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Abstract
Three-dimensional (3D) food printing is one of the emerging processing technologies that enables
the construction of complex food structures and customization. Although various food ingredients
have been explored for their 3D printability, pea protein is among the plant proteins that have not
been studied extensively on its 3D printability, owing to its native inability to hold shape and
structure following extrusion. This study investigated the effect of plasma activated microbubble
(PAMB) treatment on the thermal gelation and 3D printability of pea protein isolate (PPI). PAMB
treatments with different combinations of discharge gases (80% argon and 20% air, 90% argon
and 20% air, 100% argon, and 100% air) were applied to prepare PPI suspensions. These
suspensions were then heated at 85°C for 30 and 60 min, followed by immediate cooling to prepare
PPI gels. The viscoelastic measurements and mechanical properties of PPI gels indicated that this
combined application was suitable for 3D printing, with a notable increase in storage modulus
(G’), loss modulus (G’’) and compressive strength in PPI-PAMB gels. The 3D printed PPI gels
prepared using PAMB treatment exhibited better structure retention, resistance to deformation,
and stability during storage. The treatment using PAMB prepared by the combination of argon and
air, i.e., 80% argon and 20% air and 90% argon and 10% air, resulted in PPI gels with better
rheological properties, mechanical stability and 3D printability. Freeze drying was investigated as
a possible post 3D printing processing operation to enhance the shelf life and storage stability of
3D printed PPI gels. The moisture content, water activity and textural properties of the freeze dried
3D printed PPI were investigated. With further studies, freeze dried 3D printed PPI gels can be

utilised in protein rich breakfast foods.



Preface

This thesis is an original work done by Sreelakshmi Chembakasseri Menon at the Food Safety and
Sustainability Engineering Lab at the University of Alberta under the supervision of Dr. Roopesh

Mohandas Syamaladevi.

The thesis consists of five chapters: Chapter 1 provides an introductory overview of the study,
including the thesis rationale, hypotheses, and objectives. Chapter 2 reviews the scientific literature
associated with the studies in Chapters 3 and 4. Chapter 3 evaluates the effect of plasma activated
microbubble water in improving the functionality and 3D printability of pea protein gels. Chapter
4 describes the application of freeze drying as a post-3D printing process to improve the shelf life
of 3D-printed protein gels. Chapter 5 comprises the conclusions of this study and suggestions for

future work.

A manuscript based on the study in Chapter 3 “Improvement in the structural properties and 3d
printability of pea protein gels prepared by plasma activated microbubble water,” has been

prepared for submission to an international journal.
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Chapter 1 Introduction and objectives

1.1 Introduction

Pea protein has gained significant scientific and commercial attention due to its low cost, high
nutritional value, hypoallergenic nature, and availability. Critical functional properties such as
solubility, water- and oil-holding capacities, and emulsifying and foaming properties of pea protein
have also been deciding factors in its commercial applications (Lam et al., 2018). One of the most
relevant food applications of pea protein is for developing meat analogs. Several studies have
investigated the production of meat analogs using pea protein and have established it as a
promising source of alternate protein (Ferawati et al., 2021; Kaleda et al., 2021). Additionally,
studies have revealed that pea protein can be utilized as an adequate ingredient substitute for milk
protein (Ben-Harb et al., 2020) and wheat flour (Assad Bustillos et al., 2020). Even though pea
protein is widely used as an ingredient in the manufacture of various foods, some specific
functionality constraints have limited its utilization in modern food processing technologies

(Shanthakumar et al., 2022).

Gelation is one such functional property, that determines the applicability of pea protein in food
processing. With a direct relation to the texture of food, the gelation properties of pea protein
dictate the feasibility of utilizing pea protein for various processing applications (Lam et al., 2018).
Pea protein gelation can be induced by thermal treatment, pH alteration, the addition of salts, and
other chemicals (Klost et al., 2020). The inherent properties of native pea protein indicate that it
has restricted gelling capabilities, requiring exposure to temperatures exceeding its denaturation
temperature of 95°C to form durable gels (Shevkani et al., 2015). However, gelation and structural
properties of pea protein have been shown to improve with novel processing technologies. For
instance, atmospheric cold plasma treatment can possibly reduce heating temperatures to 80-90°C

1



for protein gelation, with an improvement in the rheological properties of pea protein gels (Zhang

etal., 2021).

Atmospheric Cold Plasma (ACP) is a non-thermal processing technology that is generated by
electrical discharge utilizing a variety of input gases and consists of reactive chemical species,
such as reactive oxygen and nitrogen species (RONS) (Feizollahi et al., 2020). The existence of
these species makes cold plasma useful in various applications such as wastewater treatment, seed
germination, food decontamination, inactivation of enzymes, and modification of food properties
(Bermudez-Aguirre, 2019). Plasma activated water (PAW) is produced when atmospheric cold
plasma interacts with water (Mai-Prochnow et al., 2021). Previous studies showed the utilization
of PAW in food processing applications, primarily for disinfection. Bubble-enhanced plasma
activation has been developed to improve the efficiency of plasma activation in water, utilizing

tiny bubbles to entrap and release plasma reactive species into the water (Gao et al., 2022a).

Three-dimensional (3D) food printing is an applied version of additive manufacturing technology
that converts a computer-generated 3D model into an edible object, utilizing food materials as
printing inks (Yu et al., 2022). Advantages of 3D food printing include food personalization,
customization, and precise nutrition control (Lipton, 2017). Even though there are several
techniques in 3D food printing, extrusion printing, which works on the principle of extruding the
food material through a fine nozzle to form a layer-by-layer structure is the most commonly
researched method (Zhang et al., 2022). Various printable and traditionally non-printable materials
have been studied for 3D food printing. While natively printable materials undergo 3D food
printing with minimal preprocessing and pre-treatment, traditionally non-printable materials
undergo several pre-processing, with or without additives, before 3D printing (Dankar et al., 2018).

Although pea protein has nutritional value, functional properties, and low allergenicity, it has



limited application in 3D food printing despite being a highly researched alternative protein. It is
rarely used as a major ingredient in 3D food printing studies, with most focusing on its role as an
additive to improve printability. No studies have explored its potential as a primary ingredient in
3D food printing or any post-3D printing processing to improve its shelf-life stability. With the use
of novel pre-treatments, i.e., by using ACP or PAW, gelation properties and printability of pea
protein can be possibly improved, though studies focusing on the application of these technologies

are limited or not available.

1.2 Hypothesis
The overall hypothesis of this research was that cold plasma technology can significantly enhance
the gelation properties of pea protein isolates, which would ultimately lead to improved utilization

in novel processing methods such as 3D food printing.

Introducing microbubbles in plasma activated water can enhance the efficacy of cold plasma. The
effectiveness of plasma activated microbubble water will depend on the plasma treatment time and
the feed gas utilized for plasma generation. The plasma reactive species in plasma activated
microbubble water can interact with plant proteins to improve their gelation properties. The
resultant pea protein gels with superior gelation and viscoelastic properties can be utilized in 3D
food printing, leading to substantial improvements in the quality of 3D-printed pea protein. With
the utilization of plasma activated microbubble water, 3D-printed pea protein gels will demonstrate

improved deformation resistance and storage stability for 3D printing.



1.3

Objectives

The overall objective of this research was to evaluate the applicability of plasma activated water

microbubble technology on thermal gelation, rheological behavior, mechanical properties, and 3D

printability of pea protein gels. The specific objectives were to:

il.

iii.

iv.

V1.

Design a set of pre-treatment protocols to utilize pea protein isolate as a food ink for 3D
printing (Chapter 3).

Standardise a time-temperature combination for heat gelation of pea protein suspension
made from plasma activated microbubble water (Chapter 3).

Evaluate the effect of feed gas compositions of argon and air in the characterization of
reactive species, gelation, and 3D printability of pea protein (Chapter 3).

Evaluate the rheological properties and 3D printability of pea protein as a sole ingredient
in food ink (Chapter 3).

Assess the storage stability and deformation stability of 3D-printed pea protein isolates
(Chapter 3).

Evaluate the structure and textural properties of freeze dried 3D-printed pea protein gels

(Chapter 4).

This research focused on applying plasma activated water to improve the functionality of pea

protein to be utilized in novel food processing technologies. Pea protein was selected for this

research due to its emerging importance as an alternative protein. Pea protein isolate, a highly

purified version of pea protein, was selected to assess the effect of plasma activated water. This

research used a bubble spark discharge cold plasma generation system to produce plasma activated

microbubble water. An extrusion 3D printer was utilized in this research to print a 3D printed

structure.



Chapter 2 Literature review

2.1 Plant Proteins and its gaining popularity

Plant proteins are complex structures, comprising sequences of numerous amino acids, which
contribute to the growth and development of plants. The unique combination of amino acids in
each plant protein determines its specific function and nutritional value. Crops such as cereals,
legumes, and pulses are the chief source of plant proteins, with each source of protein exhibiting
a wide variety of structures and functionalities (Arif and Pauls, 2018). Plant proteins have been
utilised in major applications such as food processing, agriculture, biofuels, bioproducts, and

biopharmaceuticals (Wadhave et al., 2014)

Plant protein applications in the food industry have increased over the past decade, with growing
demand for sustainable meat alternatives. The global trend towards clean-label products and better
considerations on animal welfare have shown a shift towards a plant-based diet (Munialo, 2023).
Secondly, peak interest in high-protein foods, particularly those with specific functional properties
has led to incorporating plant proteins as a primary ingredient in various food products (Malecki
et al., 2021). Additionally, with more consumers choosing to adopt healthier dietary habits, it is

essential to alter their food preferences, by incorporating plant-based protein (Detzel et al., 2022).

Numerous plant protein sources such as peanuts, soybeans, kidney beans, rice, quinoa, sunflowers,
cottonseed, camelina, maize, fava bean, oat, and peas have been researched for their possible food
processing applications (Kumar et al., 2022; Matecki et al., 2021; Munialo, 2023; Xiao et al.,
2023). However, out of all the plant proteins, considerable research interests are concentrated in

legume protein. The application of legume proteins such as soy protein isolate (SPI) and pea



protein isolate (PPI) has been studied widely for possible techno-functional property improvement

in food products (Omura et al., 2021).

Legume proteins have challenges in food processing due to poor solubility, limited functionality,
and anti-nutritional factors that affect digestibility. Most legume proteins, in their native form,
exhibit numerous challenges in food product development. Reduced solubility and dispersibility,
presence of anti-nutritional factors, and limited functionalities are some of the few challenges, that
inhibit the full-scale application of these proteins in food processing despite having numerous
commercial and therapeutic benefits (Sim et al., 2021). Hence, most present-day scientific research
in this field focuses on possible modification and alteration of legume proteins to bring out
improved physicochemical properties and structural properties, with a reduction of anti-nutritional
factors. Several processing techniques such as cooking, autoclaving, germination, microwave
processing, irradiation, fermentation, and extrusion have been investigated to improve plant

protein quality and functionality (Kumar et al., 2022; Park et al., 2010; Sa et al., 2019).

2.1.1 Pea protein - Overview

Pea protein, derived from yellow field pea (Pisum sativum), is an emerging legume protein, which
can be a potential alternative to animal protein owing to its nutritional value, functional properties,
and low allergenicity (Owusu-Ansah and Mc curdy, 1991). As of 2021, Canada has a production
of 2.25 million tons of dry peas (FAOSTAT, 2023). According to Statistics Canada, this has further
increased to 3.24 million tons in 2022, thereby making Canada as the world’s largest producer of
field peas, followed by Russia and China. Canada is also leading the dry pea market with an
expected export of 2.65 million tons in 2023, indicating that around 80% of dry peas produced in

Canada is exported. The domestic consumption of dry pea inside Canada is seen increasing from



580 thousand tons (2021-2022) to 697 thousand tons (2022-2023), indicating an increased demand

in pea protein inside Canada(Statistics Canada, 2023)

The peas contain two main protein fractions, namely, albumins and globulins. Albumins account
for 10-20% of the total protein, while globulins for 70-80%. Prolamines and Glutelins are also
present in pea protein in minor amounts. Globular proteins account for major storage proteins in
pea, such as legumin (11S), vicilin (7S) and convicilin (Rubio et al., 2013). The globulin fraction
of pea protein is high in specific amino acids such as arginine, phenylalanine, leucine, and
isoleucine, while the albumin fraction contains higher quantities of tryptophan, lysine, and
threonine. As is the case with most legumes, pea protein lacks the essential amino acid methionine

and non-essential amino acid, cysteine (Owusu-Ansah and Mc curdy, 1991)

Pea proteins are majorly utilized as a techno-functional ingredient aimed to enhance the
characteristics of final food products, it has excellent properties such as solubility, water- and oil-
holding capacities, emulsifying, foaming, and gelling properties. Physical, chemical, and
enzymatic treatments can further improve these functional properties to expand food applications

of pea proteins (Lam et al., 2018).

2.1.2 Food applications of pea proteins

Pea proteins have recently emerged as a potential protein, which can be utilized in the development
of meat analogs. Several studies have investigated the production of meat analogs using pea

protein.

