles and o-tocopherol-loaded samples (ZT-15, ZT-30, ZT-50) were determined in
PBS solution (pH 7.4) at 25 °C using a Zetasizer Nano (Malvern Panalytical). The zeta
potential values indicate surface charge changes with increasing a-tocopherol loading.(c)
Weight Loss Profiles of PVA-Zein and PZT samples during immersion in PBS at pH 7.4 and
37 °C over 24 hours. Fiber mats were weighed at intervals of 0, 0.5, 1, 2, 4, 8, and 24 hours,
and weight loss was calculated as a percentage of the initial mass.(d) FTIR Spectral Analysis
of PVA-Zein, PZT-15, PZT-30, and PZT-50 over 24 hours of degradation in PBS. Key peaks
were monitored for hydroxyl (—-OH) stretching at 3200-3500 cm™, amide [ (C=0 stretching)
and amide Il (N-H bending) at 16001700 cm™, and C-H stretching bands at 2800-2900 cm™
to evaluate chemical changes in the polymer backbone during degradation.
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6.9.4. Mechanical properties of nonwoven fibrous mats

The mechanical properties of the nonwoven fibrous mats were assessed via tensile testing,
which revealed the stress-strain behavior of the mats (Figure 6.4a). The mechanical properties
of the control PVA-Zein fibers were found to be the lowest in terms of tensile strength and
elongation at break, suggesting a limited performance. However, increasing the concentration
of encapsulated a-tocopherol resulted in significant improvements in mechanical properties,
particularly at higher concentrations of a-tocopherol. The tensile strength (Figure 6.4b) of the
mats increased proportionally with the addition of the encapsulated a-tocopherol. The control
PVA-Zein fibers displayed a tensile strength of approximately 0.74 MPa. In contrast, the tensile
strength increased to 1.01 MPa, 1.24 MPa, and 1.57 MPa for fibrous mats with 15%, 30%, and
50% a-tocopherol, respectively. This trend indicates that encapsulated tocopherol with
relatively rigid zein chains acts as a reinforcing filler, enhancing the load-bearing capacity of
the fiber [261]. It is likely that the encapsulated tocopherol nanoparticles, which manifested as
nano-beads in the fibers, could also have enhanced the fiber entanglements in the nonwoven
mats, resulting in improved tensile properties. The tensile strength and elongation of the PVA-
zein mats are comparable to those of synthetic wound dressings, indicating that our mats can

provide the necessary mechanical support for wound sites [257].
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Figure 6.4. Mechanical properties of nonwoven fiber mats from PVA-Zein loaded with a-
tocopherol:(a) Stress-strain curves of PVA-Zein (control), PZT-15, PZT-30, and PZT-50 fiber
mats, obtained through tensile testing using a Mandel-Shimadzu (AGS-X) tensile tester with a
0.5 kN load cell. The gauge length was set to 15 mm, and the test speed was 1 mm/min.
(b) Tensile strength of the nonwoven fiber mats measured under the same conditions. Five
samples were tested per group, and the mean values are presented with standard deviations.(c)
Elongation at break, calculated as the percentage of elongation relative to the original length
of the mats under tensile loading.(d) Young's modulus, which represents the stiffness of the
fiber mats, was calculated as the slope of the linear portion of the stress-strain curve for each
sample. PZT-15, PZT-30, and PZT-50 indicate fibers loaded with 15%, 30%, and 50% a-
tocopherol, respectively.

Similarly, elongation at break (Figure 6. 4c) was positively correlated with the a-
tocopherol content. The control PVA-Zein fibers had an elongation at break of approximately
20%, whereas the PZT-15, PZT-30, and PZT-50 fibers had elongations of 30, 50, and 47%,
respectively. This increase in flexibility in conjunction with improvement in tensile strength is
indicative of enhancement in toughness, which is beneficial for wound dressing applications
[278]. Additionally, Young's modulus (Figure 6.4d) values increased with increasing o-

tocopherol content. The control PVA-Zein fibers had a Young's modulus of approximately
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19.82 MPa. With the addition of 15, 30, and 50% a-tocopherol, the Young's modulus increased
to 34,41, and 57 MPa, respectively. This suggests that zein not only enhances the encapsulation

efficiency of a-tocopherol but also increases the rigidity of the baseline fibers [61,92].

