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Abstract 

Starch is a versatile biopolymer with multiple uses in the food and non-food 

industries. In the food industry, starch is used as a thickening, binding, gelling, stabilizing, 

and encapsulating agent amongst others. In the non-food industry, starch can be used as a 

sizing agent to add strength to paper and textiles, as an adhesive, and used in the 

manufacture of bioplastics. Starch needs to be modified to enhance its stability, solubility, 

heat, and shear tolerance for industrial applications. Starch is mostly modified using 

chemical reagents due to their effectiveness in altering starch physicochemical and 

functional properties. However, there is increasing concerns about the chemical waste 

generated during chemical starch modification. There is also an increasing demand for food 

products with “clean labels”. To meet these demands, there is a push to find eco-friendly 

alternatives such as cold plasma technology. Cold plasma is obtained by applying electrical 

energy to a gas, which leads to ionization of the gas to produce reactive oxygen and 

nitrogen species (RONS), ultraviolet radiation, and free radicals. Cold plasma can be 

applied directly to starches or in the form of plasma-activated water (PAW). In the case of 

PAW, RONS, ultraviolet radiation, and free radicals are generated in water upon treatment 

with atmospheric cold plasma. These reactive species can induce changes in the structure 

and functionality of starches, without generating virtually any waste. The main aim of this 

research was to modify cereal and tuber starches with a carbon dioxide-argon radio 

frequency cold plasma for the first time. In addition, plasma-activated water (PAW) at 

different temperatures was utilized to modify high amylose and waxy starch properties.   

In objective one, carbon dioxide-argon radio frequency cold plasma was used to 

modify waxy starches. A 3 X 3 factorial design with three waxy starches (maize, rice, and 
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potato) and three treatment levels (no treatment, 0 W and 120 W) was used for the 

experiment. The starch samples were treated at 0 W (gas treatment) to investigate whether 

gas treatment alone without ionization could induce changes in the starches. Solid state 13C 

nuclear magnetic resonance, differential scanning calorimetry, micro-visco-amylograph, 

wide angle x-ray scattering, scanning electron microscopy and optical light microscopy 

were used to investigate the effect of cold plasma on waxy starch properties. Starches 

modified with cold plasma were more stable when subjected to heat and shear. This was 

indicated by the lower breakdown values obtained for maize (189.0 as compared to 212.8 

BU) and rice (24.5 as compared to 32.0 BU) after treatment. The tendency for 

retrogradation to set in also decreased as indicated by the lower setback and final viscosity 

values for maize (44 as compared to 65.8 BU; 209.3 as compared to 295.3 BU), rice (48.3 

as compared to 89.5 BU, 184.5 as compared to 311.3 BU) and potato (76.5 as compared to 

147.3 BU, 386.3 as compared to 516.0 BU) after treatment. However, the morphology of 

the starches remained unchanged. The crystallinity of waxy potato starch reduced by 2.8% 

and 5.5% after 0 W and 120 W treatment, respectively, but was unaffected in rice and 

maize. The ability of starches to form inclusion complexes with iodine were unaffected 

after plasma or gas treatment. We also, observed V-type single helices in maize and rice 

starches which could be attributed to the formation of starch-lipid complexes.  

In objective two, the effect of radio frequency cold plasma on starch fine structure 

(unit and internal chain distribution) was determined using the High-Performance Anion 

Exchange Chromatography (HPAEC), since studies have shown that alterations at the fine 

structural level impacts starch functionality. Also, the occurrence of cross-linking was 

investigated using Fourier transform infrared spectroscopy-attenuated total reflectance 
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(FTIR-ATR). A 3 X 2 X 2 factorial design with three waxy starches (maize, rice, and 

potato) two starch forms (granular and non-granular) and two treatment levels (no 

treatment and 120W) was used. Radio frequency plasma resulted in negligible changes at 

the fine structural level. FTIR-ATR confirmed the ability of cold plasma to induce cross-

linking in these starches which explains why these starches were more stable during heat 

and shear treatment (objective 1). In vitro digestibility studies showed that cold plasma 

treatment increased the amount of slowly digestible starches (5.62%; 10.24%) and resistant 

starches (0.28%; 85.66%) in non-granular waxy maize and granular waxy potato starches 

respectively.  

In objective 3, plasma-activated water (PAW) at different temperatures was utilized 

to modify high amylose and waxy starches. A 4 X 4 factorial design with four starches 

(high amylose maize, high amylose potato, waxy maize, and waxy potato) and four 

treatment temperatures (no treatment, 25°C, 60°C and 80°C) was used. The X-ray photo 

electron spectroscopy was used to determine the ability of PAW at different temperatures 

to induce any changes in the elemental surface composition of these starches. The effect of 

PAW at different temperatures, on functionality and the thermal profile of starches was 

also investigated. PAW at 60°C and 80°C increased the solubility and water absorption 

capacity of the starches. Both treated and untreated starches were mostly made up of carbon 

and oxygen with trace quantities of nitrogen or silicon. Modification of starches with PAW 

at 60°C increased the gelatinization temperatures and enthalpies. 

Overall, this study demonstrated that radio frequency cold plasma and PAW 

significantly influenced  starch properties. These changes were however not seen at the 

molecular level as observed in the fine structure analysis. 
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Chapter 1: Introduction, Rationale, Specific Objectives and Hypothesis 

Sections of this chapter have been submitted for publication in Current Research in Food 

Science Journal. 

1.1 Introduction 

Starch is the primary energy reserve in plants and is made up of two major 

polysaccharides: amylose (MW ≈ 105-106) and amylopectin (MW ≈ 5 x 108). Amylose is 

primarily a linear polysaccharide made of approximately 99% α-(1-4)-D-glucosyl units 

with < 1% α-(1-6) linkages (Hizukuri et al., 1981). Amylopectin, however, is a highly 

branched polymer with linear chains of α-(1-4)-D-glucosyl units interconnected with 5% 

α-(1-6)-linkages (Hizukuri et al., 1983). Native starch typically contains 15-35% amylose 

and 65-85% amylopectin (Pérez & Bertoft, 2010). Also, there are high amylose and waxy 

starches with > 35% amylose and < 5% amylose respectively (X. Wu et al., 2006). Amylose 

retrogrades quickly and forms strong films and tough gels in solution while amylopectin 

produces weak films and soft gels (Pérez & Bertoft, 2010).  

Starch granules are semi-crystalline, consisting of an amorphous part and a 

crystalline part (Pérez & Bertoft, 2010). The granules have a density of 1.5g/cm3 which is 

more significant than water and hence allows easy isolation and purification of starch by 

gravity sedimentation. The semi-crystalline structure of starch preserves its granular 

integrity and prevents solubilization of starch at room temperature (Ai & Jane, 2018). 

Starch is synthesized in granular form at the hilum and can be extracted from seeds, roots, 

tubers, leaves, pollen, and even algae (Pérez & Bertoft, 2010).  Starch granules appear in 

various shapes such as ellipsoids, spheres, and ovals when viewed under the microscope. 

The diameter of starch granules can range from 0.1 μm to > 100 μm depending on their 
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botanical origin  (Pérez & Bertoft, 2010). Furthermore, the granules of starch are arranged 

radially and highly ordered. Thus, when starch is viewed under cross-polarized light in an 

optical microscope, a “Maltese Cross” structure is observed. This structure is embedded in 

the crystalline part of starch (Bertoft, 2017). Significant starch sources for commercial 

applications include maize, potato, cassava, and wheat (Vamadevan & Bertoft, 2015). 