Xia et al. (2022) reported that adding Haematococcus pluvialis residue and pea protein improves
texture and appearance in meat analogs. Another study investigated the feasibility of oat and pea

protein blends for preparing meat analogs and established that these blends can be utilized as



alternatives to gluten and soy proteins (Kaleda et al., 2021). Similarly, the functionality of yellow
bean and faba bean protein isolates was evaluated for possibilities to develop meat alternatives
(Ferawati et al., 2021). The water-holding capacity and protein content affect meat analog’s texture
properties. Also, protein isolation techniques can influence the texture of the final product. For
instance, dry separation of pea proteins, which includes a combination of ultrafine milling, air-
classification, and electromagnetic separation results in a porous and soft meat analog. In contrast,
wet separation using isoelectric point precipitation produces a solid-like texture due to enhanced

foaming and emulsification properties (Zhu et al., 2021).

Studies have also shown that pea protein can be utilized as an effective substitute in various food
products. For example, milk gels produced with the partial substitution of milk protein with pea
protein (50%) were perceived as a dairy product with a distinct cheesy aroma (Ben-Harb et al.,
2020). Pea protein isolate (PPI) has also been utilized to improve the stability of cake batter, with
a partial substitute of wheat flour in the batter (Assad Bustillos et al., 2020). Other food
applications of pea protein include utilization for encapsulation of various bioactive ingredients,
such as vitamin D, vitamin C, curcumin, flaxseed oil, lycopene, and probiotic bacteria, in modified
PPI complexes. Studies have shown that PPI helps in encapsulation stability and improves

bioavailability of the encapsulated material (Ge et al., 2020).

2.1.3 Functionality improvement in pea protein

Numerous research studies focused on the functionality improvement of pea protein by applying
novel technologies. Fundamental functional properties of pea protein, such as foaming capacity,
emulsification, water-holding capacity, and gelation have been investigated for their possible
enhancement. It was found that freezing and freeze-thaw cycling treatments have enhanced pea
protein properties such as fat absorption capacity, water holding capacity, foam stability index, and

8



emulsion stability index (Kumar et al., 2022). Co-spray drying is another emerging technology
employed to induce conformational changes and modify surface charge in pea protein isolates. Co-
spray drying of pea protein with trehalose, sucrose, and sodium hexametaphosphate resulted in
improved solubility, thermal properties, emulsification, and foaming capacity as well as stability
(Cui et al., 2021), while pea protein co-spray drying with cyclodextrins reduced its beany flavor
(Cui et al., 2020). A modification in the secondary and tertiary structure of pea protein fraction
using high-intensity ultrasound treatment has led to improved solubility and foaming stability (Gao

et al., 2022).

The application of novel technologies such as ohmic heating, high-pressure processing, shear cell
technology, ultrasound, pulsed electric fields, irradiation, filtration, supercritical carbon dioxide,
and cold plasma technology is presently being investigated for possible functionality improvement
of plant proteins. Ohmic heating, cold plasma, ultrasound and pulsed electric field treatments
induce protein denaturation and modification, potentially improving protein functionality and
solubility. High pressure processing, irradiation and filtration can enhance the texture and shelf
life of plant proteins, while retaining their nutritional value. (Avelar et al., 2021; Lam et al., 2018;
Mirmoghtadaie et al., 2016; Omura et al., 2021). While some these technologies alter protein
structure and properties, these technologies would also impact gelation, solubility, stability,

crosslinking density, water-holding capacity, hydrophobicity, strength, and viscoelasticity.

2.1.4 Gelation properties of pea protein

Globulins, a significant class of plant proteins found in legumes like soy and peas can form gels
when heated. This process, termed gelation can vary depending on specific protein sources and

extraction methods. Gelation in plant proteins is characterized by an increase in storage modulus



(G") over loss modulus (G”) and is an essential functional property (Nicolai and Chassenieux,

2019).

Gelation of pea protein can be initiated through various methods such as thermal treatment,
alteration of pH, addition of salts, and other materials, such as transglutaminase, hydrocolloids like
guar gum or xanthan gum (Klost et al., 2020). Thermal gelation is the most widely used gelation
technique in protein. When pea protein is heated to higher temperatures, the proteins denature and
then bonds upon cooling, resulting in gel formation. For thermal gelation, pea protein can only
create strong gels when exposed to temperatures higher than its denaturation temperature of 95°C,
exhibiting gels with good mechanical strength and viscoelasticity (Zhang et al., 2021a). A key
disadvantage with thermal gelation is the potential loss of nutritional value due to the application

of high temperatures.

Alteration of pH of protein solution can influence its gelation behavior (Zhu et al., 2021). Pea
proteins have different isoelectric points and gelation can be promoted by adjusting the pH to be
either above or below this point. Addition of salts, such as calcium chloride or sodium chloride,
can also induce gelation in pea protein solutions, leading to the formation of a protein network
(Tanger et al., 2022). Enzymes like transglutaminase can be used to crosslink pea proteins,
enhancing their gelation properties through covalent bonds between protein molecules (Wang et
al., 2022). Even though these techniques have been utilised for gelation of pea proteins, potential

changes in sensory attributes of proteins limits its applicability..

Gelation properties of pea protein can also be improved with the application of processing
technologies such as ultrafiltration, salt extraction, micellar precipitation, atmospheric cold

plasma, and high-intensity ultrasound treatment (Klost et al., 2020).
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2.2 Cold plasma technology

Plasma is the fourth state of matter, which consists of highly electrically conductive, partially
ionized substances. Cold plasma is the energized state of a gas at ambient temperature and
atmospheric pressure, and it has various applications in food production and processing. An
electrical discharge generates cold plasma by utilizing a variety of input gases, such as air, helium,
nitrogen, and argon (Gao et al., 2022a). The generated plasma predominantly consists of reactive
chemical species, such as reactive oxygen and nitrogen species (RONS) (Feizollahi et al., 2020).
Owing to the presence of these reactive species, plasma technology has numerous applications in
the food industry, including wastewater treatment, seed germination, food decontamination,
inactivation of enzymes, and modification of key functional properties of food and packaging
properties and protein functionality improvement (Bermudez-Aguirre, 2019a; Rao et al., 2023).
Cold plasma treatment was able to improve the gelation properties of PPI, with a potential of
protein gelation at 80-90°C temperature range (Zhang et al., 2021) as well as emulsification and

other functional properties of pea protein (Bu et al., 2023)

Standard methods of cold plasma generation include corona discharge (jet discharge), dielectric
barrier discharge, and microwave-induced discharge. The occurrence of corona discharge is
typically limited to an electrical field that is not uniform, which is created by administering a high
voltage of approximately 10-20 kV. In contrast, in dielectric barrier discharge, dielectric materials
such as quartz, glass, silicon rubber, or plastics are placed between two electrodes, within which
plasma is generated when a high voltage is applied. Microwave plasma is induced by the pulsed

microwave, which is then injected into the sample to be treated (Gao et al., 2022a).
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2.2.1 Plasma activated water (PAW)

Cold plasma technology is versatile and can be customized based on specific needs using feed gas
and plasma source design. When interacting with liquids, atmospheric plasma creates plasma
activated liquids. Plasma activated water (PAW) is the most studied plasma activated liquid (Mai-
Prochnow et al., 2021). Typically, PAW generated from atmospheric cold plasma contains high
levels of RONS, such as hydroxyl radicals, hydrogen peroxide, ozone, superoxide, nitric oxide,
and peroxynitrite. The presence of RONS can significantly alter the physiochemical properties of
PAW, leading to an increase in conductivity, redox potential, and acidity with a decrease in pH

(Gao et al., 2022a).

The PAW generation has numerous applications in the food industry. For instance, PAW was
utilized for sanitation and disinfection (Gao et al., 2022a), biofilm removal (Mai-Prochnow et al.,
2021), wastewater treatment, bacterial inactivation of fruits and vegetables (Soni et al., 2021),
accelerated seed germination (Feizollahi et al., 2023), plant disease control (Guo et al., 2021),
improvement in the shelf life of foods (Misra et al., 2019) and reduction in pesticide residue in

fresh produce. (Gao et al., 2022a).

2.2.2 Microbubbles in PAW and applications

Even though cold plasma and plasma activated water have been proven to be effective non-thermal
techniques for a variety of applications, it is generally regarded that the efficiency of plasma
activation in water can be low, as the gas-liquid interface only allows a limited number of reactive
species to penetrate and interact with the intended molecules (Gao et al., 2022b). Bubble-enhanced
plasma activation has been developed to combat this challenge. This method utilizes microbubbles,

with diameters between 1 and 100 micrometers, characterized by high mass transfer efficiency and

12



dissolution rate, a high surface-to-volume ratio, and extended residence time in liquid to combine
with plasma during generation. This ensures that the generated gaseous plasma is contained within
the bubbles and is effectively transferred to water through these bubbles. This confinement of
gaseous plasma species inside the bubbles, followed by the introduction of these bubbles into the
water results in better agitation and mixing of plasma reactive species with water and their

improved interactions with the target molecules (Gao et al., 2022b).

Although this is a recent technological advancement, it has been demonstrated that plasma
activated microbubbles have effective antimicrobial activity on Klebsiella michiganensis present
on the inner surfaces of PVC pipes, with a reduction of 3.1 log CFU/cm?*(Xu and Tan, 2023).
Another study utilized plasma activated microbubble water on Enterococcus faecalis biofilm and
demonstrated that with a combination of ultrafiltration treatment, the microbubbles display
significant disinfection and biofilm removal effects (Zhu et al., 2023). However, no previous
studies reported the utilization of plasma activated microbubble (PAMB) water with different feed

gases to improve the functionality of plant proteins.

23 Three-dimensional food printing (3DFP)

3D printing is an additive manufacturing technology that utilises digital models built through
computer-aided design software to construct 3D objects using a 3D printer. Printing is executed
by stacking materials layer-over-layer in a three-dimensional space. In other words, 3D printing
creates 3D objects by layering materials based on a digital model. This novel technology has
evolved to be vitally crucial across multiple spheres of life, with widespread applications in various
industries, such as construction, manufacturing, healthcare, and education (Jiang et al., 2022; Li et

al., 2021; Yu et al., 2022).
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3D food printing is an applied version of additive manufacturing technology that converts a 3D
computer model into an edible object using food materials as inks. Creating a 3D printed food
initiates with developing a three-dimensional model using computer aided design software. The
output of this software, a model file (.stl format), is subsequently transferred into another software
(slicing software), which generates a G-code. This G-code is then introduced to a 3D food printer
to print the desired shape (Mantihal et al., 2020). The possibilities of personalization,
customization, and construction of complex shapes with 3DFP are deciding factors leading to the
increased popularity of this technology (Lipton, 2017). With the added advantages of precise
nutrition control and the possibility of reducing food wastage using food by-products, the scientific

world is keenly interested in this technology (Kim et al., 2018).

2.3.1 3D food printing methods

The printability and construction of food shapes in 3D food printing depends on several factors,
such as printing method, type of printer, properties of food inks, and application of post-processing
methods. Different 3D food printing methods have been developed, including extrusion printing,

selective laser printing, and binder jetting (Mantihal et al., 2020).

The process of binder jetting entails the controlled binding of a powdered substance with a liquid
binder, along with the application of successive layers of powder to produce a 3D object. Software
and an infrared laser are used in laser sintering. The laser is directed onto a scanner, which reflects
the beam onto the printer bed where the powdered material is located. This process results in a
precise and solid structure formed through sintering (Godoi et al., 2018). The most commonly used
technique for 3D food printing is extrusion printing. It operates by pushing food material (also
known as food inks) through a thin nozzle to create a layer-by-layer design on the printing bed
(Zhang et al., 2022).
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While applying the extrusion method to 3D printing, the food materials must be of a semi-solid or
viscous nature. This ensures easy extrusion through the nozzles of the 3D printer syringe. In order
to obtain a perfect 3D extruded food product, the material properties, including thermal properties,
rheology, and mechanical properties of food inks need to be identified before utilizing them for

3D food printing (Mantihal et al., 2020).

2.3.2 Food materials used in 3D printing

Dankar et al. (2018) broadly classified food materials utilized in 3D extrusion printing into
printable materials, non-printable traditional food materials, and alternate ingredients. Printable
food inks can be easily extruded through a printer nozzle without any pre-processing or treatment
to aid extrusion. Foods such as chocolate, hummus, and dairy pastes are some of the printable food
inks that have been demonstrated to form stable 3D-printed shapes (Le Tohic et al., 2018; Liu et

al., 2018, 2019; Mantihal et al., 2019; Severini et al., 2016).