6.9.5. Tocopherol release kinetics from nonwoven fibrous mats

The cumulative release kinetics of a-tocopherol from nonwoven fibrous mats composed
of PVA-Zein loaded with different concentrations of a-tocopherol (PZT-15, PZT-30, and PZT-
50) were evaluated for 24 h, as shown in Figure 6. Sa. All formulations exhibited substantial
release of the encapsulated substance within the initial 2 h, amounting to approximately 40%
of the tocopherol bioactive molecules, which typically accumulate on the fiber surface during
the solution blow process. This initial burst is crucial because it is essential to eliminate
interfering bacteria before they proliferate to enhance wound healing, as tocopherol has
antimicrobial properties [279]. Subsequently, progressively steady, and stable release was
observed over the following 24 h for all samples (PZT-15, PZT-30, and PZT-50), amounting to
approximately 70%, 76%, and 84%, respectively, for up to 24 h. The sustained and continuous
release characteristics of a-tocopherol-loaded PVA-Zein fibrous mats are consistent with the
advantages of zein encapsulation efficiency and lower hydrophilicity, which enable prolonged
and sustained release, resulting in improved therapeutic effects of a-tocopherol [271].
Furthermore, the sustained release of a-tocopherol over time implies potential benefits in
managing oxidative stress in chronic wounds, contributing to accelerated wound healing and
reduced inflammation.

Additionally, the release mechanism of a-tocopherol from PVA-zein fibrous mats was
studied using four kinetic models Figure 6.5(b-d). This was performed to understand the
underlying processes involved in the release of bioactive compounds from fibrous mats [280].

The release kinetics of the PZT-15, PZT-30, and PZT-50 samples were most effectively
represented by the Korsmeyer-Peppas model and Higuchi models that provided a suitable fit,
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suggesting a sustained release, which indicated a combination of diffusion and polymer
relaxation mechanisms. In contrast, the release kinetics of PZT-15, PZT-30, and PZT-50 did
not adhere to zero-order and first-order release dynamics. A more accurate explanation for the
observed release behavior was provided by the Higuchi and Korsmeyer-Peppas models, as their
plots exhibited a high degree of linearity [257]. The Higuchi model appeared to provide the
best fit. The faster release rate of a-tocopherol in the PZT-15 mats compared to the PZT-30 and
PZT-50 mats can be attributed to their smaller fiber diameter and increased surface area,
facilitating greater diffusion of the encapsulated bioactive compound. The release mechanism
was mathematically represented as a function of the diffusion exponent (n), and the release of
a-tocopherol followed the Fickian diffusion (n = 0.4) with good accuracy. This observation
highlights that the PVA-zein fibrous mats containing a-tocopherol demonstrate a controlled
release pattern, making them suitable for use in wound dressings where sustained release of
bioactive agents is beneficial. Research indicates that the size of drug-loaded nanoparticles
significantly influences their release kinetics and therapeutic efficacy in wound healing.
Nanoparticles of smaller dimensions exhibit a higher surface area-to-volume ratio, resulting in
accelerated initial drug release and enhanced cellular uptake, which is advantageous for
immediate treatment [281]. In contrast, larger nanoparticles (>100 nm) provide a more
sustained release, ideal for prolonged delivery[282]. In our study, the a-tocopherol-loaded zein
nanoparticles (average size 347 nm) exhibited a biphasic release: an initial burst followed by
sustained release. Overall, the controlled release of a-tocopherol from the PVA-zein nonwoven
mats is facilitated by the structural properties of the zein nanoparticles and their incorporation
within the PVA matrix. Zein, a hydrophobic prolamin protein, encapsulates a-tocopherol,
creating a barrier that controls the diffusion rate of the drug. The PVA matrix modulates the
release by providing an additional layer of control over the swelling and degradation properties