It is no surprise that the industrial starch market is projected to be worth 106.64 

billion USD by 2022 (Rohan, 2016). This is because starch has multiple applications in 

both food and non-food industries. Starch is utilized as a gelling, thickening, stabilizing, 

and flavor encapsulating agent in the baking, brewing, and confectionery industries 

(Mason, 2009). Non-food uses of starch include adhesives for the manufacture of 

corrugated paper boards, antifreeze, retarding agents for concrete, and fermentation 

feedstocks for pharmaceutical products (Glittenberg, 2012). Nonetheless, in its native state, 

starch is highly unreactive, insoluble, and retrogrades easily. Therefore, starches must be 

modified to enhance their solubility, textural properties, and heat tolerance for diverse 

industrial applications (Laovachirasuwan et al., 2010). Starch can be modified using 

physical, chemical, and biological means. Physical methods can either be thermal 

(annealing, heat moisture treatment, spray drying, etc.) or non-thermal (pulsed electric 

field, ultrasonication, high hydrostatic pressure, cold plasma technology, etc.) (Zia-ud-Din 

et al., 2017) and have proven to be successful in modifying starches. For example, physical 

processes such as pregelatinizing starches enhance these starches' thickening and water 

absorption capacity (Hong & Liu, 2018). The biological techniques of starch modification 

can either be done using genetic engineering to breed specific varieties of starch such as 

high amylose starches or through enzymatic conversion of these starches to achieve 
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products like maltodextrins (Bemiller, 1997). Biological methods usually give increased 

yields and fewer by-products. However, they can be relatively expensive compared to 

physical methods (Park et al., 2017). Chemical modification techniques are the most widely 

used and result in the highest efficiency. Chemical methods employed in modifying 

starches include cationization, acetylation, oxidation and green solvents (Chaiwat et al., 

2016; Fan & Picchioni, 2020). There is an increasing concern about the issues of 

environmental pollution, wastewater treatment, food safety, and the high costs involved in 

chemical modification methods (Chaiwat et al., 2016). While the use of ionic liquids 

("green" solvents) in chemical modification may have less impact on the environment, 

there are issues such as poor performance in biodegradability, biocompatibility, and 

sustainability (Dai et al., 2013; Fan & Picchioni, 2020). Hence, physical processes are 

preferred over chemical methods in altering the structure and functionality of starches. 

1.2 Rationale and Significance 

It is imperative for scientists to explore sustainable methods to enhance starch 

properties continuously. These sustainable alternatives help protect the earth and preserve 

valuable natural resources while improving the quality of life. Also, starch is an important 

polymer that is readily available, cheap, and versatile in its applications (Bemiller, 1997). 

As such, this research explores the use of cold plasma technology - a relatively novel non-

thermal physical modification technique that has enormous advantages regarding starch 

modification (Thirumdas, Kadam, et al., 2017a). Cold plasma is a partially ionized gas 

produced by applying sufficient energy (thermal, electromagnetic, or electric fields, 

microwave and radio frequencies) to a neutral gas at low or atmospheric pressure (Moreau 

et al., 2008). Cold plasma can be applied directly or in the form of plasma-activated water 
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when treating materials (Thirumdas et al., 2018). Cold plasma is employed in areas such 

as medicine and agriculture. Applications of cold plasma in medicine include wound 

healing, cancer treatment, tissue regeneration, and blood coagulation (Fridman et al., 

2008). In food and agriculture, cold plasma is utilized in the enhancement of seed 

germination (Thirumdas et al., 2018), microbial inactivation (Moreau et al., 2008), 

aflatoxin destruction (Scholtz et al., 2015) and more recently, starch modification 

(Thirumdas, Kadam, et al., 2017a). Some key findings observed after cold plasma 

modification of starches include a decrease in the cooking time of rice (Thirumdas et al., 

2016), reduction in molecular weight (Bie, Pu, et al., 2016), occurrence of cross-links (Zou 

et al., 2004) and an increase in resistant starches (Trinh, 2018). These authors employed 

different gas combinations and plasma setups to modify these starches. A comprehensive 

review of the findings is outlined in the literature review section. 

There remains a lot to be discovered on the extent to which cold plasma modifies 

starch properties (Zhu, 2017). For this modification technique to be adopted by the US 

Food and Drug Administration (FDA) and the food industries as safe and effective, more 

in-depth studies, need to be carried out on toxicity, starch functionality, digestibility, and 

structural changes. Our current research addresses this issue by employing a radio 

frequency low-pressure system and plasma-activated water to modify the structure and 

functionality of cereal and tuber starches. To the best of our knowledge, carbon dioxide 

and argon gas were combined for the first time to modify granular and non-granular waxy 

starches. We also used plasma-activated water at different temperatures to modify high 

amylose and waxy starches for the first time. There is a solid push to find innovative ways 

to balance the natural carbon cycle and decrease carbon dioxide emission, which is a 
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greenhouse gas. Thus, employing carbon dioxide in starch modification can help lower its 

amount in the environment and possibly address the climate challenges the world is facing 

(Snoeckx & Bogaerts, 2017). Thus, the goal of this research is to modify cereal and tuber 

starches with a carbon dioxide-argon radio frequency cold plasma. In addition, plasma-

activated water at different temperatures is utilized to modify the starch properties. 

1.3 Hypothesis 

It is hypothesized that: 

1.  Carbon dioxide-argon radio frequency cold plasma will significantly alter the properties 

of cereal and tuber waxy starches. 

2.  Carbon dioxide-argon radio frequency cold plasma will alter the unit and internal chain 

structure and in vitro digestibility of waxy starches irrespective of whether they are treated 

as granular or non-granular starches. 

3.  Increasing the temperature of plasma-activated water would significantly impact the 

characteristics of starches. 

1.4 Specific Objectives 

1.  Treat waxy cereal and tuber starches with a carbon dioxide-argon radio frequency cold 

plasma and investigate its effect on their properties. 

2.  Study the effects of carbon dioxide-argon radio frequency cold plasma on granular and 

non-granular waxy starch chain length, and their starch hydrolysis kinetics.  

3.  Investigate the effects of plasma-activated water temperature on the functionality, 

structure, thermal and chemical surface analysis of cereal and tuber starches. 
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Chapter 2: Literature review 

Contents of this chapter have been submitted for publication in Current Research in Food 

Science Journal. 

2.1 What is Plasma? 

In 1816, Michael Faraday postulated the fourth state of matter which he called 

radiant matter (Crookes, 1881). William Crookes proved the existence of plasma as 

‘‘radiant matter” in a Crookes tube in 1879 (Crookes, 1879). However, the term plasma 

was introduced by Irving Langmuir in the 1920s as the fourth state of matter. Plasma is a 

fully or partially ionized gas made up of electrons, ions, free radicals, photons, UV 

radiation, reactive species, and molecules in their ground or excited states and carries a net 

neutral charge (S. Pankaj et al., 2018). Plasma can either be naturally occurring or man-

made and makes up 99% of the visible matter in the universe. Examples of natural plasmas 

include the sun, Saint Elmo’s fire, lightning, and the Aurora Borealis and Australis, while 

examples of man-made plasmas are neon signs, fluorescent lights, and plasma pinches 

(Snoeckx & Bogaerts, 2017). 

2.2 Cold plasma production 

Cold plasma is a partially ionized gas produced by applying energy to a gas at low 

or atmospheric pressure. When the energy is applied, the free electrons naturally present in 

the gas pick up the energy faster than the ions. Energy is transferred from the accelerated 

electrons to the heavier gas molecules through elastic and inelastic collisions.  As a result 

of these collisions, the gas goes through several phase reactions-ionization, excitation, and 

dissociation to produce several reactive species (reactive oxygen species and reactive 

nitrogen species), new electrons, ions, and free radicals (Milella & Palumbo, 2014). 
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According to Milella & Palumbo (2014), the electron temperature in cold plasma is 

relatively high (1-10 eV), while the translational energy of the heavy particles (molecules, 

ions) is close to room temperature. That is because the electrons have a lighter mass than 

the heavy particles (Rossi, 2012). Thus, the electrons reach higher kinetic energy faster 

than the heavy particles. Cold plasma is characterized as being in non-local thermodynamic 

equilibrium because of this difference in temperature between electrons and heavy particles 

(Snoeckx & Bogaerts, 2017). 

Cold plasma requires a much lower power input, unlike thermal plasmas that need 

a higher power input (~50MW).  Thermal plasmas are generated at high temperatures (4000 

K- ≥ 20000K) and pressures (≥ 105Pa) (Moreau et al., 2008). Thermal plasmas are fully 

ionized gases as all the species (electrons, ions, heavy particles) possess the same 

temperature. Thermal plasmas are in local thermodynamic equilibrium. The applications 

of thermal plasmas are diverse, a few of which include extractive metallurgy, fine powder 

syneresis, and coating technology (Snoeckx & Bogaerts, 2017). However, the extremely 

high temperatures are not suitable for treating thermally sensitive materials like starches, 

which is why cold plasma is a more appropriate method for starch modification and other 

food applications (Liao et al., 2020). 

2.3 Generation of cold plasma at low-pressure 

2.3.1 Basic Setup 

As mentioned earlier, cold plasma can be generated at low or atmospheric pressure. 