Most foods fall in the second category of non-printable traditional food materials. These food
materials cannot be extruded through a printer nozzle in their native form; therefore, they require
additional processing steps, additives, or other minor ingredients to convert these into printable
inks. Owing to this, many scientific studies are evaluating the possibilities of converting natively
non-extrudable foods and other novel food ingredients into stable 3D-printed structures (Voon et
al., 2019). Alternative ingredients are those food products that are not conventionally utilized for
consumption. These include byproducts of food processing, residues from agricultural processes,
and nutritionally rich ingredients, which have a cultural stigma associated with them, such as insect

protein (Dankar et al., 2018).
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Table 2.1 lists major food inks utilized in 3D food printing in the past few years. Even with vast

scientific studies on possible food inks for 3D food printing, many food products with fundamental

functional and nutritional properties have not been explored for possible pretreatment or

modification to fit into 3D food printing.

Table 2.1 List of major food products/ingredients utilized in 3D printing and corresponding
minor ingredients and additives.

Major ingredients Minor ingredients and additives Reference
Chocolate Cranberry powder and methylcellulose Hao et al. (2019)
Mantihal et al.
Chocolate Magnesium stearate (2019)
Baking dough None Yang et al. (2018)
Zhang et al.
Baking dough Lactobacillus plantarum and Calcium caseinate (2018)
Hussain et al.
Baking dough Pea protein isolate (2021)
Milk protein
concentrate Whey protein concentrate Liu et al. (2018)

Instant milk powders

Processed cheese

None

None

Lille et al. (2018)

Le Tohic et al.
(2018)

Mashed potato

Potato starch and trehalose

Liu et al. (2018)
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Vegetable powders

(broccoli, carrot, Hydrocolloids - hydroxypropyl methylcellulose,
spinach) locust bean gum, Xanthan gum, and Guar gum Kim et al. (2018)
Banana paste Pea protein isolate Kim et al. (2021)
Phuhongsung et
Beetroot Pumpkin powder soy protein isolate al. (2020)
Chuanxing et al.
Potato starch Pea protein, butter (2018)
Maize starch None Lille et al. (2018)
Cellulose nano fiber Maize starch, Instant milk powder Lille et al. (2018)
Protein and fibre rich
foods (rye bran, oat
protein concentrate,
faba bean protein
concentrate) None Lille et al. (2018)
Wheat based gels — Zheng et al.
flour, starch, meal None (2021)
Soy protein isolate Sodium alginate and gelatin; Chen et al. (2019)
hydrocolloids- Xanthan gum/ konjac gum/ sodium
alginate/ guar gum/ sodium carboxymethyl
Texturized soy protein  cellulose/ hydroxyethyl cellulose Chen et al. (2021)

2.3.3 Application of pea protein in 3D food printing

Despite being a highly researched alternative protein with abundant nutritional value, functional
properties, and low allergenicity, pea protein application in 3D food printing is observed to be very
limited. Most 3D food printing studies involving pea protein reported its usage as a minor
ingredient (1%-20%). Table 2.2 lists the studies on 3D printing of pea proteins. It can be observed

that much focus is concentrated on studying the role of pea protein in improving the printability
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of other foods, with no studies focusing on pea protein as a significant ingredient for possible 3D
printing. This area requires a lot more research as 3D printing of pea proteins has a lot of scope in
food applications. There is a possibility of custom designing, with specific nutrients and novel
structures using pea proteins. Moreover, novel techniques such as encapsulation can also be

utilized, along with 3D printing.

Table 2.2 Current application of pea protein in 3D food printing

Applications Key points Reference
Maillard reaction product

of xylose—pea protein Potato starch + 1% Pea Protein+

enzymatic hydrolysate diluted xXMPR was gelatinized and

(xMPR) 3D printed. Zhou et al. (2020)
Different blend ratios of The alginate-pea protein solution

alginate and pea protein (80:20) displayed optimum Oyinloye and
solutions printability and was used for Yoon (2021)
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additive-layer manufacturing
simulation to investigate the

optimum printing conditions.

pH-adjusted pea protein particles
Jammed oil-in-water incorporated into the jammed

emulsion with pea protein  emulsion exhibit elastoplastic

particles rheology, creating an edible 3D Sridharan et al.
printable material. (2021)
Determination of the rheological

Porcine plasma protein properties required for 3D printing

and pea protein protein-based dough. Biopolymer/

concentrate blended dough  Glycerol ratio for printability- 45%.
with glycerol. Biopolymer composition (PPP Alvarez-Castillo
90%, PPC 10%). et al. (2021)

Edible pickering

emulsions stabilized by S ‘ .
Pickering emulsions stabilized by

pea protein isolate-high
the PPI-HMP-EGCG complex and

methoxyl pectin-
) _ cinnamaldehyde were successfully
epigallocatechin gallate _
3D printed.
(PPI-HMP-EGCG)

complexes. Feng et al. (2022)

2.4  Freeze drying of foods

Freeze drying is a popular method of preserving food that eliminates moisture from frozen foods
by exposing them to low temperature and pressure conditions. The process involves freezing and
placing the food in a vacuum, where the ice crystals are converted to water vapor through
sublimation (Nowak and Jakubczyk, 2020). Foods retain texture, flavor, and nutritional value after

freeze drying while extending their shelf life. Preserving delicate foods like fruits and vegetables

19



is best achieved through freeze drying. This method eliminates the harm caused by heat-based
treatments such as canning or dehydration (Majumdar, 2007). Studies on freeze drying of fruits
such as oranges (Silva-Espinoza et al., 2020), blueberries (Munzenmayer et al., 2020), blackberries
(Franceschinis et al., 2014), guava, papaya (Hawlader et al., 2006), and strawberries (Meda and
Ratti, 2005) as well as vegetables such as carrot (Regier et al., 2005), pumpkin, (Ciurzynska et al.,
2014; Guin¢é and Barroca, 2012) peppers (Guiné and Barroca, 2012) and asparagus (Nindo et al.,

2003) have been reported in the last decades.

Proteins such as soy protein isolate/k-carrageenan hydrogels (Yang et al., 2022), whey protein
hydrogels (Manzocco et al., 2021), chickpea protein isolates (Kaur and Singh, 2007) and quince
seed gum (Ahmadzadeh-Hashemi et al., 2023) have been studied for freeze drying. Similarly, Pea
protein isolates have also been investigated for freeze and spray drying on the interface and foam

stabilizing properties (Yang et al., 2022).

2.4.1 Freeze drying of 3D-printed foods

Some foods like chocolate can be considered ready to consume post-printing. Many 3D-printed
foods may need further steps to ensure safety for consumption (Dankar et al., 2018). Baking,
boiling, or frying are some of the traditional food processing techniques, that can be utilized as a
post-printing technique. However, most of these techniques essentially result in various altered
textural properties and physical alterations. Even though an alteration in textural properties might
be considered agreeable in some instances, there are times when it is not agreeable with the final
desired product quality. Moreover, traditional cooking can also lead to chemical changes such as
protein denaturation, water loss, evaporation, and changes in color, volume, and nutritional value

(Sun et al., 2018).
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It has been demonstrated that freeze drying is less intensive than oven-drying or spray-drying, even
though it may cause specific changes in texture and mechanical properties (Bhatta et al., 2020).
This significant observation has led to the application of freeze drying to non-traditional food
sources in the last few years. A comparison study was made between oven and freeze drying, two
post-3D printing techniques to determine their efficacy in preserving shape stability and texture
(Dankar et al., 2018). This study found that freeze drying was better at maintaining the 3D-printed
structure than oven-drying. With an increased hardness and dry matter content, freeze dried food

had a solid structure, unlike its oven-dried counterpart (Dankar et al., 2018).

Another study involving the drying of 3D printed pumpkin snacks found that freeze drying had a
significant impact on the crispness of the snack (Chen et al., 2022). Another study, which involved
encapsulation of probiotics using a combination of 3D printing and freeze drying, noted that the
3D printed products transformed a semi-solid to a solid-like state after freeze drying, as confirmed
by increased hardness and decreased water activity, demonstrating a potential to produce shelf-

stable supplement food (Kuo et al., 2022)

2.5  Summary

The literature review has revealed that a limited number of studies have evaluated the application
of pea protein isolate as a potential primary ingredient for 3D food printing. It can be assumed that
these lacunae may be attributed to the inherent functional properties of the pea protein that do not
support 3D food printing. These research lacunae are addressed in Chapter 3 of this thesis, where
plasma activated microbubbles have been utilized to improve gelation and 3D printability of pea
protein. Chapter 4 of this thesis further extends the studies on 3D printed pea protein isolates,
studying the scope of freeze drying as a potential post-processing technology for adequate storage,

shelf stability, and nutrition preservation of 3D printed pea protein gels.
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Chapter 3 Improvement in the structural properties and 3D printability of pea protein gels
prepared by plasma activated microbubble water

3.1 Introduction

Pea protein is a plant protein that has gained a lot of scientific and commercial interest owing to
its high nutritional value, low cost, availability, and hypoallergenic nature. Salt-soluble globulin
proteins comprise the major portion of pea proteins, followed by water-soluble albumin proteins
(Lam et al., 2018). Pea proteins have been used to produce foods such as bread, cereals, extruded
snacks, non-dairy beverages, and meat analogs (Lam et al., 2018; Sim et al., 2021; Xiao et al.,
2023). However, the challenges associated with the functionality improvement of pea proteins
have limited the use of pea protein as a primary food ingredient in modern food processing
technologies (Shanthakumar et al., 2022). Gelation is one such functional property that determines
the applicability of pea protein in food processing, owing to its effect on food texture (Lam et al.,
2018). Pea protein gelation can be induced by thermal treatment, pH alteration, the addition of
salts, and other chemicals (Klost et al., 2020). Strong gels can only be formed by native pea protein
at temperatures exceeding its denaturation temperature of 95°C despite having gelling properties
(Shevkani et al., 2015). Improving the functional properties of plant proteins through thermal
gelation, chemical cross-linking, or a combination of both are some of the most widely researched

methods in these natively non-extrudable food products (Pérez et al., 2019).

Non-thermal (cold) plasma is an emerging technology that is generated by an electrical discharge
by utilizing a variety of input gases. This potentially cost-effective, sustainable, and chemical-free
technology is currently under research for various applications in the food industry (Bermudez-
Aguirre, 2019a). For instance, cold plasma technology has been widely studied for its applications
in wastewater treatment, seed germination, microbial inactivation, and protein functionality
improvement (Rao et al., 2023). Plasma produces reactive oxygen species (ROS) and reactive
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nitrogen species (RNS) (Feizollahi et al., 2020). Cold plasma treatments have been shown to
improve protein gelation. Treatments using atmospheric pressure plasma jet, dielectric barrier
discharge, and nanosecond pulsed discharge have resulted in enhanced gelation properties of pea
protein (Bu et al., 2023). By direct atmospheric cold plasma treatment of pea protein isolate, the
heating temperature for pea protein gelation was brought down to 70-80°C (Zhang et al., 2021). A
similar reduction in heating temperature for protein gelation can also be obtained with indirect
plasma treatment using plasma activated water bubbles. Plasma generation and activation in
underwater bubbles is a recent development in plasma application. Confinement of gaseous plasma
inside the bubbles, followed by the introduction of these bubbles into the water, results in better
agitation and mixing of plasma reactive species with water and their improved interactions with

the target molecules (Gao et al., 2022).

Three-dimensional (3D) printing, also known as additive manufacturing technology, is a
construction method that relies on digital models that are built through computer-aided design
software to produce 3D objects using a 3D printer by stacking materials layer-over-layer in a three-
dimensional space (Yu et al.,2022; Li et al.,2021; Jiang et al.,2022). The possibilities of
personalization, customization, and construction of complex shapes have led to an increase in
scientific interest in 3D food printing. The advantages of precise nutrition control and reduction of
food wastage further increased the popularity of this technology (Lipton, 2017; Kim et al., 2017).
The most common technology used for 3D printed foods is extrusion printing, which works on the
principle of extruding the “food inks” through a fine nozzle to form a layer-by-layer structure on
the printing bed (Zhang et al., 2022). A variety of food materials such as mashed potato (Chuanxing
et al., 2018), vegetable powder (Kim et al., 2018), fruit pastes (Kim et al., 2021), fiber-enriched

foods such as starch and cellulose nanofiber, protein-enriched foods such as oat protein and faba
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bean protein (Lille et al., 2018), and soy protein (Yu et al., 2022) have been evaluated for their
suitability for 3D food printing. Chocolate, dairy, and dough are some of the natively extrudable
food inks that have been demonstrated to form stable 3D printed shapes (Liu et al., 2018; Mantihal
et al., 2019; Severini et al., 2016; Le Tohic et al., 2018; Liu et al., 2019). Pea protein gels can be
possibly used for 3D food printing applications, including the preparation of plant-based meat or
cheese analogs, encapsulation, and delivery of bioactive and nutritional compounds. However, as
a natively non-extrudable food material, pea proteins have not been utilized as a major component

in 3D printing.