of the mats. This combined system enables a biphasic release profile an initial burst for
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immediate therapeutic effects followed by sustained release for prolonged wound healing [19].
The relevant parameters calculated for tocopherol release are summarized in Table D1, and the

calibration curve is shown in the supporting Figure D1.
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Figure 6.5. Release Kinetics of a-tocopherol from PVA-Zein/o-tocopherol Fibrous Mats:
(a) Cumulative release profiles of a-tocopherol from PZT-15, PZT-30, and PZT-50 fibrous
mats over 24 hours. Samples were incubated in 2 mL of phosphate-buffered saline (0.01 M
PBS) (pH 7.4) at 37°C with constant agitation (100 rpm) section 2.6. Tocopherol release was
quantified using UV-visible spectrophotometry at 292 nm. Three replicates were analyzed for
each sample, and the cumulative release was calculated as a percentage of the total tocopherol
loaded in the mats. (b) Release kinetics of PZT-50 fitted to zero-order, first-order, Higuchi,
and Korsmeyer-Peppas models. (c) Release kinetics of PZT-30 analyzed using the same models
as in (b).(d) Release kinetics of PZT-15, also fitted to zero-order, first-order, Higuchi, and
Korsmeyer-Peppas models. The best-fit model for each formulation was selected based on the
highest correlation coefficient (R?). The release was driven primarily by Fickian diffusion and
polymer relaxation, with initial burst release followed by sustained release. This data supports
the potential for controlled therapeutic delivery in wound healing applications.
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6.9.6. Cell Viability and Cytotoxicity Study

A comparative analysis of cell viability on cells cultured with sample extracts of PVA-
Zein, PZT-15, PZT-30, and PZT-50 revealed that most cells on the well plate remained viable
after 24 h of culture in the sample extract solution (Figure 6.6a). No significant cell death was
observed in cell populations incubated with the three different ratios of PZT sample extracts
(95.95%, 94.8%, and 96.65% live cell population in PZT-15, PZT-30, and PZT-50,
respectively), when compared with the live cell population of the positive controls of cells
incubated with fresh culture media (97.8%) and PVA-Zein sample extract (95.95%) (Figure
6.6¢). Notably, the majority of cells maintained fibroblast morphology and were well spread
on PZT-15, PZT-30, and PZT-50 sample extracts when compared to TCPS and PVA-Zein
Figure 6. 6 (a-b).

Zein a plant-derived corn protein, has been studied for its ability to mimic the structure
and function of natural extracellular matrix (ECM) proteins by promoting cell-substrate
interactions, modulating intracellular signaling cascades involved in cell spreading and
migration, and exhibiting antimicrobial properties [26,283]. In contrast, a-tocopherol, a potent
antioxidant known for its protective effects against oxidative stress, can modulate signaling
pathways involved in cell proliferation, adhesion, and immune response processes and has an
anti-inflammatory effect [284-286]. As a result, the presence of zein can stimulate fibroblasts
to produce ECM components essential for tissue repair and regeneration, whereas a-tocopherol
can support the stability of newly synthesized ECM components by protecting them from
oxidative degradation. Moreover, the biocompatible zein protein provides a conducive
environment for cell adhesion[6] while a-tocopherol helps maintain cellular integrity and
function [287], by promoting cell spreading and the formation of a stable cell layer. Therefore,

the combined presence of a-tocopherol and zein protein can elicit synergistic effects on cellular
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responses, offering benefits for wound healing such as enhanced cell migration, spreading,
proliferation, modulation of the inflammatory response, and tissue regeneration.