The basic setup of a low-pressure cold plasma system includes a vacuum chamber, a 

pumping unit that clears unwanted gases from the system, gas feeding tanks, gas 

controllers, pressure gauges, and electrodes powered by electromagnetic generators using 
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direct current (DC), alternating current (AC), radio frequencies or microwave frequencies. 

This low-pressure system can then be controlled by a microcontroller (programmable logic 

controller, PLC) or a personal computer (Lippens, 2007). According to (Roy Choudhury, 

2017), the main advantage of a low-pressure plasma system is that it is easier to control the 

extent and composition of the critical gas atmosphere from which the plasma is generated, 

as it is operated in a closed vessel under vacuum. In addition, there is an even distribution 

of plasma inside the closed vessel (Ebnesajjad, 2014). However, low-pressure plasma 

systems are not suitable for continuous online processing and can only be conducted in 

batches. The vacuum equipment required for the plasma setup is expensive (Roy 

Choudhury, 2017). Basic low-pressure plasma systems used in starch modification as well 

as other food applications are outlined below: 

2.3.2 Glow discharge cold plasma  

In a glow discharge, cold plasma is obtained by applying an electric current 

operating at 100 V or higher through a gas over a pair or a series of electrodes (Figure 2-

1). This electric current could either be in the form of an alternating current (AC), a direct 

current (DC), low frequency (50 Hz), or radio frequency (RF) (40 KHz, 13.56 MHz). The 

electrons generated in this type of plasma gain sufficient energy through excitation 

collisions which generate photons responsible for the visible glow (Thornhill, 2007; 

(Vaideki, 2016).  
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Figure 2-1: Schematic diagram of a low-pressure glow discharge plasma 

2.3.3 Radio frequency (RF) discharge cold plasma 

Low-pressure radio frequency plasma typically operates in the radio frequency 

range of 1-100 MHz (Figure 2-2). The power supplied from an electric field can be coupled 

to the plasma either capacitively (Thirumdas, Trimukhe, et al., 2017b) or inductively 

(Rossi, 2012). The capacitively coupled RF plasma consists of two parallel electrodes. One 

of the two electrodes is connected to an RF power supply while the other is grounded 

(Wilczek et al., 2020). As a result of the electric field created between the two electrodes, 

the electrons are accelerated and generate secondary electrons and positive ions through 

inelastic collisions with neutral gas species (Rossi, 2012; Wilczek et al., 2020). The electric 

current flowing into the coil induces a time-varying magnetic field in the inductively 

coupled RF plasma. The magnetic field also creates an induction field which causes the 

acceleration of electrons that produces and sustains the plasma. Inductively coupled RF 

plasma offers higher treatment efficiency than capacitively coupled RF plasma (Lee, 2018). 
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Figure 2-2: Schematic diagram of a low-pressure radio frequency plasma 

2.3.4 Microwave discharge cold plasma 

A microwave discharge is an electrodeless plasma technique typically operated 

with an electromagnetic frequency of 2.45GHz (Vaideki, 2016). A magnetron emits 

electromagnetic waves in a microwave discharge plasma, generating electrical discharges 

(Laroque et al., 2022). A waveguide directs the electromagnetic waves through a treatment 

chamber filled with gas electrons in this type of plasma. As a result, the electrons absorb 

the microwave energy and undergo ionization reactions through inelastic collisions, 

producing plasma. This type of plasma is more efficient in generating reactive species and 

has a higher electron density than a radio frequency plasma (Laroque et al., 2022). That is 

because the collision frequency of electrons is close to the microwave frequency. A 

microwave discharge plasma can be operated at low or atmospheric pressure (Thomas & 
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Mittal, 2013). However, it is expensive to operate and not often used in starch modification 

(I et al., 2004). 

2.4 Generation of cold plasma at atmospheric pressure 

Plasma types that operate at atmospheric pressure include atmospheric pressure 

plasma jets, dielectric barrier discharge plasma systems, and corona discharge plasma 

systems. It could be powered using AC or DC, and these systems are widely operated at a 

higher voltage (in kV). Atmospheric systems allow continuous type treatment of the 

product and do not require expensive vacuum equipment (Roy Choudhury, 2017). The 

most used atmospheric pressure plasma systems are discussed. 

2.4.1 Atmospheric Pressure Plasma Jet 

According to Niemira (2012), atmospheric pressure plasma jets (APPJ) are cold 

plasma systems operated at atmospheric pressure. APPJ does not require air-tight vacuum 

chambers and is easy to build compared to low-pressure plasma systems. Different APPJ 

has been developed and tested on food systems, including double electrode and end-field 

jet, based on the type of configurations and excitation mode. APPJ with a double electrode 

system consists of a plasma generator with two electrodes- one ground electrode and the 

other connected to the power supply, airflow monitor, and gas inlet (Figure 2-3). The 

plasma generator usually consists of an outer casing acting as a ground and an inner 

electrode made from stainless steel, Pyrex tube, or glass. The supplied gas is ionized by 

applying high voltage ranging from 2.5 kV to 60 kV between these electrodes. The gas is 

excited from the top and expands to the surrounding air outside the nozzle (Weltmann et 

al., 2009). The shape of the electrodes could be either rectangle, conical or cylindrical.   
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Gases used to produce the plasma that proved to have better preservation properties 

include compressed air, or a combination of argon/nitrogen and oxygen/compressed air 

(Surowsky et al., 2014). The selection of gas flow rate to attain the required plasma jet 

length greatly varies based on the design parameters of the APPJ. A single electrode APPJ 

(End-field jet type) was designed at the Institute of physics (Zagreb, Croatia) and consisted 

of a Teflon body with a copper wire placed in the capillary tube (Bursać et al., 2016a; Elez 

Garofulić et al., 2015; Herceg et al., 2016). High voltage is then supplied through the 

copper wire. Argon was used as the source of plasma. The gas flow rate used in this Single 

electrode APPJ was 1.5 L/min, which is less than double electrode systems with a gas flow 

rate of 107 L/min (Iqdiam et al., 2020). 

 

 

Figure 2-3: Schematic diagram of an Atmospheric pressure plasma jet system  
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2.4.2 Dielectric Barrier Discharge  

Dielectric Barrier Discharge (DBD) plasma consists of electrodes coated with 

dielectric materials such as plastic, quartz, or ceramic (Figure 2-4). The electrodes are 

usually placed inside the closed container to prevent the escape of plasma particles, and 

samples are placed between the electrodes for direct treatment. Besides the coated 

dielectric materials, the air used in these systems acts as the barrier to the current, 

preventing the spark formations. These models require high voltage ignition (10 kV) 

(Chizoba et al., 2017) that could be powered by AC or DC supply. Design parameters like 

using round-edged electrodes (Moiseev et al., 2014), selection of dielectric materials 

(Brandenburg, 2018), higher applied voltage is considered to avoid arcing during plasma 

generation. The gases commonly used in the DBD plasma system include atmospheric air, 

nitrogen, argon, and helium.  

 

Figure 2-4: Schematic diagram of a Dielectric Barrier Discharge Configuration 
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2.4.3 Corona Discharge Plasma Systems 

Corona discharges are pulsed discharge plasma produced at atmospheric or near 

atmospheric pressure. When the non-uniform electric field exceeds the breakdown 

threshold in the limited spatial region, it forms a corona discharge (Raizer & Allen, 1997). 

Corona discharge plasma setup includes a high voltage supply, electrodes, and sample 

treatment chambers. The electrodes employed in corona discharges are often asymmetric, 

like a point and a plane (Turner, 2016). The corona discharge appears as a luminous glow 

localized around the tip of the electrode (Kim et al., 2009). Based on the type of high 

voltage applied to the electrodes, corona discharge could be positive (high voltage at the 

anode) or negative (high voltage at the cathode).  

Gases used to produce corona discharge usually include air, nitrogen, argon, a 

mixture of helium and oxygen, or argon and oxygen (Pignata et al., 2017).  The samples 

are treated either below the electrode or channeled to the treatment chamber through hoses. 

Corona discharge plasma systems have been configured and tested in many ways, including 

using an air blower, cold storage system, liquid corona discharge, and cylindrical plasma 

reactors (Abou-Ghazala et al., 2002; Korachi et al., 2010; Timoshkin et al., 2012). 