Scientific and commercial interests are driving the research on evaluating the possibilities of
converting natively non-extrudable foods and other novel food ingredients into stable 3D printed
structures (Voon et al., 2019). A limited number of studies are available in the literature on the
application of plasma activation for improving the functional properties of plant proteins (Bu et
al., 2023). Even though the gelation of pea proteins has been widely researched (Klost et al., 2020),
there is no previous research that has investigated the effect of plasma activated bubbles in the
improvement of gelation properties, such as reduction in heating temperature or increase in
viscoelastic properties of gels. While there are certain studies on 3D food printing that utilizes pea
protein as a functional additive for improving the printability of potato starch and banana
(Chuanxing et al., 2018; Kim et al., 2021), there is no previous research, that studied the feasibility

of applying pea protein as a major component in 3D food printing.

It was hypothesized that the 3D printability of pea proteins could be improved with a combined
application of cold plasma and thermal gelation. This research aimed to investigate the
applicability of plasma activated water microbubble technology on thermal gelation, rheological

behavior, mechanical properties, and 3D printability of pea protein gels. The outcomes of this
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research will help to understand the potential applicability of pea protein as a food ink for 3D food

printing.

3.2 Materials and methods

3.2.1 Raw material

Pea protein isolate was purchased from a local store (Bulk Barn, Edmonton), and proximate
analysis was conducted to determine the chemical composition. The protein content was analyzed
with LICO, and the ash content was analyzed using oven drying. The protein content of the sample
was determined at 83.0 + 0.15 %, with a moisture content of 6.6 £ 0.09 %, ash content of 7.0 +
0.13 %, and carbohydrate content of 6.7 + 0.19 %, and no traces of crude fat.

3.2.2 Plasma activated microbubble water preparation

Plasma activated microbubbles (PAMB) in water were produced using a bubble spark discharge
reactor. The reactor (Fig 1A) consisted of a stainless-steel rod of 5 mm diameter, which served as
the high-voltage electrode and was encased into a quartz tube (15 mm inner diameter). The quartz
tube had ten holes, each having a diameter of 500 um, that were uniformly distributed around the
base, to allow gas to flow through the tube and produce microbubbles and diffuse into distilled
water. A distance of 10 mm was maintained between the high-voltage electrode and the holes of
the quartz tube. Another stainless steel rod with a 5 mm diameter was used as a ground electrode.
Both the quartz tube encasing the high voltage electrode and the ground electrode were submerged
into the glass beaker containing distilled water in such a manner that they touched the bottom of
the beaker. The high voltage was supplied to the electrode through a transformer and plasma
generator (Leap100, Plasmaleap Technologies, Sydney, Australia), capable of discharging power
of 0400 W at an AC frequency of 50 Hz—3000 Hz. The gas flow into the reactor was controlled

by a mass controller (MC-Series, Alicat Scientific, Tucson, AZ, USA) and was fixed at 1 SLPM
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(Standard Litre Per Minute). The reactor was operated at fixed parameters in all experiments

(resonance frequency — 60 kHz; discharge frequency — 1000 Hz; duty cycle — 66 psec; input

voltage — 150 V).

The PAMB water was prepared by treating 100 ml distilled water continuously for 30 min in a 250

ml beaker at room temperature (20°C-23°C) using the bubble spark discharge reactor, with

different combinations of air and argon as feed gases.
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(A) Preparation of plasma activated microbubble water, (B) Preparation of pea protein isolate-
plasma activated microbubble water suspension (PPI-PAMB suspension), and (C) Preparation of
PPI-PAMB gel inks for 3D printing.

The combinations of gases used were 100% argon, 100% air, 90% argon along with, 10% air, and
80% argon along with, 20% air, at a fixed flow rate of 1 SLPM. In each of the experiments, the
gas mixture was passed through the bubble reactor for 3 min before the application of high voltage
to ensure that the gas flow was uniform and stable. The temperature of PAMB after 30 min of
treatment increased to 40°- 43°C (Fig 3.1a).

3.2.3 Characterization of PAMB water

Concentrations of Reactive Oxygen Species (ROS) and Reactive Nitrogen Species (RNS) in the
plasma activated microbubble water were estimated using test kits (CHEMetrics, LLC, Midland,
VA, USA) as per the procedure outlined in the test kits.

3.2.4 Preparation of pea protein isolate suspension

The prepared PAMB (80 g) was mixed with pea protein isolate (PPI, 20 g) to produce pea protein
suspension (20 solid wt.%) with magnetic stirring within 2 min of PAMB preparation. Preliminary
trials were conducted to decide on the protein concentration to be utilized in the study. The
suspension was then stirred for 1 h (400 rpm) at room temperature (~23 °C), followed by 1 h
stirring (400 rpm) at 4°C (Fig 1B). Depending upon the gas combinations used, each suspension
was labelled as ARG100 (100% argon only), AIR100 (100% air only) ARG90 (90% argon + 10%
air), and ARG80 (80% argon + 20% air). The control sample was prepared by mixing distilled

water (80 g) with PPI (20 g) and the sample was labelled as DW. (Figure 3.1b)
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3.2.5 Preparation of PPI gels

Stirred PPI suspension was transferred to a 35 ml 3D printer syringe, tapped to remove air bubbles,
and incubated for 30 or 60 min in a hot water bath maintained at 80°C, 85°C and 90°C. After
incubation at specific temperatures for selected times, the samples were transferred to an ice-water
bath maintained at 1°C £ 0.5°C for cooling for 30 min. Then, the syringes were taken out of the
ice water bath, closed with a rubber cork, and mounted into the barrel connected to the 3D Printer
for immediate printing. For characterization studies, the same procedure of gelation was followed
using a 10 ml glass beaker instead of a 35 ml 3D printer. Upon complete cooling after gelation,
the beaker was inverted, and the PPI gels were removed. Gelation was visually determined by the
stand-alone nature of the gels (Figure 3.1C). The formed gels were stored at 4°C for 12-16 h before
characterisation. The gels from PPI suspension prepared using PAMB were referred to as PPI-
PAMB gels throughout this thesis.

3.2.6 Rheological analysis of PPI gels

The rheological properties of the PPI gels were tested on a TA Discovery HR-3 rheometer (TA
Instruments, New Castle, DE, USA). This rheometer was equipped with a parallel plate geometry
with a diameter of 40 mm The gel sample was placed on the rheometer plate for the frequency and
amplitude sweep test. An amplitude sweep was performed in the 0.01-1% shear strain range at a
frequency of 1 Hz to determine the linear range. Frequency sweep was conducted on gels
compressed to 90% of their original height. Frequency sweeps were performed to determine the
storage modulus G"" , loss modulus G", loss angle tan 8, and complex viscosity at oscillation
frequency from 0.1 to 100 rad/s by applying a constant strain of 0.5% at 23°C. All rheological
measurements were performed within the identified linear viscoelastic region at a strain value of

0.5%.
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During the oscillatory shear test, the rheometer measures the amplitude of the applied stress and
the amplitude of the resulting strain at each angular frequency (®). The complex modulus (G*),
which combines the elastic and viscous properties of the gel, can be calculated as the ratio of the
stress amplitude to the strain amplitude at each frequency. The values of G' and G" at each angular
frequency can then be extracted from this complex modulus data. The complex viscosity (n*) can

be calculated as the ratio of the complex modulus and angular frequency.

3.2.7 Mechanical properties of PPI gels

An Instron 5967 universal testing machine (Instron Corp., Norwood, MA, USA) equipped with a
50 N load cell was employed in testing the mechanical properties of the PPI gels. Each sample
with cylindrical geometry (20 mm diameter and 25 mm height; measured using a ruler) was
compressed to 70% strain, with a deformation rate of 1 mm/min at room temperature. The tests
were conducted in triplicate. The stress-strain curve was obtained using the testing machine
software to calculate three parameters: a). Young’s Modulus (which is determined by the tangent
slope of the preliminary linear stress-strain response), b). Compressive Strength (which is the
maximum compressive stress attained), and c). Compressive Strain at break (which is the

compressive strain value at maximum strength)

3.2.8 3D printing of PPI gels

The FoodBot 3D-Printer (ShiyinTech, Hangzhou, China) was used for the 3D printing of PPI gels.
Based on the principle of micro-extrusion, this 3D printer had an operating system that determines
the entire printing process by controlling a motor-driven plunger and cartridge that extrudes the

sample for printing. The user interface screen of the printer enables the control of the basic
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operations, such as initiation and termination of 3D printing, network connections, selection of the

3D model, printing temperature, and position of the plunger and cartridge.

For 3D printing, a 3D cylinder model of 10 mm height and 40 mm diameter was designed using
Tinkercad® (Autodesk Inc., San Francisco, CA, USA). The created 3D cylinder model was then
loaded into Cura Software (Version 15.02.06, Ultimaker, Geldermalsen, Netherlands), which
sliced the model.STL file into layers and generated a G-code that can be detected by the 3D printer
to print the physical object. This G-code was introduced into the 3D printer by an external USB to
facilitate the 3D printing of the cylinder model. The syringes containing the PPI gels were loaded
into a temperature-controlled cartridge (20 to 23°C) and 3D printed in accordance with the
following printing conditions: 1.2 mm nozzle diameter, 1 mm layer height, solid bottom layer with
100% infill density and other layers with 50% infill density, rectilinear infill pattern, 20 mm/s
speed, and 100% flow rate. The printed 3D images were photographed from different angles

immediately after the completion of 3D printing.

3.2.9 Evaluation of storage stability of 3D printed PPI gels

The vertical length and the diameter at the bottom of the 3D printed PPI gels were measured. The
measurement was obtained using a ruler while placing the sample on the parchment paper on which
it was printed. Measurements were taken at constant intervals, i.e., 0 (immediately after printing),
24, 48 and 72 h. The 3D printed gels were stored in airtight containers at ~4°C. The tests were

conducted in triplicate.

3.2.10 Statistical analysis

All the experiments were conducted in triplicate, and the data were statistically analyzed using

statistical software (SAS® University edition; Proc Glimmax; SAS studio 9.4) using ANOVA
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with Tukey’s test as post-hoc analysis to identify significant differences between each sample

group (P < 0.05).

3.3 Results and discussion

3.3.1 Characterization of PAMB

The physicochemical characterization of PAMB water produced with different gas concentrations,
including pH, oxidation-reduction potential (ORP), and reactive species, indicates the formation

of reactive oxygen and nitrogen species (RONS) as described in Table 3.1.

The production of PAMB water is essentially by the transfer of RONS from plasma to distilled
water through microbubbles. Some of the chemical reactions involved in the formation of RONS

are detailed below:

0, +0 — O; (1)
-‘OH +0 —HO, 10, )
HO-+HO- — H,0, (3)
NO+ -OH —NO, 4)
NO,+ -OH —»NO;+H (5)

Ozone, the strongest oxidizing agent and one of the long-lived ROS in plasma is generated in the
gaseous phase (Eq 1) and dissolved in water. The feed gas mixture has a significant impact
(p<0.05) on the concentration of ozone in PAMB water. For instance, the highest concentration of
ozone (17+3 ppm) was observed when AIR100 and ARG90 were used as the feed gas. The lowest

ozone concentration was observed when ARG100 and ARG80 were used.
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Table 3.1 Physicochemical characterization of PAMB water.

PAMB Ozone (ppm) Peroxid Nitrite Nitrate (ppm) pH ORP (mV)
Samples e (ppm) (ppm)
AIR100 17.9+£2 .92 18.7+5.84 4.71£3.70 300+ 18° 2.77£0.01 514+9?2
ARG80 4.83+130 21.3+1.2°¢ 1.13 + 257 +£35°0 2.77 £0.02 509+ 62
b 0.10° a
ARG90 1354422 339+29° 1.17+0.20 161 +£7¢ 2.83+£0.01 472+ 2P
b a
ARGI0O 431+240 74.0+£2.1* 1.1 £00% 67.0+£02¢ 275+0.01 356+16¢
0 cb a

PAMB is produced with different gas combinations as feed gas mixture, measured indirectly after
production. Values are expressed as the mean + standard deviation of three replicates. Alphabets
a,b,c,d within the same column indicate values that are significantly different (p<0.05).

Hydrogen peroxide (H202) is another major long-lived ROS in plasma. The H202 is formed by
combining *OH radicals, as indicated in the equation 3. Similar to the ozone species, the
concentration of H202 also was significantly (p<0.05) influenced by the feed gas mixture,
however, H202 concentration was the highest when ARG100 (7442 ppm) was used. When other
feed gas combinations with argon, such as ARG90 and ARGS80 were used, the H202
concentrations decreased with a decrease in argon gas concentration. This observation was further
substantiated by the lowest H202 concentration when AIR100 was used. These results indicate
that the quantities of reactive species in plasma activated solutions depend upon the feed gases
utilized for plasma generation. A similar result has been established by Zhang et al. (2023), who
showed that the spectral features and contents of reactive species in plasma activated water varied

depending on the feeding gases and treatment times.
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The presence of nitrate and nitrite indicates the generation of RNS in the PAMB water, produced
through the dissolution of nitric oxide in gaseous plasma discharge (Equation 4 and 5). The results
of the characterization experiment indicate that nitrate concentration was significantly dependent
(p<0.05) on the feed gas combination. The nitrate species concentration was the highest when
AIR100 (300ppm) was used, and it decreased with an increase in argon concentration in the gas
mixture. For instance, the nitrate concentration was 257 ppm when ARGS80 was used, while it was
161 ppm when ARG90 was used. The lowest concentration of nitrate (68 ppm) in PAMB was
observed when ARG100 was used. Nitrite concentration was independent (p>0.55) of the % of air,

in the case of feed gases with argon and air combination.