The cytotoxicity was determined using the alamarBlue cell viability assay at 24 h (Figure
6. 6d). The normalized cell viability % of NIH3T3 cultured with extracts of PVA-Zein, PZT-
15, PZT-30, and PZT-50 were 100.3 £ 2.7%, 90 £+ 6%, 103.3 £ 6% and 106 =+ 7%, respectively
at 24 h. These results align with the ISO 10993-5:2009 standards for the biological evaluation
of medical devices and materials, which suggest that cell viability exceeding 70% can be
considered noncytotoxic [288]. All three PZT samples appeared to be promising and safe
materials for wound healing studies. Compared to conventional wound dressings like gauze
and hydrocolloids, our PVA-zein/a-tocopherol fiber mats demonstrate enhanced functionality
through sustained drug release and biocompatibility. While synthetic polymer dressings such
as PLGA have certain advantages, the unique antioxidant release profile and scalability of our

mats provide a novel approach to wound care.
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Figure 6 .6. Cell Viability and Cytotoxicity Studies (a) Representative fluorescence
microscopy images of Live/Dead staining of NIH3T3 cells cultured with extracts from PVA-
Zein, PZT-15, PZT-30, and PZT-50 at 24 h. Ethanol-treated cells served as a negative control
and cells on tissue culture polystyrene (TCPS) with culture media served as a positive control.
Cells were stained with calcein-AM for live cells (green fluorescence) and ethidium
homodimer-1 for dead cells (red fluorescence). Scale bar = 100 um. (b) Average cell area
(20 cells from 2 samples were counted for each group). n =2, * and ** indicate a significant
difference using one-way ANOVA with p <0.05 and p <0.01, respectively. Scale bar = 100
um. (c) Percentage of live cells after 24 h (n = 2). (d) Percentage of cell viability at 24 h in cells
treated with extracts from PZ, PZT-15, PZT-30, and PZT-50 samples and cells cultured on
TCPS (positive control) with culture media (cell viability % of all the samples at 24 h were
normalized to TCPS positive control). n = 3, 'ns' indicates no significant difference using
ordinary one-way ANOVA with Tukey’s multiple comparison test.
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6.10. Concluding Remarks

The present study aimed to develop biocompatible bioactive carriers in the form of nonwoven
PV A-zein/a-tocopherol fiber mats suitable for wound dressing applications. The use of PVA-
zein as a carrier of a-tocopherol offers unique advantages. Zein, a plant-derived protein, mimics
the structure and function of natural extracellular matrix (ECM) proteins, promoting cell-
substrate interactions and supporting cell spreading and migration. The amphiphilic nature of
zein aids the uniform dispersion of a-tocopherol, enhancing its stability and bioavailability.
Solution blowing was chosen because of its ability to rapidly produce uniform, high-quality
nonwovens on an industrial scale. a-Tocopherol was used as the model bioactive compound,
known for its potent antioxidant properties and ability to enhance wound healing. The fibrous
mats exhibited a uniform morphology, improved thermal and mechanical properties, with a
higher a-tocopherol content. These fibrous mats demonstrated a controlled release profile,
characterized by an initial burst followed by a sustained release of a-tocopherol over 24 hours,
ensures an immediate therapeutic effect followed by a sustained presence of the bioactive
compound, supporting continuous healing. Cytotoxicity assays confirmed high cell viability
(>90%) and enhanced cell spreading, highlighting the excellent biocompatibility of mats. The
novel PVA-zein/a-tocopherol nonwoven fibrous mats developed in this study hold great
promise for use in various single-use biomedical products, including wound dressings. Overall,
while this study highlight the potential these fibrous mats potential in wound healing
applications. Future work could focus on optimizing fiber composition to further enhance
antimicrobial properties. Additionally, in vivo studies will be essential to confirm the clinical

efficacy of the a-tocopherol release and its impact on wound healing.
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Chapter 7. Conclusions and Future Work

7.1. Conclusions

This dissertation explored the modification, blending, and application of zein-based
biopolymers to address sustainability challenges in packaging and biomedical applications. The
inherent limitations of zein, including poor processability, weak mechanical properties, and
low thermal stability, were systematically addressed through chemical modifications, polymer
blending, and development of bioactive delivery systems.