2.5 Plasma-Activated Water (PAW) 

Plasma-Activated Water (PAW) is highly concentrated with chemically reactive 

oxygen and nitrogen species (RONS). Plasma-activated water is generated by treating 

water with plasma devices such as the atmospheric pressure plasma (Abuzairi et al., 2018), 

plasma jet (Adhikari et al., 2019), DBD (Judée et al., 2018), spark or glow discharges (Lu 

et al., 2017) and corona discharges (Lukes et al., 2008). The composition and concentration 
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of these species in water depend on the type of gas, applied voltage, treatment time, and 

whether the plasma source is discharged directly into water or above water's surface (Oh 

et al., 2016). RONS formed at the gas phase and gas-water interface includes singlet 

oxygen, atomic oxygen, ozone, excited and atomic nitrogen, hydroxyl radicals, superoxide, 

hydrogen peroxide, nitrates and nitrites ions, nitric and nitrous acid, as well as 

peroxynitrous acid (Thirumdas et al., 2018). The formation of these reactive species 

decreases the pH in the water while increasing the oxidation-reduction potential (ORP) and 

electrical conductivity (Zhao et al., 2020). The formation of these species makes PAW 

useful in microbial decontamination (Lin et al., 2020), enhancing plant growth and seed 

germination (Judée et al., 2018), as well as starch modification (Y. Yan et al., 2020). More 

details on the mechanism and potential applications of PAW in food are highlighted in 

Thirumdas et al. (2018). 

2.6 Recent applications of cold plasma in food processing 

These next few paragraphs focus on the areas where cold plasma technology has 

been explored in recent times. Cold plasma and PAW are utilized in food decontamination, 

shelf-life extension, and seed germination (Sarangapani et al., 2018; Thirumdas et al., 

2018). Cold plasma is also explored in the modification of food components, including 

starches, proteins (Mahdavian & Koocheki, 2020; S. Yan et al., 2020; Y.Yan et al., 2019; 

Bu et al., 2022), food fortification (Aditya et al., 2020), and in treatment of films (Song et 

al., 2019).  

APPJ is used in food processing applications such as treating nuts, fruit juices, 

spices, and vegetables owing to its ease of access with continuous processing systems 
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(Amini & Ghoranneviss, 2016; Bursać et al., 2016b; Charoux et al., 2020; Dasan et al., 

2017; Elez Garofulić et al., 2015; Go et al., 2019; Grzegorzewski et al., 2011; Iqdiam et 

al., 2020; Surowsky et al., 2014).  

DBD treatment of composite films made of wheat cross-linked starch, and whey 

protein concentrate showed positive effects on the thermal stability, mechanical and barrier 

properties of composite films (Song et al., 2019). The plasma treatment of these composite 

films increased the oxygen-containing groups on the film surface while retaining the 

internal crystal structure. The grass pea protein isolate's surface electrical charge and 

solubility were increased by treating it with a DBD system. Cold plasma also positively 

affected the interfacial and emulsifying properties of the grass pea protein isolate 

(Mahdavian & Koocheki, 2020).  

Cold plasma treatment has been shown to impact the physical properties of fortified 

food positively. Cold plasma was used to treat noodles fortified with mango flour by Abidin 

et al. (2018). The noodles treated with cold plasma were less hard and cohesive than the 

control samples due to increased gluten strength and improved texture with plasma 

treatment. Aditya et al. (2020) studied the effect of cold plasma on the fortification of 

coffee powder with calcium from the eggshell. The bulk density of the fortified powder 

decreased because of surface plasma etching. Plasma treatment enhanced the solubility of 

calcium in black coffee.  Akasapu et al. (2020) used cold plasma to fortify rice with iron. 

Rice was treated in DBD plasma at 20 kV at different times. The cold plasma treated rice 

was then fortified with ferrous sulfate (iron). After cooking, rice treated with plasma before 

fortification showed higher iron bioavailability than the control rice samples. Cold plasma 
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was used to treat brown rice grains (Park et al., 2020). This cold plasma treated rice was 

used in the preparation of aqueous tea infusions. The treatment increased the antioxidant 

activity and total phenolic contents in the brown rice-infused tea without affecting the 

turbidity. 

2.7 Starch modification using cold plasma 

As discussed above, it is essential to modify starch to improve its functionality for 

various applications. Thus, the effect of low and atmospheric pressure plasma systems on 

various starch properties (molecular, granule morphology, crystallinity, pasting, 

gelatinization, and rheology) are discussed separately. Details of the operating conditions 

utilized for starch modification and the effects are summarized in Table 2-1. 

Table 2-1: Effect of low and atmospheric pressure plasma systems on starch properties 
 
Starch Plasma Operating 

conditions 
Key Findings Reference 

Maize, 
rice, and 
potato 

Low Pressure 
Radio-
Frequency 
Plasma (RF) 

Power: 120 W 
Time: 60 min 
Gas: Carbon 
dioxide and 
Argon 
Gas Flow Rate: 
15 and 25 sccm 

No effect on shape of 
the selected starches 
No change in 
crystallinity of maize 
and rice starches 
Decrease in 
crystallinity of potato 
starch 
Increase in enthalpies 
of maize, rice, and 
potato starches 

(Okyere et al., 
2019) 

     
Potato  Glow plasma Power: 270 W 

Time: 30,45, 60 
min 
Gas: Nitrogen, 
Helium 

No change in 
morphology with 
Nitrogen glow plasma 
treatment 

(Zhang et al., 
2015) 
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Operating 
pressure: 2000 
Pa 
 

Decrease in 
crystallinity, 
gelatinization 
temperatures, and 
enthalpy of 
gelatinization of 
potato starch 
Increase in semi-
crystalline lamella in 
potato 
 

Cassava  Glow plasma  Power: 270 W 
Gas: Helium, 
oxygen 
Time: 30, 45, 
60 min 
Operating 
pressure: 2000 
Pa 
 

Decrease in 
crystallinity  
Increase in semi-
crystalline lamella 
thickness  
Decrease in enthalpy 
of gelatinization  
 

(Bie, Li, et al., 
2016) 

Corn, 
tapioca 

Low Pressure 
Radio-
Frequency 
Plasma 

RF Frequency: 
13.56 MHz 
Power: 40 and 
60 W 
Time: 10 and 20 
min 
Gas: 
Atmospheric 
Air 

Uneven surfaces and 
deposits after plasma 
treatment 
Decrease in the 
enthalpies of corn and 
increase in enthalpies 
of tapioca starch 
Increase in water 
binding capacity 
 

(Banura et al., 
2018) 

Potato 
and 
Corn 

Glow plasma Voltage: 65 kV 
Time: 30 min 
Operating 
pressure: 1.33 
Pa 
Gas: Ethylene 
 

Deposits on starch 
after plasma treatment 

(Lii et al., 
2002a) 
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Rice Bell Jar type 
plasma 
apparatus 

RF Frequency: 
13.56 MHz 
Operating 
pressure: 0.15 
mbar 
Time: 5 and 10 
min 
Power: 40 and 
60 W 
Gas: 
Atmospheric 
Air 
 

Formation of fissures /  
cavities were observed 
Reduction in the 
thermal properties 
Increase in peak 
viscosity 

(Thirumdas, 
Trimukhe, et 
al., 2017b) 

Kithul 
palm 

Glow 
discharge 
plasma 

Power: 5 and 15 
W 
Time: 30 and 60 
min 
Pressure: 0.2 
mbar 
Gas: Nitrogen 
 

Formation of fissures 
after plasma treatment 
Increase in peak 
viscosity  

(Sudheesh et 
al., 2019) 

Maize 
films 

Capacitively 
coupled Radio 
frequency 
plasma 

Gap between 
electrodes: 3.5 
cm 
Gas: 1-butene 
 

Increase in roughness 
of the starch films 

(Andrade et 
al., 2005) 
 

Corn 
starch 
films 

Glow 
discharge 

Frequency: 
13.56 MHz 
Pressure: < 8 Pa 
Voltage: -100 to 
-60 V 
Time: 10, 20 
min 

Increase in roughness 
after treatment 
Appearance of small 
granules due to plasma 
coating 
 

(de 
Albuquerque 
et al., 2014) 

Wheat Low-pressure 
radio 
frequency 
glow discharge 

Power: 20-30 
W 
Pressure: 600 
mTorr 

Increase in roughness 
of the starch films 
No significant change 
in water vapor 
permeability 
 

(Sheikhi et al., 
2020) 
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Gas: 
Atmospheric 
air, oxygen 
Time: 4, 8, and 
12 min 
 