The pH of PAMB water produced with different gas combinations were highly acidic, with no
significant correlation with the gas combination. The ORP of PAMB waters were considerably
different, with PAMB prepared using AIR100 and ARG80 exhibited the highest ORP of 514+ 9
and 509 + 6 mV, respectively. The ORP was considerably low for ARG90 (472 +2 mV) and was

the lowest for ARG100 (356 £16 mV).

The characterization results indicate that the RONS concentrations in PAMB were the highest
when AIR100 was used as the feed gas except for H202. The H202 concentration was the highest
when ARG100 was used as the feed gas. It can be assumed that when argon is utilized as the feed
gas, there may be a substantial increase in the generation of -OH species, due to the dissociation
of long-lived species (Zhang et al., 2023). This increased presence of the -OH might be resulting

in an increased quantity of hydrogen peroxide as the secondary species (Zhang et al., 2023)

The concentrations of RONS in PAMB were higher when ARG80 and ARG90 were used as the

feed gases in comparison to when ARG100 was used. Since the structure and functional properties
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of PPI are impacted by the concentration of RONS in PAMB (Bu et al., 2022a), it can be speculated

that ARG80 and ARG90 would have a higher impact on gelation properties than ARG100.

3.3.2 Gelation of PPI prepared using PAMB

Preliminary trials were conducted to determine the most suitable concentration of PPI to facilitate
gelation. Even though the minimum concentration required for heat-induced gel formation for PPI
at near neutral pH was 16%, these gels were characterized by immediate deformation upon
application of small force (O’Kane et al., 2005). A protein concentration of 18% was commonly
used for gelation experiments, but even at this concentration, the PPI suspension did not form
strong stand-alone gels. The PPI suspension prepared with distilled water at 20 wt%, produced a
structure with gel-like properties; however, it did not hold shape and was not stable. The PPI
suspension (20 wt.%) prepared with PAMB water treated AIR100 as the feed gas produced near-
stand-alone gels when heated at 85°C for 30 min. With the increase in heating time to 60 min, the
PPI gels formed were stand-alone gels, which did not deform even after applying a small force

with a glass rod.

The gels prepared using PPI-PAMB were more stable and stronger when argon was used in
combination with air as the feed gas for PAMB water production. With the feed gas combinations
of 80% argon and 20% air, the PPI-PAMB gels formed were stand-alone gels, even after shorter
heat gelation at 85°C for 30 min. When the heating time was increased to 60 min, stand-alone gels
with better structure and stability were formed (Fig 2). Similar observations were made when the

concentration of argon was further increased to 90 and 100%.
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Figure 3.2 Images of PPI-PAMB gels.

Gels formed by heating at 85°C for 60 min, followed by cooling in ice water bath for 30 min.
Images captured within 5 min of removal of gels from the glass beakers.

It can also be assumed that the low pH of the PAMB water might have influenced the gelation
properties of pea protein. As indicated in Table 1, all the PAMB water samples were highly acidic,
while DW was in a pH ~7.0, before the addition of PPI. In the case of PAMB water, the PPI
suspensions were essentially prepared in an acidic medium, below the isoelectric point of pea
protein. This probably led to a reduced solubility in the initial few minutes of agitation, indicating
that there might have been some protein aggregation, due to the electrostatic protein-protein
interactions. Upon continuous agitation, the solubility of PPI increased, leading to a homogeneous
solution at the end of the stirring process. The final pH of all PPI suspension samples was near
neutral at the end of 2 h stirring (6.75-6.9), with no statistical significance between samples.
However, the PPI-PAMB suspensions had visibly higher viscosity than PPI-DW suspensions.
Hence, it can be assumed that there was some initial protein aggregation in PPI suspension
prepared from acidic PAMB water, which in turn would have positively impacted the gelation

properties upon undergoing thermal gelation.
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During thermal gelation, the weak non-covalent bonds such as hydrogen bonds and electrostatic
interactions, are disrupted, causing protein denaturation, which in turn leads to the unfolding of
protein chains and exposure of hydrophobic regions (Zhang et al.,2019). This would in turn lead
to protein-protein interactions, such as hydrophobic and electrostatic interactions, which cause the
formation of protein aggregates. A 3D network structure is formed with an increase in the number
of protein aggregates. This structure of protein aggregates forms a gel-like network, trapping water
and other components. This results in the retention of moisture and the formation of a gel structure
(O’Kane et al., 2005). In this project, PAMB water consisting of RONS and other reactive species
was used to dissolve PPI. During the heating of PPI solutions, the protein chains were unfolded,
exposing more active side chains/groups. The long-lived reactive species in PAMB could react
with these groups or side chains during heating, leading to more interactions to support gel
formation compared to PPI solutions prepared using distilled water. Hence, the PPI solutions

prepared by PAMB could form stronger gels.

Direct application of ACP treatment resulted in a marked improvement in the gelation properties
of pea protein (Zhang et al., 2019). With the ACP treatment, the tertiary structure of pea protein is
partially unfolded. Reactive oxygen species and reactive nitrogen species generated by the ACP
cause oxidation of the unfolded protein, increasing the number of exposed free sulthydryl groups
and disulfide bonds. The gel network formed by pea protein during cold plasma treatment is
stabilized by hydrogen bonding, which is crucial for its stability (Zhang et al., 2021). Since ACP
had such a marked effect on pea protein gelation, a similar improvement in gelation properties
could be observed with the application of indirect cold plasma treatment through plasma activated

water. Similar mechanisms including protein unfolding and hydrogen bond formation by the
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interaction of water molecules with the exposed -SH groups could be the reasons behind a marked

effect on the gelation of pea proteins when PAMB-PPI suspension was utilized.

This observation on the effect of plasma activated water on protein structure is also in
corroboration with the study that indicated that the application of plasma activated water increased
the aggregation, strength, and water-holding capacity of chicken myofibrillar protein, which
otherwise exhibited poor gelation qualities (Qian et al., 2021). Treatments using PAMB and
plasma activated water could be considered superior to direct plasma treatment when it comes to
protein functionality improvement because direct plasma treatment could induce severe oxidation
of protein molecules (Qian et al., 2021). Moreover, plasma activated water treatment could be
more uniform, with better interactions between protein molecules and reactive species, avoiding

excessive oxidation of proteins (Bermudez-Aguirre, 2019b).

3.3.3 Rheological properties of PPI Gels

The G' indicates the ability of the material to store energy elastically, while G" indicates the non-
ideal part of the gel network, which is formed by dangling or free ends able to dissipate energy
(Zhang et al., 2022). Essentially, G' or G" value represents the solid-like or liquid-like properties
of a sample, respectively, and a comparison of both indicates the viscoelastic behavior of the
sample. The tan & is a measure of the ratio between the viscous and elastic properties of a material.
In a perfectly elastic material, the value of & is equal to zero and for perfectly viscous materials,

the value of 0 is equal to 90°.

All the tested PPI gel samples displayed prominent G' > G" over the tested frequency range of 1
to 100 rad/s, parallel to each other, and mostly frequency independent at all time-temperature

combinations, indicating a clear elastic behavior and strong gel-like properties (Fig 3). For the
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samples which are heated at 85°C for 30 min, ARG80 had the highest G' and G" when used as the

feed gas, closely followed by ARG90 and ARG100 (Fig 3.3a).
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Figure 3.3 Frequency dependence of storage modulus (G’) and loss modulus (G") of PPI-PAMB

Gels with different feed gas combinations when heating is done at 85°C for (A) 30 min and (B) 60
min, followed by cooling in an ice water bath for 30 min. The G’ and G" values represent the
storage and loss of energy in each deformation cycle, which reflects the elasticity (solid-like) and
viscosity (liquid-like) properties of the sample, respectively.
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A power law may be used to fit G' and G" with angular frequency (Moreno et al., 2020). The

following equations can be applied.
G=G,' . o" (6)
G"=Gy". 0" (7)

Go' and Go" are the storage and loss moduli at 1 rad/s, while n' and n" are exponents denoting the
frequency dependence of G' and G". Go' and Go" indicate gel rigidity or firmness i.e., the elastic
and viscous resistance of the gels. A higher Go' and Go" indicates higher gel rigidity and higher
resistance to deformation. The power law parameters calculated from equations 6 and 7 are

presented in Table 3.2.

Table 3.2 Power Law Parameters

Sample Go No Go' No'
ARGS80-60MIN 10.08+0.08°  0.109+0.003 ®  1.91+0.01°  0.114+0.002
ARG90-60MIN 12.42£0.08%  0.104+0.002°¢  2.32+0.02%  0.106+0.003 ¢
ARG100-60MIN 7.38£0.02¢  0.103+0.001 ¢ 1.35£0.01°¢  0.108+0.003 ¢
AIR100-60MIN 7.91£0.03 % 0.109+0.001 ° 1.46£0.01¢  0.117+0.002 2
DW-60MIN 8.47£0.06 0.100+£0.003 ¢ 1.54+0.01¢  0.109+0.002 ¢
ARG80-30MIN 9.95£0.11%  0.106+0.004 °  1.98+0.01°  0.110+0.002 *
ARG90-30MIN 8.88+0.08°  0.1010.003 ¢ 1.73£0.02¢  0.099:+0.004 °
ARG100-30 MIN  7.58+0.04 % 0.105+0.002°  1.42+0.01°  0.109+0.003 >
AIR100- 30MIN 6.25£0.01f  0.117+0.001 * 1.1940.01¢  0.116+0.002 *
DW- 30 MIN 5.93+0.03f  0.110£0.002<®  1.1+0.01 T  0.112+0.002 >

Values are expressed as the mean + standard deviation of three replicates. Alphabets a,b,c,d,e,f
within the same column indicate values that are significantly different (p<<0.05).
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ARGS80 indicated significantly higher (p<0.05) Go' and Go" values, when at the heating time of 30
min. The PPI gels prepared by AIR100 and DW samples heated for 30 min had low Go' values,
indicating the weakest gel behaviour. The Go" values of DW were also significantly lowest at the

heating time of 30 min.

When the heating time was increased from 30 to 60 min, there was an overall increase in both Go'
and Go" values of all the PPI gels, indicating that gel rigidity or firmness increased (Table 2 and
Fig 3B). In the case of samples heated for 60 min, ARG90 exhibited significantly higher Go' and
Go" values, indicating that the rigidity or firmness of ARG90 gels increased more than those of
ARGS0. In the case of ARG80 heated for 60 min, the Go' and Go" values remained statistically
similar to those heated at 30 min, indicating that heating time has no impact on the Go' and Go"
values for ARGS80. A similar observation is seen in the case of ARG100 samples, wherein there is
no significant impact of heating time in the values of Go' and Go". The Go' and Go" values of DW
gels heated for 60 min are significantly lower than the corresponding values of ARG80 gels heated
for 30 min, indicating that ARG80 samples have attained a higher gel strength and viscoelastic

properties than DW samples, in half the heating time.

It can also be observed that feed gas combinations that include a mixture of argon and air heated
at 30 min (ARG90 and ARGR80) induce stronger gels with higher Go' and Go" values when
compared to the feed gases of 100% argon and 100% air (ARG100 and AIR100) heated at 60 min.
This indicates that even within PAMB feed gases, there are some intrinsic factors related to specific

reactive species generated by certain gases affecting the viscoelastic properties of PPI gels.

The n' and n" exponents corresponding to Go' and Go" showed differences, but without any

statistical significance, other than AIR100-60 min (Table 2). However, for all samples, n' <n",
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indicating that the rate of decrease of G’ was lower than the rate of decrease in G” with a decrease

in angular frequency (®)

Along with RONS, some reactive argon species might also be contributing to this gelation effect
in pea proteins. Bu et al. (2022b) have reported that all reactive species generated as an outcome
of cold plasma can induce protein denaturation and form disulfide-linked soluble aggregates,
thereby resulting in better gelation properties in pea proteins. Hence, more experiments regarding
the quantification of reactive argon species need to be further conducted to clearly understand its

role in gelation.

The tan o values of all PPI gels were observed to be in the range of 0.1-0.3 at all frequencies (Fig
4), indicating the prominent elastic behaviour of all the samples. Complex viscosity describes the
overall resistance to flow exhibited by a viscoelastic material, taking into account both the elastic
and viscous components. All samples showed a marked decrease in complex viscosity with an
increase in frequency, which is an indication of shear thinning behavior corresponding to non-
Newtonian fluids. Shear thinning is attributed to the elongation or stretching of molecules with an
increase in shear, causing a decrease in molecular entanglements, which in turn enables the sliding
between molecules, thereby decreasing the viscosity (Picout and Ross-Murphy, 2003). The
complex viscosity of the gels is noted to be higher when PAMB water with argon feed gas was
used for gelation, in comparison to distilled water. ARG100 had higher complex viscosity than
DW and AIR100. When a combination of air and argon was used, the complex viscosity further

increased, with ARG80 showing a higher complex viscosity than ARG90.