Initially, zein was chemically modified via esterification using fatty acids of varying chain
lengths (C6, C10, and C16), aiming to enhance processability, mechanical properties, and
hydrophobicity. The surface properties, rheology, and chemical structure were extensively
characterized using FTIR and 13C-NMR spectroscopy. Modified zein exhibited improved
melt-processability and increased tensile strength, particularly with decanoic acid, which also
decreased water absorption, making it viable for sustainable packaging applications. The fatty
acid chains acted as internal plasticizers, improving film flexibility and durability.

The second focus was on creating zein-based blends with poly(butylene adipate-co-
terephthalate) (PBAT) to develop biodegradable films. Melt extrusion facilitated the fabrication
of mZein/PBAT films with varying compositions, where optimal properties were observed in
a blend containing 30 wt% mZein and 70 wt% PBAT. This composition achieved tensile
strength of 10.88 MPa, elongation at break of 561.41%, and an elastic modulus of 105.63 MPa.
The enhanced oxygen and moisture barrier properties, alongside improved disintegration,
indicate that these blends can serve as effective biodegradable packaging materials, reducing
reliance on conventional plastics.

The third investigation involved zein nanoparticles (ZNPs) synthesized through an antisolvent

co-precipitation method using green solvents (water and ethanol). These nanoparticles co-
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encapsulated quercetin and a-tocopherol, achieving high encapsulation efficiency (up to 96%)
and controlled particle sizes (50-320 nm). The ZNPs provided sustained release of quercetin
(79.7%) and a-tocopherol (60.4%) over 8 hours, highlighting their potential as bioactive
delivery systems for pharmaceuticals, nutraceuticals, and functional food applications.
Molecular interactions, including hydrogen bonding and hydrophobic forces, contributed to the
stability and controlled release of the bioactive compounds.

Lastly, the fabrication of a-tocopherol-encapsulated nonwoven fiber mats composed of
poly(vinyl alcohol) (PVA) and zein was achieved using solution blow spinning. The fiber mats
displayed uniform morphology (350-796 nm in diameter), improved tensile strength, and
sustained o-tocopherol release over 24 hours. Cytotoxicity studies demonstrated high cell
viability (>90%), confirming their biocompatibility and potential as wound dressings for
therapeutic delivery.

The results collectively enhance the functional properties and expand the application potential
of zein as a sustainable biopolymer. This work provides a new framework for zein
functionalization through chemical modifications, blending, and scalable production, enabling
applications in sustainable packaging and bioactive delivery in pharmaceuticals and biomedical

devices.
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7.2. Recommendations and Future Work

The following future work is recommended to further enhance the functional properties of zein-
based biopolymers and expand their applications across packaging, pharmaceutical delivery,
and biomedical sectors.

In chapter 3, further exploration into alternative chemical modification techniques, such as
cross-linking and graft copolymerization, could enhance the mechanical, thermal, and barrier
properties of zein, broadening its applicability. These additional modification routes could be
systematically compared to the esterification process discussed in this thesis, providing insight
into the most effective methods for optimizing zein’s performance for targeted applications.
In Chapter 4, it was found that mZein/PBAT blends demonstrated improved mechanical and
barrier properties suitable for sustainable packaging. However, further work can be done: One
critical area for future work is the scalable production of these zein-based blends. Research
should focus on optimizing processing parameters during extrusion, including temperature
profiles, shear rates, and screw configurations. These optimizations will enhance blend
homogeneity and interfacial adhesion, potentially increasing mechanical strength and film
uniformity. Beyond PBAT, the blending of modified zein (mZein) with other biodegradable
polymers such as polylactic acid (PLA), polycaprolactone (PCL), or poly(3-hydroxybutyrate)
(PHB) should be explored. PHB, in particular, offers promising biodegradability and thermal
stability, making it an ideal candidate for improving the material properties and expanding the
range of applications of mZein-based blends. Future studies should investigate the
compatibility, mechanical properties, and degradation behavior of these blends to optimize
their performance for practical applications. This will allow a comprehensive understanding of
blend compatibility and structure-property relationships, potentially leading to biodegradable
composites with tailored mechanical and barrier properties suitable for a wide range of