Potato Oxygen glow Power: 270 W 
Time: 30, 45, 
and 60 min 
Gas: oxygen  
 

Decrease in the degree 
of molecular order 

(Zhang et al., 
2014) 

Maize DBD Power: 75 W 
Time: 1, 5, and 
10 min 
Gas: 
Atmospheric air 
Dielectric 
material: quartz 
 

Decrease in relative 
degree of crystallinity, 
molecular weight, and 
viscosity 
 

(Bie, Pu, et 
al., 2016)) 

Waxy 
maize 
starch 
and 
normal 
maize 
starch 

APPJ Power: 750 W 
Frequency: 25 
kHz 
Distance from 
probe to 
sample: 14 mm 
Time: 1-7 min 
 

Etching on the surface 
of starch granules 
Increase in water 
binding capacity 
Decrease in relative 
crystallinity 

(Zhou et al., 
2019) 

Potato APPJ Power: 750 W 
Frequency: 25 
kHz 
Distance from 
probe to 
sample: 14 mm 
Time: 1-7 min 
 

Decrease in relative 
crystallinity without 
change in crystalline 
structure 
 

(Y. Yan et al., 
2019) 

Banana  DBD Power: 60 – 167 
W 

Alteration in 
crystalline structure 
Increased solubility 

(S. Yan et al., 
2020) 
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Dielectric 
material used: 
Quartz  
 

Decreased swelling 
power 

Corn  APPJ Power: 400, 
600, and 800 W 
Time: 30 min 
Dimension of 
the chamber: 
295 mm 
(diameter), 476 
mm (height) 
 

Decrease in peak, 
trough, and final 
viscosity 
No change in swelling 
power 
Increase in water 
soluble indexes 
Observation of slight 
fissures without 
significant change in 
overall morphology 
 

(T.-Y. Wu et 
al., 2019) 

Maize 
 
 
 
 
 
 
 
 
 
 
 
 
 

APPJ (PAW) Power: 750 W 
Frequency 25 
kHz 
Time: 2min 

Decreases in swelling 
power 
Increases in solubility 
Increases in resistant 
starch content 
Increases in relative 
crystallinity 
Increase in 
gelatinization 
temperatures in 
normal maize while a 
decrease was observed 
in waxy maize 
 

(Y. Yan et al., 
2020) 
 
 
 
 
 
 
 
 
 
 
 
 

Corn 
(Normal
, Hylon 
V, 
Hylon 
VII) 
 
 
 

Rotatory 
cylindrical 
glass reactor 
(500 mL) 
 

Power: 90 W             
RF Frequency: 
13.56 MHz 
Gas: HDMSO 
Flow rate: 0.35 
cm3/min 
Time: 10 min 
Agitation: 200 
rpm 

Formation of fissures 
and coat deposition on 
granule surface 
Increase in absorbance 
ratios of 1047/1022  
cm-1 

Increases in enthalpy 
of gelatinization of 

(Sifuentes-
Nieves et al., 
2021) 
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 high amylose corn 
starches only 
 

Corn 
(Normal
, Hylon 
V, 
Hylon 
VII) 
 

Coaxial-DBD 
 

Voltage: 12 
kVpp 

Frequency: 25 
kHz 
Dielectric 
material: quartz 
Time: 10 min 
Gases: 
Argon/HDMSO 
 

Starch granules 
covered by a thin coat 
due to HDMSO 
polymerization 
New vibration modes 
observed in 2965 
(CH3 stretching), 
1260 (CH3 bending in 
Si-(CH3)x), 840 (Si–C 
and CH3 rocking 
vibrations), and 795 
cm− 1 (Si-O-Si 
bending vibration)  
Increase in absorbance 
ratios of 1047/1022  
cm-1 

 

Sifuentes-
Nieves et al., 
2021 
 

Rice 
 

DBD   
 

Voltage: 40 V 
Discharge 
distance: 12 
mm 
Time: 2, 6, 10 
min 
Gas: 
atmospheric air 
Input current: 
0.8A 
 

Changes in 
birefringence intensity 
of granules 
Increase in amylose 
content 
Increase in resistant 
starch 
Decreases in relative 
crystallinity 
Increase in absorbance 
ratios of 1047/1022  
cm-1 

 

(Sun et al., 
2022)  
 

Potato 
 

DBD  
 

Voltage: 50 V 
Discharge 
distance: 2 mm 
Time: 3, 6, 9 
min 

Maltese cross structure 
remained unchanged 
Decrease in intensity 
of FTIR band at 2871  
cm-1 

(Guo et al., 
2022) 
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Input current: 
1A 
 

Occurrence of cross-
links between starch 
molecules 
Decreases in relative 
crystallinity 
 

Aria 
 

DBD Voltage: 7, 10, 
14, and  20 kV 
Discharge 
distance: 15 
mm 
Time: 15 min 
Gas: 
atmospheric air 
Average 
pressure: 101 
kPa 
Frequency: 200 
Hz 
 

Observation of particle 
aggregation and 
fissures in starch 
granules at 20 kV 
treatment 
Decreases in pH 
values due to 
formation of acid 
groups 
Increase in rapidly 
digestible starches 
Increase in amylose 
content at 20 kV, 
while a decrease was 
observed at 14 kV 
 

(Carvalho et 
al., 2021) 
 

Granular    
and non-
granular 
waxy 
maize, 
rice and 
potato 
 

Low Pressure 
Radio-
Frequency 
Plasma 
 

Power: 120 W 
Time: 60 min 
Gas: Carbon 
dioxide and 
Argon 
Gas Flow Rate: 
25 and 10 sccm 
 

Decreases in short 
chain length of rice 
and maize starches 
(granular and non-
granular) 
Increases in long chain 
length of rice and 
maize starches 
(granular and non-
granular) 
Increases in resistant 
starches 
Occurrence of cross-
linking in starch 
chains 
 

(Okyere et al., 
2022) 
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Mango Novel pin to 
plate plasma 
reactor    

Voltage: 170 
and 230 V 
Discharge 
distance: 5 cm 
Time: 15and 30 
min 
Resonant 
frequency: 
55.51 Hz 
Discharge 
frequency: 1.5 
kHz 
Gas: 
atmospheric air 
Duty cycle: 
90µS 

Increases in gel 
hydration properties 
Decrease in pH and 
turbidity 
Increase in % 
syneresis 
Decrease in amylose 
content 
Decrease in peak, 
setback, final and 
breakdown viscosity 
 

(Kalaivendan 
et al, 2022) 

     
 

2.7.1 Effect of low-pressure plasma on starch properties 

2.7.1.1 Molecular properties 

Low-pressure plasma systems have proven to be effective tools in modifying the 

molecular properties of starches. A capacitively coupled plasma decreased the degree of 

rice starch hydrolysis from 91% to 87 % after 60 W treatment for 10 min (Thirumdas, 

Trimukhe, et al., 2017b). This decrease was due to the cross-linking of rice starch chains, 

limiting the rate of enzymatic hydrolysis. Solid-state Nuclear Magnetic Resonance (NMR) 

analysis of waxy starches showed that modification with plasma resulted in an increase in 

glucose units near α-(1,6)-glycosidic linkages (Okyere et al., 2019). Thus, plasma treatment 

effectively degraded the polymeric starch chain into its component glucose units. 

Furthermore, Zhang et al. (2015) observed a reduction in the number of single and double 

helices in glow-plasma modified potato starch after solid-state NMR analysis. The authors 
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concluded that plasma treatment induced the conversion of the starch crystallites into 

amorphous structures. The amylose content of kithul starch was reduced after plasma 

modification. That led to a subsequent decrease in the iodine binding capacity of these 

starches (Sudheesh et al., 2019). The hydrolysis of starch into smaller glucose units limits 

its ability to bind with iodine (Bailey & Whelan, 1961). Thus, the decrease observed in the 

iodine binding capacity was due to plasma degrading amylose into glucose units. Banura 

et al. (2018) and Thirumdas, Trimukhe, et al.  (2017b) also reported a decrease in the 

amylose content of corn and rice starch after plasma modification. The intensity of the H-

O-H bending vibration peaks of kithul starch decreased after plasma treatment, as indicated 

by Fourier Transform Infrared (FTIR) analysis. The authors reported that higher plasma 

power levels and longer treatment times resulted in the cleavage of hydrogen bonds in 

starch, thus decreasing the intensity of the H-O-H bending vibration peaks (Sudheesh et 

al., 2019). Okyere et al. (2022) reported the ability of a radio frequency plasma to induce 

cross-linking in non-granular waxy maize and rice as well as granular waxy potato and rice 

starches as shown by Fourier Transform Infrared-Attenuated total reflectance (FTIR-ATR) 

analysis. The authors also reported minor changes in waxy starches' unit and internal chain 

structure after RF plasma modification. Gel Permeation Chromatography with Multi-Angle 

Light Scattering Detection (GPC-MALS) analysis showed that the weight-average 

molecular weight (Mw) reduced from 4.270 x 107 to 4.716 x 106 g/mol in potato starch 

after oxygen glow plasma modification. The authors observed a slight decrease in the Mw 

of corn starch, although it was not as pronounced as that observed in potato starch. Thus, 

plasma resulted in the depolymerization of these starch chains. 