These results indicate that the type of feed gas utilized for PAMB generation may have an impact
on the denaturation temperature of proteins as well as the rheological properties of PPI gels. Since

the type of feed gas directly determines the nature of reactive species in PAMB, it can be assumed
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that various reactive species in each PAMB water are inducing specific rheological properties. This
conclusion is also supported by the finding of Bu et al. (2022), who have reported that reactive
species, such as O3, NOx, H>O, and OH generated in ACP with air as feed gas can induce enhanced
protein solubility and increase in soluble aggregates. The authors also noted that the balance
between hydrophobicity and surface charges facilitated protein-protein and protein-water

interaction, leading to the formation of strong PPI gels
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Gels with different feed gas combinations when heating is done at 85°C for 60 min followed by
cooling in an ice water bath for 30 min.

Regarding the effect of temperature on G’ and G” of PPI gels (Fig 3.5), there was an increase in
G’ and G” with an increase in temperature from 80 to 90°C with 60 min heating, indicating that a
stronger gel was formed with an increase in heating temperature. As the heating temperature was
increased, the protein molecules unfolded to a greater extent. This resulted in an increase in the
number of active groups that were exposed, making it easier for covalent and non-covalent
interactions to take place. The interactions formed stronger three-dimensional gel networks.
Similar results of increase in viscoelastic properties with increase in heating temperature were

reported by Zhang et al. (2021).

Among the PPI gels, DW gels showed the least increase in G’ and G’’ values with an increase in
temperature, at all tested frequencies. In the case of AIR100, at all tested frequencies, both G” and
G’’ values increased considerably with an increase in temperature from 80 to 85°C (15 kPa to 20
kPa) however from 85 to 90°C, the extent of increase was lesser (e.g., 20 kPa to 22 kPa). In the
case of ARGS80, there was a considerable increase of G’ and G’ values when temperature
increased from 80 to 85°C (15 kPa to 22 kPa); however, with further increase of temperature to
90°C, there was a very slight increase in gel strength. The increase in viscoelastic properties with
increase in temperature can be attributed to a greater degree of protein unfolding with the
application of higher temperature for heating. It can also be assumed that in case of ARG80 and
ARGY90, complete protein denaturation might have occurred at around 85°C, explaining why there
1S no increase in viscoelastic properties even when temperature was increased to 90°C. These
results indicate that the type of feed gas utilized for PAMB generation may have an impact on the

denaturation temperature of proteins as well as the rheological properties of PPI gels. Since the
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type of feed gas directly determines the nature of reactive species in PAMB, it can be assumed that

various reactive species in each PAMB water are inducing specific rheological properties.
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Figure 3.5 Frequency dependence of storage modulus (G’) and loss modulus (G") of PPI-PAMB
at 80°C, 85°C and 90°C

Gels were formed by heating at different temperatures (80°C, 85°C, 90°C) for 60 min, followed
by cooling in an ice water bath for 30 min.

47



This conclusion is also supported by the finding of Bu et al. (2022), who have reported that reactive
species, such as O3, NOx, H20, and OH generated in ACP with air as feed gas can induce enhanced
protein solubility and increase in soluble aggregates. The authors also noted that the balance
between hydrophobicity and surface charges facilitated protein-protein and protein-water

interaction, leading to the formation of strong PPI gels.

When analyzing the PAMB gels, it was determined that ARG90 and ARGS80 exhibited superior
viscoelastic properties compared to both ARG100 and AIR100. This indicates that PAMB
produced with a combination of gases (air or argon) in the feed mixture had better gelling
properties than PAMB produced by either of these individual gases. This phenomenon may be
explained in connection with the results of RONS characterization, wherein AIR100 and ARG100
had either the highest or lowest RONS quantities. AIR100 had significantly high amounts of
ozone, nitrite, and nitrate but significantly low quantities of H>O;. In contrast, ARG100 had a
significantly high amount of H202 but very low quantities of ozone and nitrate. At the same time,
ARG80 and ARG90 had considerable quantities of ozone, H>O>, and nitrates, indicating the
presence of both ROS as well as RNS. It may be assumed that the presence of both ROS and RNS
led to the increase in viscoelastic properties of PPI gels prepared by PAMB water with ARG90
and ARGR8O as feed gases. A similar conclusion was reached by Bu et al. (2022), where the authors
established that O3 and OH reactive species were significant in improving the functional properties
of PPI. In addition, there may be contributions from reactive Ar species and other reactive oxygen
species (OH radicals, superoxide anions, and singlet oxygen, which were not determined in this

study) on improving the viscoelastic properties of PPI gels, which need further research.
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3.3.4 Mechanical properties of PPI Gels

The compressive strength, compressive strain at break, and Young’s modulus of PPI gels prepared
by heat gelation at 85°C for 30 and 60 min are presented in Table 3.3. These properties were used
to gain insights regarding the textural and structural properties of the 3D printed PPI gels. The
higher the compressive strength, the better the potential gel stability and resistance to failure once
printed, especially as the printed object becomes taller in height. Conversely, the higher the
compressive strain at break, the more resistant the gel is to fracture. Overall, all gels exhibited an
initial stiffening followed by a linear stress-strain response up to maximum stress (and strain at
break). The compressive failure was ductile in nature with a slow drop in stress with increasing
applied deformation. This latter behaviour was important to ensure good printability of the 3D

printed gels (i.e., extrusion without line breakage).

The feed gas composition and heating time had a significant impact (p<0.05) on the compressive
strength of the PPI gels. After 30 min of heating, compressive strength values of all PPI-PAMB
gels except AIR100 gels were significantly different from those of DW gels. After 60 min heating,
DW gels had significantly lower compressive strength compared to all PPI-PAMB gels. All PPI-
PAMB gels did not exhibit any significant difference in compressive strength values among each
other. It can also be noted that DW gels did not display a statistically significant increase in

compressive strength with an increase in heating time from 30 to 60 min (Table 3).
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Table 3.3 Mechanical properties of PPI gels (Compressive strength, compressive strain, and
young’s modulus) gelated at 85°C for 30 and 60 min, respectively. The data is compared within

each column.

Heating PPI gels Compressive Compressive strain ~ Young's modulus
time strength
(kPa) (mm/mm) kPa

30MIN DW 2.55+0.6149 0.18+0.01 ¢ 164+3.0°
AIR100  2.72+0.08¢ 0.19 +0.00 21.9+1.0b
ARGS80 3.83+0.61"% 0.23 +0.01¢ 21.2+£2.2bae
ARG90 440 +0.20 % 0.21 + 0.02¢ 17.3+3.8¢
ARG100  3.81+021% 0.20 +0.03¢ 2214 1 b

60MIN DW 2.57 +0.444 0.21 +£0.01 4 18.1 £5.9 b
AIR100  3.94+0.40° 0.22+0.03 < 21.0+1.1"%
ARGS80 4.03 +0.81 ba 0.28 £0.032 21.6+3.0b¢
ARG90 476 +0. 882 0.24+0.02° 249+5.6°
ARGI100  4.49 +0.55 b2 0.22+0.02 2434+ 4.1 bae

Values are expressed as the mean + standard deviation of three replicates. Alphabets a,b,c,d
within the same column indicate values that are significantly different (p<0.05).

In the case of PPI-PAMB gels, ARG100, AIR100 and ARG90 displayed a statistically significant
increase in compressive strength with an increase in heating time from 30 to 60 min, however, the
compressive strength of ARG80 remains statistically similar even with the increase in heating time

from 30 to 60 min.

Upon estimating the effect of heating temperatures (80, 85, and 90°C) for 60 min for different PPI
gels, the increase in heating temperature from 80 to 85°C showed a significant impact on the
compressive strength of PPI gels (Appendix 1). However, with the increase in heating temperature
from 85 to 90°C, there was no significant impact on the compressive strength. The ARG90 gels
heated at 90°C for 60 min formed the gels with the highest compressive strength (Appendix 1),

followed by ARG90 gels heated at 85°C for 60 min. Compressive strength, which points toward

50



the gel strength during compression, is an important factor that determines the structural stability
of the 3D printed gels (Li et al., 2021). These results can also be correlated with the 3D printability

of PPI gels.

Heating time increase from 30 to 60 min also had a significant impact (p<0.05) on the compressive
strain at break of PPI gels heated at 85°C, depending on the feed gas used. Similar to the results in
compressive strength, a heating time of 30 min did not result in significantly different compressive
strain at break values among PPI-PAMB gels, while the compressive strain at break values were
different from DW gels. With an increase in heating time to 60 min, ARG80 had a significant
increase in compressive strain at break, while all other PPI gels remained statistically similar. The
effect of heat gelation temperatures (80, 85, and 90°C) on the compressive strain of PPI gels for
60 min indicates similar results to that of compressive strength (Appendix 1). ARG80 PPI gels
heated at 85°C had the highest compressive strain among all the samples, followed by ARG90
heated at 90°C. PPI-DW samples heated at all temperatures had lower compressive strain values
than PPI-PAMB gels (Appendix 1). However, the compressive strain value of only ARG80 gel
was statistically different compared to that of DW gel. A higher compressive strain at break of a
food gel provides an indication of toughness of the material and its suitability for 3D printing and
has been found to correspond to better extrudability and layer adhesion in 3D food printing (Liu
et al., 2018). With a higher compressive strain at break, it can be assumed that ARG80 gels heated

for 60 min would exhibit properties favourable for extrusion 3D printing.

Young’s modulus is the resistance of deformation of gels due to the applied load and, regarding
3D printing, it indicates the stiffness of the 3D printed product. Young’s modulus of the PPI-
PAMB gels was found to have no significant impact with an increase in heating time or feed gas

composition. The overall results of compressive strength and compressive strain at break of PPI-
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gels indicate that the heating time of 60 min results in gels with better properties. After 60 min of
heating time, all PPI-PAMB gels have higher compressive strengths than DW and ARGS80 had the

highest compressive strain at break.

3.3.5 3D printability of PPI Gels

Figure 3.6 presents the 3D printed PPI gels made from PAMB water, heated at 85°C for 30 and
60 min. The native pea protein suspensions were not readily extrudable however, gelation
improved the printability of pea protein isolates. Even though all PPI gels could be extruded from

the nozzle of the 3D printer, the printing quality varied widely within the samples.

The heat gelation time of 30 min at 85°C followed by cooling for 30 min considerably improved
the extrudability of the PPI. Even though the DW gels produced at this condition were easily
extruded from the 3D printer, an overall structural instability could be observed, causing the 3D
printed shapes to easily cave in and deform. Typical creep behaviour of viscoelastic materials,
indicating a gradual and time-dependent deformation under a constant applied load, can be
observed in the first layer of the extruded PPI gel, causing it to deform and spread immediately
upon printing. With more layers depositing on top of each other, the creep of the first layer leads
to the distortion of the entire product, causing the 3D printed cylinder to sag and cave in due to

gravity loading. A distinct lack of adhesion between layers also can be observed here.

When DW was replaced with PAMB water to prepare PPI gels, there was a notable improvement
in printability, with the 3D printed gels holding their structure and shape with minimal
deformation. It can be noted that there was no caving-in of the top layer, indicating that the top
layers remained adhered to the bottom layers. Even though AIR100-30 min and ARG100-30 min

samples showed marked improvement in printability and structural strength, the creep behaviour
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was still observed in bottom layers, as it tends to spread out over time. It was to be noted that as in
the case of DW, the creep behaviour of the gel did not lead to total deformation of the sample, as
the layers deposited on top of the bottom layer tend to hold shape. It can also be assumed that the
layers other than the bottom-most layer did not exhibit creep behaviour. A possible reason would
be the surface tension acting on each layer to keep them intact. In the case of the bottom-most
layer, the observed time dependent spreading (creep) may be due to the increasing weight of
subsequent layers coupled with a smooth bottom surface (i.e., deposition on parchment paper). For
all other subsequent layers printed on top of the bottom layer, the surface tension of each layer
provides resistance to creep behaviour. It is postulated that a print bed with a rougher surface or
cooling capabilities may prevent the first layer from spreading. Similar spreading of the first layer
has also been observed in other studies (Lim et al., 2023).In the case of ARG80-30 min and
ARG90-30 min, the printability was improved, with decreased creep behaviour of the bottom
layers, enabling accurate layer deposition. A slight layer-on-layer adhesion was observed, with
printed lines of the final product visible and displaying the layer-over-layer stacking properties
distinctively. Moreover, the bottom layers of the gels held the shape and did not spread out as the

height of the printed shape increased, indicating minimal creep behaviour in these samples.
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Gelation at 85°C for 60 minutes

Figure 3.6 Images of 3D printed PPI gels.

PPI Gels gelled at 85°C for 30 and 60 min respectively, followed by cooling in ice water bath for
30 minutes. Images captured within 5 min after completion of 3D printing.