packaging and agricultural applications. Given the global focus on sustainability,
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understanding the end-of-life behavior of these mZein blends is crucial. Future research should
conduct biodegradability studies under different environmental conditions (e.g., soil, marine,
compost) to establish their ecological impact. Such studies will confirm the potential of these
blends as sustainable alternatives to traditional plastic films.

Chapter 5 explored the use of zein nanoparticles (ZNPs) for the co-encapsulation and controlled
release of bioactive compounds. To maximize their therapeutic potential and expand their
applications. Further work is needed to enhance the functionality of ZNPs by exploring surface
modifications, such as PEGylation or conjugation with targeting ligands. Such modifications
would improve the stability of the nanoparticles in physiological environments and enable site-
specific delivery for pharmaceutical and nutraceutical applications. The encapsulation
efficiency, particle size control, and release kinetics of ZNPs should be studied for a broader
range of bioactive molecules, including hydrophilic compounds, proteins, and peptides. This
will help tailor the nanoparticles for applications in different fields, such as drug delivery,
functional foods, and active packaging, providing a wider scope of potential commercial uses.
Stability of ZNPs during storage and in various environmental conditions (e.g., temperature,
pH, light exposure) must be rigorously assessed. Stability testing will ensure that encapsulated
bioactives retain their potency and that release profiles remain controlled and predictable for
potential commercial and pharmaceutical products.

Chapter 6 provided insights into the fabrication of nonwoven fiber mats comprising PVA and
zein encapsulated with a-tocopherol. To enhance the biomedical utility of these materials,
several key areas should be explored. To further improve the mats' mechanical robustness and
flexibility, future work should explore different solution blow spinning parameters, such as
polymer concentration, airflow rate, and nozzle configurations. Alternative spinning
techniques, like electrospinning, may allow better control over fiber diameter and distribution,

leading to fibers with uniform morphology and enhanced mechanical strength[131].
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Expanding the encapsulation capability of the mats to include multiple bioactive compounds
(e.g., antimicrobial agents, anti-inflammatory drugs) will enhance their multifunctionality and
therapeutic potential for wound healing.

The controlled release kinetics of these agents should be carefully optimized to match the
requirements of different wound healing stages, enabling comprehensive and sustained
therapeutic effects. While in-vitro cytotoxicity tests indicated the biocompatibility of the mats,
in-vivo studies on animal models are critical for validating their wound healing efficacy,
biocompatibility, and regenerative properties. These studies will help assess tissue integration,
wound closure rates, and potential immune responses, providing essential data for translating

the mats into clinical use.
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Figure A. Graphical abstract
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Figure Al. a) A plot between zero shear viscosity and average zein concentration at 25 °C, b)
Specific viscosity, as a function of C[n], c) ATR-FTIR spectra of unmodified and modified zein

films, and d) ATR-FTIR spectra of modified zein film and pure pyridine.
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Figure A2. SEM surface images for cross sections of zein films a) net zein b) zein/hexanoyl

acid (ZC6-50) c) zein/decanoyl acid (ZC10-50), d) zein/palmitic acid (ZC16-50)
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Table A 1 Summary of mechanical properties for zein films

Sample Tensile strength Elongation at break | Young's Modulus Toughness
(TS, MPa) (ETB %) (MPa) (MJ/m?)