26 

 

On the other hand, nitrogen and helium glow plasma induced the polymerization of potato 

starch chains (Zhang et al., 2015). In conclusion, plasma can effectively depolymerize 

starch granules. Also, plasma can induce cross-linking in starches depending on the 

treatment conditions. 

2.7.1.2 Granule Morphology 

Okyere and co-authors (2019) observed no effect on the shapes of maize, rice, and 

potato starch granules after 120 W of treatment in a radio frequency (RF) plasma for 60 

min. Similarly, the morphology of potato starch was not changed after nitrogen glow 

plasma treatment for 30, 45, and 60 min when observed under a normal and polarized light 

microscope (Zhang et al., 2015). On the other hand, deposits have been reported in starches 

after plasma treatment. Banura and co-authors (2018) reported the presence of uneven 

surfaces and deposits on corn starch granules after treatment in a capacitively coupled RF 

plasma (60 W, 20 min). This agreed with previous reports by Lii et al. (2002). The authors 

observed deposits on potato and corn starch after exposure to a glow plasma for 30 min. 

Also, fissures or cavities were observed in rice starch after treatment in a capacitively 

coupled RF plasma (60 W, 10min) (Thirumdas, Trimukhe, et al., 2017b). Sudheesh et al. 

(2019) also observed fissures on kithul starch granules after a low-pressure glow discharge 

plasma modification. Similarly, fissures were observed in maize starch after 

hexamethyldisiloxane (HDMSO)-RF plasma treatment (Sifuentes-Nieves et al., 2021). 

 

When the topographic images of starch films were investigated using atomic force 

microscopy (AFM), an increase was observed in the roughness of these starch films. 

Andrade et al. (2005) observed an increase in the roughness of corn starch film (plasticized 
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with glycerol and heated for 90 min) subjected to treatment in a capacitively coupled RF 

plasma. Comparably, de Albuquerque et al. (2014) reported an increase in protrusions 

(roughness) after treatment of corn starch film in a glow discharge helium RF plasma 

operated at -100 V for 10 min. Sheikhi and co-authors (2020) also reported an increase in 

the roughness of wheat starch film after treatment in a glow discharge plasma. The presence 

of the fissures, cavities, deposits, and roughness is caused by the etching mechanism of the 

reactive species generated during modification of starches with cold plasma (Wrobel et al., 

1988; S. K. Pankaj et al., 2017; Thirumdas, Kadam, et al., 2017a).  The effects of a low-

pressure plasma on the morphology of starch depend on the treatment conditions, the 

plasma type, and the botanical source of starch. Data suggests that a glow discharge plasma 

treatment can effectively induce fissures on starches. 

2.7.1.3 Crystallinity  

X-ray diffraction (XRD) analysis to date is the only method for assessing long-

range crystalline order in starch (Warren et al., 2016). XRD has shown that the double 

helices in starch crystallize into A, B, or C allomorphs (Buléon et al., 1998). The A-type 

and B-type crystal pattern is characteristic of cereal and tuber starches, respectively 

(Imberty & Pérez, 1989; Popov et al., 2009), while the C-type is usually found in legumes 

(Buléon et al., 1998). Banura and co-authors (2018) reported negligible changes in the A-

type crystal pattern of corn starch after treatment in an RF plasma (60 W, 20 min). 

Similarly, Okyere et al. (2019) observed no changes in crystallinity after treatment of waxy 

maize and rice in an RF plasma unit (120 W, 60 min).  On the other hand, the relative 

crystallinity of potato decreased from 38.48% to 33.79% after a helium glow plasma 

modification for 60 min (Zhang et al., 2015). A carbon dioxide-argon gas RF plasma also 
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decreased the crystallinity of waxy potato (21.6% to 16.1%) after treatment for 60 min 

(Okyere et al., 2019). Bie, Li, et al. (2016) also saw a decrease in the crystallinity of cassava 

starch from 45.78% to 42.68% after oxygen glow plasma modification. Plasma has 

therefore been shown to cause the reorganization of the double helices into a less perfect 

crystalline structure. This is because the backbone model of starch allows for flexibility in 

which the longer chain segments can be reorganized (Vamadevan et al., 2013). 

Furthermore, the breaking of the hydrogen bonding network in starch during plasma 

treatment could also be a plausible explanation for the decreases in crystallinity (Bie, Li, 

et al., 2016). It can be deduced that cold plasma can effectively induce changes in the B 

and C type crystallinity pattern of starches more than the A-type crystalline pattern. 

2.7.1.4 Starch Gelatinization 

When starch is heated in water, molecular order is disrupted inside the granules. 

This results in the swelling of granules, loss of birefringence, native crystallite melting, 

viscosity development, and solubilization (Jane et al., 1999). The occurrence of this 

phenomenon is termed starch gelatinization. Several authors have utilized the Differential 

Scanning Calorimeter (DSC) to study the gelatinization behaviors of starch after cold 

plasma modification. Zhang et al. (2015) observed a decrease in the gelatinization 

temperatures and enthalpy of gelatinization (∆H) of potato after nitrogen and helium glow 

plasma modification. Bie, Li, et al. (2016) also reported a decrease in the ∆H of cassava 

starch after oxygen and helium glow plasma modification. In addition, the authors 

suggested oxygen glow plasma as being more effective in altering the thermal properties 

of cassava starch. Similarly, Thirumdas, Trimukhe, et al. (2017b) reported a reduction in 

the thermal properties after modification of rice using an RF plasma (60 W, 10 min). 
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Banura and co-authors (2018) reported a decrease in corn starch's enthalpies (∆H) after RF 

plasma modification. 

Interestingly, the enthalpies of tapioca starch increased after RF plasma 

modification (Banura et al., 2018). Okyere and co-authors (2019) observed a similar 

increase in ∆H in maize, rice, and potato starches after RF plasma modification. Highly 

cross-linked starches are characterized by higher gelatinization temperatures and 

enthalpies due to the stability of starch crystallites (Zou et al., 2004). A degradation in the 

supramolecular lamellar structure results in a decrease in the gelatinization parameters of 

starch (Bie, Li, et al., 2016). The ability of cold plasma to induce any changes in the 

gelatinization properties of starches will essentially be determined by the botanical starch 

type, gas/ gases employed, power, the pressure of the operating system, and the treatment 

time. 

2.7.1.5 Pasting properties  

The pasting properties of starches are influenced by the amylose/amylopectin ratio, 

the presence of lipids, granule size distribution, and the starch cultivars (Kaur et al., 2007). 