With the increase of gelation time to 60 min, an ability to resist the deformation was observed in
DW gels. However, the structural stability of 3D printed DW gels was poor, with a display of creep
behaviour. The base and bottom layers were deformed and spread out, while the top layers led the
structure without deformation. A similar creep behaviour is seen in the bottom layers of AIR100,
with the top layers holding the structure. In the case of ARG100, the creep behaviour of the bottom
layer was observed as minimal, however, the layer-over-layer deposition was not uniform,

indicating a lack of adhesion between layers.
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ARGS80 and ARG90 gels heated for 60 min displayed better printability, with smooth extrusion
from the nozzle, clearly visible printed lines, and layer-over-layer stacking properties. It was to be
noted that the creep behavior of the bottom layers was the least in these gels in comparison to all
other printed gels. These ARG80 and ARG90 gels exhibited better shape retention and structural

stability, in comparison to all other gels.

The printability of a food ink is characterized by its ability to adapt to printing processes and
deposition without compromising the structural integrity (Jiang et al., 2022). The extrudability,
printability and structural strength of 3D printed PPI gels could be correlated to the gelation of pea
protein isolates, rheological, and mechanical properties of PPI gels and hence the specific reactive
species concentrations in PAMB water. The G' or G" values of PPI-PAMB gels at both 30- and
60-min gelation time indicated the elastic nature, which was probably the reason why the PPI-gels
were extruded smoothly from the nozzle (Lipton, 2017). The highest Go' & Go" values were
calculated for ARG90 gels, followed by ARGS80 gels, heated for 60 min and these samples
displayed the best 3D printability. This explains why the creep behaviour was less on ARG90 and
ARGS80 samples, as a higher Go" value corresponds to a lower creep behaviour, indicating that the

material resists deformation. (Kim et al., 2018; Kim et al., 2021; Outrequin et al. 2023)

All PPI-PAMB gels at 60 min heating had higher compressive strengths than DW gels, while
ARG80-60 min was the most ductile, as indicated by higher compressive strain at break values.
Another notable observation was the correlation of concentrations of RONS in PAMB water with
the printability of PPI-PAMB gels. The characterization results indicate that both ARG80 and
ARG90 had ROS and RONS values ranging between those for ARG100 and AIR100. Regarding
the printability of PPI-PAMB gels, it may be speculated that the presence of both ROS and RNS

is required for the best printing properties in PPI gels.
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3.3.6 Storage stability of 3D printed gels

The storage stability of 3D printed PPI gels after 24 and 72 h is illustrated in Figure 3.7 and Figure
3.8 respectively. The results indicate that 3D printed PPI gels prepared using ARG90 and ARG80
resisted deformation (change in length and diameter) after 24 h post-printing storage, with minimal
deformation even after 72 h of storage. The 3D printed gels prepared using DW exhibited
significant deformation within 24 h after printing, with the entire structure caved in at the top by
the end of 72 h storage. The dimensions of 3D printed PPI gels prepared using ARG90 and ARG80
were comparable to that of a fresh 3D printed gel even after 24 h of storage. For these 3D printed
gels during 48 and 72 h storage, there was only a very slight variation in dimension in comparison

to DW gels.

24h After Printing 72h After Printing
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.
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ARG80

Figure 3.7 Storage deformation images of 3D printed PPI gels.

PPI gels gelled at temperature of 85°C for 60 min, followed by cooling at 4C for 30 min. Images
taken upon storage for 24 and 72 h, respectively.
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Figure 3.8 Change in dimensions of 3D printed PPI gels upon storage.

(A) length and (B) diameter of 3D printed PPI-DW and PPI-PAMB gels upon storage up to 72 h.

The storage stability of PPI-PAMB gels can also be attributed to the better creep resistance of
ARG90 & ARGS80. For the DW gels, significant creep behaviour over time was observed which

correlated with the lowest Go" of all conditions tested. In the case of ARG90 and ARG80 samples,
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a higher Go" likely resulted in lower creep behavior, characterized by low deformation over time

due to gravitational forces.

The results of this storage study demonstrate that 3D printed PPI gels prepared using PAMB had
a higher structural stability and resistance to deformation upon storage. This indicates the
feasibility of cold plasma application for improving the structural stability and functionality of PPI

gels.

34 Conclusions

In this study, pea protein isolate (PPI), a natively non-extrudable food ingredient, which is
generally unsuitable for 3D printing achieved better 3D printing properties by the application of
plasma activated microbubble (PAMB) water and thermal gelation methods. The rheological and
mechanical properties indicate that PPI suspension prepared using PAMB, followed by gelation at
a heating temperature of 85°C for 60 min, and cooling at 4°C for 30 min; resulted in the best 3D
printability. The PAMB water generated using a mixture of 80% argon and 20% air (ARGS80) as
well as 90% argon and 10% air (ARG90) was used to prepare 3D printed PPI gels with greater
structural stability. The improved structural stability of these 3D-printed PPI gels was possibly due
to the enhanced rheological and mechanical properties, which could be related to the optimal
reactive oxygen and nitrogen species concentration in PAMB prepared using ARG80 and ARG90.
The ideal gelation, gel strength, and 3D printability of 3D printed gels may correspond to the
presence of both ROS and RNS, rather than either one. Overall, this study showed the application
of PAMB in improving the structural properties of PPI and its 3D printability; however, further
studies are required to estimate the effect of specific reactive species, especially the contribution
of reactive argon species that might have contributed to the functionality and improved printability

of PPI gels.
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Chapter 4 Freeze drying of 3D printed pea protein gels

4.1 Introduction

3D-printed foods such as chocolate can be considered ready-to-consum, immediately after
printing. However, several other food products that undergo 3D food printing require several
additional post-printing steps before being deemed fit for consumption (Dankar et al., 2018).
Traditional food processing techniques, such as cooking in the forms of baking, boiling, or frying,
can be utilized as post-printing techniques, but this would essentially include an array of altered
textural properties and physical modifications that may or may not be agreeable with the final
desired product quality. Moreover, traditional cooking can also lead to chemical changes such as
protein denaturation, water loss, evaporation, and changes in color, volume, and nutritional value

(Sun et al., 2018).

Freeze drying, or lyophilization, is a preservation technique that removes moisture from frozen
foods, subjecting them to low temperature and pressure conditions. This process essentially
involves freezing the food item and placing it in a vacuum, where the ice crystals evaporate by
sublimation (Nowak and Jakubczyk, 2020). Freeze drying of foods is a popular food preservation
process in the food industry due to its ability to preserve the texture, flavor, and nutritional value
while extending its shelf life. Upon comparison between the two post-3D printing techniques, i.e.,
oven drying and freeze drying, to understand the ability to preserve shape stability and texture, it
was established that freeze drying retained the 3D printed structure better than the oven drying
process. With an increased hardness and dry matter content, freeze dried food had a solid structure,

unlike its dried counterpart (Dankar et al., 2018).
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Furthermore, freeze drying is ideal for preserving sensitive or delicate foods, such as fruits and
vegetables, as it avoids the damage caused by heat treatments like canning or dehydration
(Majumdar, 2007). Studies on freeze drying of fruits such as oranges (Silva-Espinoza et al., 2020),
blueberries (Munzenmayer et al., 2020), blackberries (Franceschinis et al., 2014), guava, papaya
(Hawlader et al., 2006), and strawberries (Meda and Ratti, 2005) as well as vegetables such as
carrot (Regier et al., 2005), pumpkin, (Ciurzynska et al., 2014), (Guiné and Barroca, 2012) peppers
(Guiné and Barroca, 2012) and asparagus (Nindo et al., 2003) have been conducted for the last
two decades. Even though freeze drying can induce some textural and mechanical property
alterations, it has been proven to be a far superior drying technique to conventional oven drying or
spray drying (Bhatta et al., 2020). This significant observation has led to the application of freeze

drying to non-traditional food sources in the last few years.

Food products such as soy protein isolate/k-carrageenan hydrogels (Yang et al., 2022), whey
protein hydrogels (Manzocco et al., 2021), chickpea protein isolates (Kaur and Singh, 2007) and
quince seed gum (Ahmadzadeh-Hashemi et al., 2023) have been studied for freeze drying.
Similarly, pea protein isolates have also been investigated for freeze and spray drying on the
interface and foam stabilizing properties (Yang et al., 2022). A study involving the drying of 3D-
printed pumpkin snacks found that freeze drying resulted in increase on the crispness and
crunchiness of the snack, thereby increasing its sensory acceptance (Chen et al., 2022). Another
study, which involved encapsulation of probiotics using a combination of 3D printing and freeze
drying, noted that the 3D printed products transformed a semi-solid to a solid-like state after freeze
drying, as confirmed by increased hardness and decreased water activity, demonstrating a potential

to produce shelf-stable supplement food (Kuo et al., 2022). However,

60



no studies investigated the properties associated with freeze dried pea protein gels. Since freeze
dried pea protein isolates have the potential to be utilized as encapsulation agents or protein-rich
breakfast cereals, it is crucial to understand the physical and thermal properties associated with

freeze dried PPI gels.

This study is an extension of the work conducted in Chapter 3 and aims to investigate the effect of
a post-processing treatment, such as freeze drying, on 3D printed PPI gels made out of PAMB
water. Considering that it has already been established that PAMB-PPI gels have better gelation,
mechanical properties, and 3D printability in comparison to DW-PPI gels, it is essential to
understand any differences in textural and structural properties of 3D printed PPI gels prepared
from different methods. The study investigated the applicability of freeze drying as a potential

post-processing treatment for 3D printed PPI gels.

4.2 Methods and materials

4.2.1 Preparation of 3D printed PPI gels

The 3D Printed PPI gels were prepared using the PPI-PAMB suspension gelated at heating
temperature of 85°C for 60 min, followed by cooling at 4°C for 30 min, as described in Chapter 3.
In this study, PAMB feed gas combination of only ARG80 (80% argon and 20% air) and ARG90
(90% argon and 10% air) were utilized, as these two PAMB combinations resulted in the most
structurally stable 3D printed gels. PPI-DW suspension gelated at same time-temperature was used
as the control samples. The 3D printed PPI gels prepared using distilled water and gelated at a
heating temperature of 85°C for 60 min, followed by cooling at 4°C for 30 min, were set as the

control sample. The samples were labeled ARG80, ARG90, and DW throughout the experiment.
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All parameters associated with PAMB preparation, gelation, and 3D printing was followed as

detailed in Chapter 3.

4.2.2 Freeze drying of 3D printed PPI gels

The 3D printed PPI gels were transferred to airtight containers immediately after 3D printing and
stored in a deep freezer at a temperature range of -20° to -25° C for 24 h to ensure complete
freezing of the samples. The frozen PPI samples were then lyophilized using a cabinet freeze dryer
at -50°C for 72 h at near vacuum. After the complete removal of moisture, the samples were put

back into airtight containers and stored below -20°C in a deep freezer until further characterization.

4.2.3 Moisture content and water activity of freeze dried PPI gels

The freeze dried PPI samples were ground to a fine powder using a coffee grinder to test the
moisture content and water activity. The moisture content was measured using the oven-drying
method; 1.5 g of finely ground freeze dried PPI powder was taken in an aluminum pan and heated
at 105 = 1 °C for 8 h in a hot air oven to obtain constant weight loss. The water activity was

measured using an AqualLab Water Activity Meter at ambient temperature (22 + 1°C).

4.2.4 Textural properties

The freeze dried 3D printed PPI gels were characterized for texture profiling using a texture
analyzer (TA. XT plus C, Texture Technologies Corp. and Stable Micro System, Ltd. Hamilton,
MA, USA). A compression test was used to estimate the external force required to compress the
samples to 80% of their original height. A P/50 probe (diameter: 2 mm) was used to compress the
sample, which was placed at a height of 20 mm. Standard Texture Profile Analysis (TPA) test

conditions were used in all experiments, with a trigger force of 5 g, set at a target distance of 10
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mm, 1.0 mm/s of pretest speed, and 5.0 mm/s test and post-test speed. The delay time between the

first and second compression was 5 seconds.

Textural properties, such as hardness, fracturability, adhesiveness, chewiness, and cohesiveness
were calculated using the instrument software. Hardness is the maximum force required to
compress the sample and was calculated as the peak force recorded on the force-time curve of the
compression test. Fracturability is the force required to fracture a sample and was determined as
the point on force-time curve, where the force starts to decrease after the first peak. Adhesiveness
is the stickiness of the sample and is calculated as the negative area under the force-time curve
during the separation phase in compression. Cohesiveness is the ability of the sample to stick
together during chewing and is calculated as the ratio of the positive force areas of the second
compression and first compression in the force-time curve. Chewiness is a measure of the energy
required to masticate the sample and is calculated as the product of hardness, cohesiveness and

springiness.