Z1 1.70 £ 0.23¢ 38.41 £ 4.56° 154.42 £+ 3.45¢ 0.017 £ 0.001¢
ZC6-50 3.25 + 0.86° 48.22 +3.03> 219.15 + 1.60° 0.526 + 0.050”
ZC10-50 8.27 £ 0.76¢ 66.00 £ 4.91¢ 173.13 £ 11.5°¢ 0.706 + 0.230%?
ZC16-50 6.61 £ 0.94¢ 68.00 + 3.70¢ 154.05 + 29.0¢ 0.994 + 0.100°¢

*(a-d) denotes significant differences within each property for a < 0.05). Results are average

+ standard deviation from five sample specimen.
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Figure A3. Water contact angle measurements.
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The water contact angle, surface energy, and interfacial tension of the blend provide valuable
information about the degree of interaction between the blends[172]. A higher water contact
angle and lower surface energy indicate a more hydrophobic surface, while a lower interfacial
tension suggests better compatibility between the two components. These parameters play a
crucial role in determining the wettability, adhesion, and compatibility properties of the blend
[288].

In comparison, unmodified zein generally exhibits a higher surface energy compared to the
modified zein and PBAT blend as shown Figure B1. This higher surface energy indicates a
more hydrophilic surface, which may impact the blend's wettability and adhesion properties.
Additionally, the interfacial tension of unmodified zein and PBAT blend exhibit higher values

compared to the modified zein and PBAT blend. Overall, understanding the surface properties
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of these blends is crucial for their application in various industries, such as food packaging and

biomedical engineering.
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Figure B1. Water contact angle and surface energy for unmodified Zein/PBAT blend films.

Table B1 presents a summary of the key parameters and properties of both non-modified zein
and the modified zein-PBAT blend, along with the corresponding values from previous studies.
Additionally, our results reveal that the modified zein-PBAT blend outperforms non-modified
zein in terms of oxygen and moisture barrier properties, optical properties, and disintegration
behavior in a composting environment. These findings are in line with previous studies that

have reported the advantageous characteristics of modified zein films.
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Table B 1. Comparison of properties of mZein/PBAT blends with different studies on bio-

based polymeric blends
Blend Modification/Compatibilizer | Properties Value | Reference
composition
(WVP) (%) 68.00
(OP) (%) 59.02
mZein/PBAT | Decanoic acid Tensile  Strength | 10.88 | This study
(30/70) (MPa)
Elongation at | 561.41
Break(%)
Disintegration  in | 75.05
Composting (%)
(WVP) - [14]
Zein/PBAT (OP) -
Poly(ethylene glycol
(30/70) Tensile Strength | 18.20
diglycidyl ether
(MPa)
Elongation at | 860.04
Break(%)
Disintegration  in | 53.10
Composting (%)
Styrene glycidyl methacrylate | (WVP) (%) 80.21 [171]
TPS/PBAT copolymer (OP) -
(50/50) Tensile Strength | 24.60

(MPa)
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Elongation

Break(%)

at | 107.81

Composting

Disintegration  in | -

Table B.2. Summary of mechanical properties for unmodified and modified zein/PBAT

blend films
Blend Tensile strength | Elongation at break | Elastic modulus Study
Composition (MPa) (%) (MPa)

Zein 1.71 £ 0.51 50.12 + 4.10 161.56+ 11

Zein/PBAT (70/30) 220+ 1.11 46.671 2.41 14594+ 16

Zein/PBAT (50/50) 3.60+ 1.71 72.48+ 7.60 120.31+ 23 This study
Zein/PBAT (30/70) 5.88%+ 0.20 102.61£ 5.70 91.65+ 12

mZein/PBAT (70/30) 3.25+ 0.46 87.31+ 17 21841+ 1.77
mZein/PBAT (50/50) 539+ 0.76 152.35 + 10.23 182.78 + 1.57
mZein/PBAT (30/70) 10.88 + 1.15 561.41 + 10.23 105.63 + 8.19

PBAT 13.61+ 0.91 791.83+ 20.10 72.23+ 17
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Appendix C