The Rapid Visco-Analyser (RVA), Brabender Micro-Visco-Amylograph, and Rotational 

Viscometers are widely used to study the pasting properties of starches (Wiesenborn et al., 

1994). Zhang et al. (2015) investigated the pasting properties of potato starch after nitrogen 

and helium glow plasma modification. Plasma treatment facilitated the swelling of potato 

granules at a relatively lower temperature. The etching of surface granules during plasma 

modification would enhance the penetration of the reactive species generated from plasma 

into the granules. This would result in a destabilizing effect on the starches, thus enhancing 

swelling and rupture of granules at a lower temperature. Similarly, Thirumdas, Trimukhe, 
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et al. (2017b) observed a decrease in the pasting temperature of rice after RF plasma 

modification. Okyere et al. (2019) also reported a reduction in the pasting temperature of 

waxy potato and rice after RF plasma modification. Peak viscosities reportedly increased 

in waxy potato (Okyere et al., 2019), rice (Thirumdas, Trimukhe, et al., 2017b), and kithul 

starch after plasma treatment (Sudheesh et al., 2019). Contrarily decreases were observed 

in the peak viscosities of potato (Zhang et al., 2015); waxy maize and rice (Okyere et al., 

2019). The degradation of the structural bonds would result in starch leaching out of the 

granules, causing an increase in peak viscosities (Thirumdas, Trimukhe, et al., 2017b). The 

decreases observed in peak viscosities might be because of the formation of starch lipid 

complexes induced by plasma treatment. These complexes would restrict the granules from 

bursting and leaching into the aqueous medium (Eliasson & Ljunger, 1988). The formation 

of starch lipid complexes would be more likely to occur in cereal starches since they have 

more lipids than tuber starches (Pérez & Bertoft, 2010). Highly cross-linked starches would 

also decrease peak viscosities (Thirumdas, Trimukhe, et al., 2017b). The breakdown and 

final viscosities increased after plasma treatment in rice (Thirumdas, Trimukhe, et al., 

2017b) and kithul starch (Sudheesh et al., 2019), whereas they decreased in potato (Zhang 

et al., 2015); waxy maize and rice (Okyere et al., 2019). Lower breakdown and final 

viscosities indicate better stability for these starch pastes and a lesser tendency for 

retrogradation to set in (X.-Z. Han & Hamaker, 2001). In summary, cold plasma decreases 

the temperature at which these starches paste. However, the effects on the peak, trough, 

breakdown, setback and final viscosities can differ based on the plasma operating 

conditions. 
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2.7.1.6 Rheology 

Starch is subjected to varying high temperatures and shear during processing. 

Hence, it is necessary to measure the rheology to fully understand these starches' 

deformation and flow behavior (Liu et al., 2009). Plasma treatment (5W-60min, 15W-

30min, and 15W-60min) reduced the ability of kithul starch to form strong gels as indicated 

by the lower G' (magnitude of storage modulus) and G'' (loss modulus) values (Sudheesh 

et al., 2019). Similarly, Thirumdas, Trimukhe, and co-authors (2017b) reported a decrease 

in G' and G'' in rice starch after plasma treatment. It can thus be inferred that plasma 

modification causes molecular degradation, which decreases the onset of retrogradation, 

resulting in starches that form softer gels. 

2.7.2 Effect of atmospheric pressure plasma on starch properties 

2.7.2.1 Molecular properties 

Analysis of the molecular properties of starches after plasma modification can be employed 

using techniques such as the High-Performance Anion-Exchange Chromatography 

(HPAEC), Gel Permeation Chromatography with Multi-Angle Light Scattering Detection 

(GPC-MALS), High-Performance Size-Exclusion Chromatography coupled with Multi-

Angle Laser Light Scattering and Differential Refractometry Detection (HPSEC-MALLS-

RI), Fourier Transform Infrared spectroscopy (FTIR), NMR, and X-ray Photoelectron 

Spectroscopy (XPS) (Zhu, 2017). Guo et al. (2022) observed a decrease in intensity of the 

FTIR band at 2871 cm-1 in potato starch. The authors attributed this decrease to the DBD 

plasma treatment removing some water molecules from the starch. 

Yan et al. (2019) investigated the changes in short-range molecular order of 

microcrystalline potato starch with the FTIR after APPJ treatment. The authors reported a 
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decrease in absorbance ratio at 1047/1022 cm-1. A similar reduction was observed in the 

band ratios of 1047/1022 cm-1 in corn starches by Bie, Pu, et al. (2016), Zhou et al. (2019) 

and in aria starch by Carvalho et al. (2021). On the other hand, S. Yan et al. (2020) observed 

an increase in absorbance ratio at 1047/1022 cm-1. Sun et al. (2022) also observed an 

increase in the ratio of absorbance intensity at 1047/1022 cm-1.  FTIR bands at 1000, 1022, 

and 1047 cm-1 are sensitive to changes in starch structure (Wilson et al., 1987). The bands 

at 1000 and 1047 cm-1 are much more defined in the crystalline structure of starch, while 

that of 1022 cm-1 is more dominant in the amorphous structure (Warren et al., 2016). Thus, 

the band ratios at 1022/1000 cm-1 and 1047/1022 cm-1 are generally accepted as measures 

of short-range molecular order in starch (Bello-Pérez et al., 2005; Warren et al., 2016). A 

reduction in the short-range order could be due to the depolymerization of the glycosidic 

bonds in starch (Zhou et al., 2019). On the other hand, the breakdown and release of 

amylose from the amorphous regions could reduce the amorphous content and increase the 

ratio of 1047/1022 cm-1 (S. Yan et al., 2020). In addition, cold plasma treatment could 

induce the formation of short-range double helices and thus, increase the short-range order 

of the starch (Sun et al., 2022). Furthermore, FTIR has also been used to detect cross-

linking in starches. Carvalho et al. (2021) observed an increase in the areas of the C-O-C 

linkages in aria starch after DBD treatment (10-14 kV). Also, Wongsagonsup et al. (2014) 

and Deeyai et al. (2013) observed an increase in the relative areas of the C-O-C linkages 

in starch after plasma treatment.  In addition, Wongsagonsup et al. (2014) observed a 

reduction in relative intensities of the OH- group protons of 50 and 100 W granular and 

non-granular tapioca starch after plasma treatment. This was due to cross-linking in these 

starches resulting in the loss of OH groups (Zou et al., 2004). XPS analysis showed an 
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increase in the O=C–OH bonds in corn starch and a subsequent decrease in the C(C–H), 

C–O, and O–C–O bonds due to the oxidation of these bonds by plasma reactive species 

into carboxyl groups (O=C–OH) (Bie, Pu, et al., 2016). Also, Bie, Pu, et al., (2016) reported 

an increase in the average molecular weight of corn starch after plasma treatment due to 

plasma depolymerizing the chains. Sun et al. (2022) observed an increase in the molecular 

weight of amylose in rice starch after DBD plasma treatment. The authors attributed this 

increase to the polymerization of amylose chains induced by plasma treatment. 

Kalaivendan et al. (2022) reported an increase in the viscosity average molecular weight 

(MWv) of mango starches after plasma treatment (170 V). However, increasing the 

treatment to 230 V reduced the MWv. The authors stated that the lower treatment voltage 

induced the intermolecular binding of the partially depolymerized starch molecules in the 

adjacent chains, thereby increasing the MWv. On the contrary, at higher treatment voltage, 

depolymerization occurs fully inside the starch molecule and thus decreases the MWv. 

Carvalho et al. (2021) observed a decrease in the amylose content in aria starch after DBD 

treatment of up to 14 kV. They attributed this decrease to the depolymerization of aria 

starch into simple sugars. Interestingly, increasing the voltage to 20 kV led to increases in 

the amylose content. Thus, the higher treatment voltage induced polymerization of the aria 

starch chains. Atmospheric pressure plasma systems have been shown to depolymerize or 

induce cross-linking of starches. This depends on several factors such as the treatment time, 

applied power, pressure, type of gas, and the botanical source of starch. 

2.7.2.2 Granule Morphology 

Scanning electron micrograph (SEM) images depicted that APPJ plasma treatment 

resulted in the surface etching of waxy and normal maize starch granules (Zhou et al., 
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2019). Similar observations were made by Wu et al. (2019) in corn starch after APPJ 

treatment. Wu et al. (2018) also observed cavities or fissures in banana starch as treatment 

intensity increased during corona electrical discharge (CED) plasma modification. DBD 

modification also caused cracks on the surface of banana starch (S. Yan et al., 2020), red 

adzuki bean starch (Ge et al., 2021a) and potato starch (Guo et al., 2022). Carvalho et al. 

(2021) observed the formation of  fissures and particle aggregation in aria starch granules 

after DBD (20 kV) plasma treatment. The highly energetic species produced during plasma 

generation bombards the starch granule's surface, which induces the volatilization of the 

starch surface (plasma etching). 

On the other hand, APPJ treatment at 400, 600, and 800 W did not alter the Maltese 

cross structure of corn starch when viewed under a polarized light microscope (Wu et al., 

2019). Similarly, Guo et al. (2022) observed no changes in the Maltese cross structure of 

potato starch after DBD treatment. Atmospheric pressure systems can alter the surface 

morphology of starches without necessarily altering the highly ordered structure of these 

starches. Pankaj and co-authors (2017) utilized the AFM to study the surface topography 

of high voltage atmospheric cold plasma (HVAC) modified films. They observed an 

increase in surface roughness of these modified films due to plasma etching. The authors 

reported that rice starch film was more susceptible to surface etching. 