4.2.5 Scanning electron microscopy (SEM)

The internal microstructure of freeze dried 3D printed PPI gels, freeze dried PPI gels, and freeze
dried PPI suspensions were examined using scanning electron microscopy (SEM). The freeze dried
samples were sliced into 0.5 mm thick pieces to observe the internal cross sections. The slices were
carbon taped and sputter-coated with gold (Au) for 60 s, coating at 5-10 mA current, (Denton Desk
II, New Jersey, USA) to avoid charging issues during the electron scanning. The Au-coated
samples were then introduced to SEM Instrument (S-4700, Hitachi Co., Tokyo, Japan). High-

resolution images of the cross sections were taken at a magnification of 100X at 5 kV.
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4.2.6 Statistical analysis

All the experiments were conducted in duplicate, and the data were statistically analyzed using
SAS® University edition (Proc Glimmax; SAS studio 9.4) using ANOVA with Tukey’s test as

posthoc analysis to identify significant differences between each sample group (P < 0.05).

4.3 Results and discussions

4.3.1 Moisture content and water activity

The moisture content and water activity of freeze dried PPI gels prepared using DW and PAMB
are presented in Table 4.1. ARG90 had significantly higher moisture content and water activity
while DW and ARG80 had statistically similar moisture content and water activity. The moisture
content and the water activity of the freeze-dried samples determine the storage stability
(Ciurzynska and Lenart, 2011). Water activity also plays a significant role in the oxidative

deterioration of freeze-dried plant proteins.

Table 4.1 Moisture content and water activity of freeze dried PPI

Sample Moisture Content Water Activity (aw)
ARGS80 6.142£0.122° 0.235+0.013°
ARG90 6.704 +£0.270 0.264 £0.013?
DW 5.780 +£0.281° 0.215+0.022°

Values are expressed as the mean + standard deviation of two replicates. Alphabets a,b, within
the same column indicate values that are significantly different (p<0.05).

4.3.2 Textural properties

The textural properties of freeze dried 3D-printed PPI gels are presented in Table 4.2. Critical
textural properties such as hardness, fracturability, adhesiveness, chewiness, and cohesiveness

were tested for each sample. The adhesiveness, chewiness, and cohesiveness were statistically

64



similar for all three samples, indicating no significant effect of PAMB in any of these properties.
On the other hand, a significant difference was noted in the hardness values of the freeze dried
ARGS80 and DW gels i.e., the hardness was significantly lower for the DW sample compared to

ARGS80 sample.

For instance, with the incorporation of PAMB water for the production of PPI gels, the hardness
of freeze dried PPI gels increased significantly from 2593.4 + 1010.0 g (DW) to 3704.8 =£387.2 g
(ARGY90) and 4239.7 + 890.4 g (ARGS80). A similar observation was noted in the case of the
fracturability of the samples, with the value increasing with the incorporation of PAMB. The
fracturability of PPI samples significantly increased (p<0.05) with the incorporation of PAMB,

from 515.6 + 420.0 (DW) to 2545.1 = 571.8 (ARG90) and 2752.0+ 1961.9 (ARGS0).

These results are similar to the one obtained by Chen et al. (2020) when investigating the effect of
cold plasma on high-protein wheat noodles. This research indicated a significant increase in the
hardness of noodles that underwent cold plasma treatment. At the same time, some properties, such
as adhesiveness and chewiness, did not exhibit a significant increase despite cold plasma treatment.
Similar results were also cited by Ghribi et al. (2015), where freeze drying of chickpea proteins
enhanced the hardness, while properties such as cohesiveness and adhesiveness remained
statistically identical. Another study that employed a combination of cold plasma and vacuum
freeze drying on jujube fruit slices indicated that the hardness and fracturability of the fruit

remained statistically similar to the control samples (Yuan et al., 2022).
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Table 4.2 Texture properties of freeze dried 3D printed pea protein gels

Sample Hardness (g) Fracturability (g) Adhesiveness Chewiness Cohesiveness
(g:s) (g:s)

ARG90 3704 + 387> 2545 +571° 0.48 +0.1° 20.07+£229* 0.03+0.02*

ARGS80 4239 +890° 2751 + 19612 0.50+0.1% 8.38+4.2°2 0.02+£0.012

DW 2593 +1009° 515.62+419.9° 0.35+0.1* 1335+12.5*  0.02+0.01°

Values are the Mean + SD of two independent measurements. Alphabets a,b, and ¢ within the
same column indicate values that are significantly different statistically.

Even though PAMB water has an incremental effect on both the hardness and fracturability of the
freeze dried pea protein isolates, it is to be noted that an increase in hardness is acceptable in food
texture (Kim et al., 2011). In contrast, increased fracturability might only favour a few food
products. An increased hardness indicates an increased food resistance to penetration by an
externally applied force (Peng et al., 2002). An increased fracturability shows a higher tendency
of the food to break or crumble, thereby offering a lower resistance to deformation and undergoing
structural changes when pressure is applied (Peleg, 2019). Breakfast cereals are characterized by
an increased hardness and fracturability, which indicate a potential application area for freeze dried

PPI gels.

4.3.3 Scanning electron microscopy

The scanning electron microscopy images of freeze dried 3D-printed pea protein gels are presented
in Figure 4.1. A change in the microstructure of the samples in various processing stages, such as
suspension, gelation, and 3D printing, were observed. In the case of DW, the PPI suspension

exhibited a compact and firm structure with a heterogeneous surface (Fig 4.1 A), while ARG80
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and ARG90 suspensions (Fig 4.1 B, C) had increasingly visible pores. This change in
microstructure, even before applying gelation and 3D printing, indicates that PAMB affected
protein aggregation. A similar observation regarding protein aggregation with the application of
atmospheric cold plasma was observed on fruit products (Yuan et al., 2022), animal proteins (Gong
etal., 2021; Luo et al., 2020), and plant proteins (Rahman and Lamsal, 2023; Zhang et al., 2021)

in earlier studies.

With the application of heat gelation and 3D printing, the morphology of protein underwent a
prominent change in the case of ARG80 (Figure 4.1 E, H) and ARG90 (Figure 4.1 F, I), compared
to DW (Figure 4.1 D, G). A weak gel network was observed in the case of DW and the pores were
uneven and unequally distributed through the surface, indicating weak protein aggregation. In
ARG80 and ARGY0 samples, the formation of robust 3D gel networks with regular interconnective
pores was observed. For ARG90 samples, the pore size increased, and the structure was more

homogeneous than in the case of ARG80, indicating the formation of a solid gel.
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Figure 4.1 SEM images of freeze dried PPI suspensions, gels and 3D printed PPI gels.

The freeze dried PPI gels made from DW (A, D, and G), ARGS80 (B, E, and H), and ARG90 (C, F,
and I) during the different stages of preparation, i.e., as suspensions (A, B, and C), gels (D, E, and
F) and 3D printed gels (G, H, and I). Images of the cross sections taken at a magnification of 100x
at 5 kV. Images are of 500 um in scale.

Similar observations related to the change in morphology and microstructure were reported for the
heat-induced gelation of pea proteins pretreated by a modified pH-shifting method (Zhu et al.,
2021). Earlier studies involving the direct treatment of cold plasma into pea protein isolate (Zhang
etal.,2021; Bu et al., 2022) reported similar changes in morphology and microstructure. However,
the present study's results indicate that indirect cold plasma treatments, such as the one generated

using PAMB, can produce similar 3D gel networks and morphological changes in pea protein.
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4.4 Conclusions

The hardness and fracturability of freeze dried 3D-printed PPI gels prepared by PAMB using feed
gas containing 80% argon and 20% air were significantly different from those prepared using DW.
Application of PAMB prepared using this gas combination increased the hardness and
fracturability of freeze dried PPI gels, enabling a possible application in manufacturing protein-
rich breakfast cereals. The microstructures of PPI gels demonstrated that the freeze dried PPI gels

prepared using PAMB had better aggregation and gelation, forming compact 3D gel networks.
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Chapter 5 Conclusions and recommendations

5.1 Conclusions

This MSc thesis research delves into the potential of pea protein isolate (PPI) as a suitable material
for 3D printing. Traditionally, PPI is not viable for 3D printing and subsequent processing.
However, by applying plasma-activated microbubble (PAMB) water and thermal gelation
techniques, PPI exhibited improved 3D printing properties and excellent deformation stability

upon storage.

In Chapter 3 of this study, using PAMB water to prepare pea protein suspensions resulted in the
formation of PPI gels with better viscoelastic properties upon gelation. While the PPI suspensions
made from distilled water formed weak, near stand-alone gels, PPI suspension made from PAMB
water using specific gas combinations of argon and air resulted in stable stand-alone gels, which

did not deform even after applying a small force with a glass rod.

Based on the rheological and mechanical properties analysis of the prepared gel, it has been
determined that the PPI suspensions prepared with PAMB, gelled at 85°C for 60 min, had better
gelation properties. The structural stability of the 3D printed PPI gels was enhanced when PAMB
generated using a mixture of 80% argon and 20% air (ARG80) and 90% argon and 10% air
(ARG90) were utilized. This improvement in these properties could be linked to the concentration

and type of reactive oxygen and reactive nitrogen species present in PAMB.

In Chapter 4 of this study, freeze drying was evaluated as a possible post-processing operation for
enhancing the storage properties of 3D-printed PPI gels. The application of PAMB to produce 3D-
printed PPI gels impacted the microstructure of freeze dried PPI gels. The microstructures of PPI

gels demonstrated that the freeze dried PPI gels prepared using PAMB had better aggregation and
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gelation, forming compact 3D gel networks. Applying PAMB (using a mixture of 80% argon and

20% air (ARGR80)) also increased the hardness and fracturability of freeze dried PPI gels.

Overall, this study demonstrated that plasma activated microbubble water can significantly
improve pea proteins' functional properties. This study has also established the feasibility of
utilizing pea protein as a sole ingredient in 3D food printing. Additionally, the protocol outlined in
this study, which combines cold plasma, an emerging technology, with traditional technology of

thermal gelation, can be applied to enhance the functional properties of other plant proteins.

5.2 Recommendations
The main objective of this study was to demonstrate the feasibility of applying cold plasma
technology in combination with thermal gelation to enhance the functional properties of pea

proteins. The following are areas that can be further investigated in the future:

1. This study mainly focussed on estimating the effect of reactive oxygen and reactive
nitrogen species on pea protein. Further studies are required to estimate the contribution of
reactive argon species that might have contributed to PPI gels' functionality and improved
printability.

2. The present research estimated the effect of only two feed gases, air and argon, in PAMB
water production and subsequent processing. Further research is required to estimate if
gases like oxygen and nitrogen can also be utilized for similar purposes.

3. Since the study's primary objective was to assess the printability of pea protein suspension
made out of different PAMB water gas compositions, the 3D model selected for the study
is a primary cylinder. Further investigation into pea protein 3D printing with more complex

shapes is required to estimate the possibilities of large-scale applications.

71



While estimating 3D printability, all the printing parameters, such as nozzle speed, printing
temperature, and infill rate, were kept constant throughout the study. A future study is
required to establish the impact of printing parameters on the 3D printability of pea protein.
Further studies on 3D printing of pea protein can be carried out to investigate the effect of
possible additives such as beta glucan and xanthan gum.

This study established the possibility of freeze drying as a post-processing application for
3D-printed PPI gels. Since the encapsulation of bioactive compounds in pea proteins is
gaining much scientific research, encapsulation of bioactive compounds can be included
in this protocol after relevant studies.

This protocol of integrating plasma activated microbubble water and thermal gelation to
enhance the functional properties can be applied to other emerging plant proteins (e.g., fava

bean, lentil etc.).
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Appendix I Mechanical properties of PP1 PAMB gels at 80°C, 85°C and 90°C for 60 min

HEATING COMPRESSIVE COMPRESSIVE YOUNG'S
TEMPERATURE PPI Gels STRESS STRAIN MODULUS
°C kPa mm/mm kPa
90°C DW 3.83+0.18°¢ 0.23+0.02° 21.9+2.70"
AIR100 4.96+0.32 b 0.24 +0.01 25.80+£2.81"
ARG90 423 +0.75°2 0.25+0.01° 21.77+£3.19°
ARGS0 4.03+0.81"% 0.24 +0.02° 29.28 £3.27°2
85°C DW 2.57+0.44 ¢ 021+0.01¢ 18.15+5.82°P
AIR100 3.94 +0.40% 0.22 +0.03 < 21.01 +1.14 %
ARG90 476 +0.88 2 0.24 +0.02° 2491 +5.58"
ARGS0 4.03+0.81"% 0.28 +0.03 2 21.59+2.97°
80°C DW 245+0.70 ¢ 0.2+0.01° 13.42 £2.10"
AIR100 2.33+0.58 b2 0.21 +0.04°< 15.65 £ 4,29
ARG90 3.39+£0.74 2 0.21 £0.03° 16.29 +1.04°
ARG80 3.2+0.28"% 0.22 +0.02 ® 17.33 £2.59°2
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Appendix II Stress- Strain Curve Outputs of PPI Gels (Instron)
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Appendix III Force-Time Curve of 3D Printed Freeze dried PPI Gels (Texture Profile
Analyzer)
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