Supporting Information from Chapter 5
The quantification of adsorbed and encapsulated materials in zein nanoparticles can be
achieved through standard curve analysis. Design of Experiments (DOE) is provided, including
factors and levels using a Box-Behnken design matrix for zein/quercetin/tocopherol
nanoparticle formulation. Normal Probability Plot analysis is employed to analyze residuals in
the study of zein/quercetin/tocopherol nanoparticles. Optimized Response Surfaces plots are
presented to illustrate the optimization process for zein/quercetin/tocopherol nanoparticle

formulations based on specific parameters.
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Figure C1.The calibration standards for quercetin and a-tocopherol were established at 369

nm and 295 nm, respectively, for the Zein/Que/Toc nanoparticles.
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Table C.1. Experiment Factors and Levels

Factors Level | Level (0) | Level (+1)
-1
Zein/Que/Toc (mg/mL), X; 1 1.5 2
Tween 80 (mg), X 1.5 2.5 3.5
pH, X3 4 6 8
Table C.2. Box-Behnken Design Matrix
Run | Zein/Que/Toc Tween 80 pH (X3) | ZAv (nm) | PDI | ZP (mV) | EE(%)
(X1) (X2)
1 1.5 3.5 8 229.1 0.327 | -18.32 65.78
2 2 2.5 4 244.5 0.278 | -25 70.24
3 1.5 2.5 6 256.4 0.266 | -20.01 73.12
4 1 3.5 6 151.7 0.083 | -32.16 79.89
5 1.5 2.5 6 201.45 0.243 | -24.42 84.72
6 1.5 3.5 4 172.5 0.109 | -37.71 94.85
7 1 1.5 6 145.9 0.112 | -33.6 83.26
8 2 2.5 8 267.8 0.357 | -30.52 91.49
9 1.5 1.5 8 238.7 0.122 | -37.9 94.78
10 1 2.5 4 132.4 0.134 | -40.42 84.54
11 2 1.5 6 211.6 0.27 |-304 86.25
12 1.5 2.5 6 220.4 0.265 | -28.7 82.05
13 1 2.5 8 149.6 0.102 | -32.4 81.78
14 1.5 1.5 4 219.31 0.249 | -23.34 87.9
15 2 3.5 6 163.82 0.114 | -15.45 87.78
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Figure C2. Normal probability plot of the average particle size, PDI, EE (%), and zeta potential

of Zein/Que/Toc nanoparticles
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Figure C3. Response surfaces of the optimized zein/quercetin/tocopherol: a) average particle

size, b) PDI, ¢) EE (%), and d) zeta potential of Zein/Que/Toc nanoparticles.
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Appendix D

Supporting Information from Chapter 6
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Figure D1: a) absorbance spectrum of pure tocopherol, b) calibration curve for determining
EE% and LC%, c) calibration curve for determining tocopherol released from PVA-Zein

fibrous mats, and d) absorbance spectra of PVA-Zein fibrous mats loaded with alpha

tocopherol at 15%, 30%, and 50%.
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Table D 1. Release kinetics of nonwoven fibrous mats from PVA-zein-loaded a-tocopherol.

Model Parameter Tocopherol PZT-15 PZT-30 | PZT-50
R? 0918 0.855 0.823 0.992
Zero -Order Ko 2.123 0.567 0.822 1.342
Qo 0.254 0.479 0.324 0.672
R? 0.872 0.821 0.843 0.856
First -Order K 2.067 1.896 2.342 2.053
Qo 1.562 0.785 1.871 1.321
R? 0.974 0.987 0.991 0.998
Higuchi Ku 2.298 2.465 2.732 3.041
Qo 0.076 0.309 2.140 2317
R? 0.995 0.999 0.996 0.992
Korsmeyer-Peppas n 0.459 0.521 0.483 0.490
Kkp 0.178 0.421 1.132 1.520

R? refers to the correlation coefficient, whereas Ko, Ki, Ku, and Kgp denote the zero-order
release, first-order release, Higuchi, and Korsmeyer constants, respectively. Q, and n represent

the initial release amount and exponent, respectively.
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