2.7.2.3 Crystallinity  

The relative crystallinity (RC) of waxy (46.7% to 42.0%) and normal (40.1% to 

35.7%) maize starch decreased after APPJ plasma treatment (Zhou et al., 2019). Similarly, 

the RC of potato starch decreased without a change in the crystalline structure after APPJ 

treatment (Yan et al., 2019). On the other hand, DBD plasma treatment altered the 
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crystalline structure of banana starch from C-type to A-type as treatment time increased. 

The authors also observed a decrease in RC from 21.82% to 17.15% (S. Yan et al., 2020). 

Guo et al. (2022)  observed a decrease in RC of potato starch after DBD plasma treatment 

without any changes to the B-type crystalline structure. Similarly, Sun et al. (2022) 

observed a decrease in the RC of rice starch after DBD plasma treatment without any 

changes to the A-type crystalline structure. The authors attributed this decrease to a 

disruption in the reorganization of the starch molecules, which could potentially reduce the 

perfection of the long-range crystalline structure. Depolymerization of starch chains 

induced by plasma treatment would decrease the relative crystallinity, altering the 

crystalline structure of starch (Wongsagonsup et al., 2014). 

Interestingly, Wu et al. (2018) observed an increase in the RC of banana starch after corona 

electrical discharge plasma treatment.   The authors reported that the reactive species in 

plasma could induce the de-hydroxylation of the amorphous regions in starch through ether 

bond formation or condensation reactions. This would cause the starch molecules to 

rearrange into a perfect crystalline structure. Like low-pressure systems, atmospheric 

plasma can induce changes in the crystallinity of B and C-type starch more than A-type 

starches.   

2.7.2.4 Starch Gelatinization 

Wongsagonsup et al. (2014) observed an increase in ∆H of 50 and 100 W plasma 

modified granular tapioca starch. However, the gelatinization temperatures did not differ 

significantly from the untreated samples. Gao et al. (2019) observed an increase in the ∆H 

of Tartary buckwheat starch and an increase in the gelatinization temperatures of Tartary 

buckwheat starch, sorghum, and wheat starch.  The higher ∆H and temperatures suggest 
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the presence of longer double helices formed by untwisted ends of the external chains in 

amylopectin (Vamadevan et al., 2013). Highly cross-linked starches are more resistant to 

heat and shear damage during thermal treatment (Zou et al., 2004). Contrarily, Wu et al. 

(2018) reported a decrease in ∆H of banana starch and increased gelatinization 

temperatures after CED plasma modification. Carvalho et al. (2021) also observed a 

decrease in gelatinization temperature in aria starch after DBD (14 kV) treatment. Zhou et 

al. (2019) also observed a decrease in the ∆H of waxy and normal maize starches. Similarly, 

Guo et al. (2022) observed a decrease in the ∆H after DBD plasma treatment. 

Depolymerization of starch chains induced by plasma treatment could lead to a reduction 

in gelatinization temperatures and enthalpies. Regarding starch films, HVAC plasma 

modified starch films had higher glass transition temperatures than the control films 

suggesting some degree of cross-linking taking place (Pankaj et al., 2017). Differences 

observed in the enthalpies and gelatinization temperatures are all based on the type of 

plasma setups used, the time, gas/gases, power, and pressure employed for starch 

modification. 

2.7.2.5 Pasting properties 

The peak viscosity of banana starch decreased from 5242 to 153 cP with an increase 

in DBD plasma treatment intensity. There was also a decrease in final viscosity, trough 

viscosity, breakdown, and setback values (S. Yan et al., 2020). Cross-links, Van der Waals 

forces, and hydrogen bonds between the starch chains were damaged, making it less 

viscous. Wu et al. (2019) also reported a decrease in corn starch's final viscosity, trough 

viscosity, and peak viscosity after treating with an atmospheric pressure jet plasma. At a 
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higher intensity of 800 W, the viscosity significantly reduced to 410 cP, however, there 

was no change in the pasting temperature of the starch. The trough apparent, high pasting 

peak, final apparent, and setback viscosities increased after DBD treatment in aria starch 

when the volage was increased (Carvalho et al., 2021). However, a decrease was observed 

in the breakdown viscosity, suggesting that DBD treatment enhanced the stability of aria 

starch to heat and shear. Kalaivendan et al. (2022) observed decreases in mango starch's 

peak, breakdown, setback, and final viscosity after plasma treatment. The authors attributed 

the reduction in peak viscosity to the depolymerization of the starch chains. The decrease 

in breakdown, setback, and final viscosity of mango starch suggests a stabilizing effect of 

plasma treatment. The pasting properties of starch depend on the variety, plasma types, 

plasma treatment conditions, and reaction time. 

2.7.2.6 Rheology 

Modification of starches using atmospheric pressure plasma systems may form 

stronger or weak gels, depending on the treatment conditions. Guo et al. (2022) observed 

a decrease in the retrogradation tendency of potato starch gels after DBD plasma treatment. 

Also, the authors reported a significant increase in the  G′ and G′′. They attributed this 

increase to the formation of cross-linking in starch molecules induced by plasma treatment. 

Also, Wongsagonsup et al. (2014) utilized APPJ with argon gas, as an alternative for the 

chemical modifications of starch. The authors reported that subjecting granular tapioca 

starch to 50 W plasma treatment led to the formation of stronger gels. This could be 

attributed to the cross-linking of starch chains. However, increasing the treatment intensity 

to 100 W weakened the gel structure due to depolymerization. In addition, Bie, Pu, et al., 



38 

 

(2016) observed a reduction in the viscosity of corn starch after plasma treatment. The 

active species in plasma induced the cross-linking of side chains, which prevents starch 

granules from leaching into the solution (Zou et al., 2004). 

2.8 Effect of plasma activated water on starch properties 

The use of PAW in modifying starches is relatively new; as such, to the best of our 

knowledge, there is limited information on the effect of PAW on starch properties. The 

relative crystallinity (RC) of waxy and normal maize starches increased after PAW 

treatment (Y. Yan et al., 2020). The authors suggested that hydrolysis of the amorphous 

regions in these starches could have led to the increase observed. Y. Yan and co-authors 

(2020) observed an increase in ∆H of normal maize starch after PAW modification 

combined with heat moisture treatment (HMT). The increase in ∆H suggests that PAW 

modification might have induced the formation of heterogenous crystallites (Alimi & 

Workneh, 2018). Thus, more energy was required to gelatinize the starches. Waxy and 

normal maize starches modified with PAW combined with HMT were more resistant to 

digestion compared to their native counterparts. Thus, PAW combined with HMT induced 

the formation of cross-links between the side chains of these starches, making it more 

difficult for the α-amylases to digest these starches (Y. Yan et al., 2020). PAW, therefore, 

has potential regarding starch modification. However, more research is needed to adopt 

starch modification method fully. 

2.9 Industrial scale up of cold plasma technology for starch modification 

Low and atmospheric plasma systems have proven to be effective tools in 

modifying starch properties. Their ability to modify starches depends on the plasma 

treatment conditions (power, time, gas/gases, pressure, moisture, humidity) and the 
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botanical origin of starch. Pressure ranges of 1 to > 2000Pa have been shown to effectively 

induce changes in the structure and functionality of starches. Treatment times ranging from 

2 to 60 min can induce functional and chemical changes.  Noble gases like argon and 

helium ionize more readily than oxygen, carbon dioxide, and air. Hence, they require a 

much lower energy input (Thirumdas, Kadam, et al., 2017a; Zhu, 2017). However, there is 

a tradeoff due to their inability to generate reactive oxygen and nitrogen species. Thus, 

combining a noble gas and carbon dioxide might result in a highly functional modified 

starch with lower energy expenditure. In addition, combining cold plasma modification 

with other physical methods of starch modification (Sun et al., 2022) or enzymatic methods 

of starch modification (Ge et al., 2021b) could also effectively alter the starch properties. 

Approval of cold plasma starches to GRAS status by the FDA would require 

enough scientific literature on its safety, and a consensus among scientific experts that the 

information provided in literature holds enough credibility to deem it safe. Hence, more 

studies must be launched into the safety of plasma modified starches. Two of such studies 

available are shown below; An  in vitro study on the effects of atmospheric cold plasma 

modified wheat grains on beetles (Tribolium castaneum) showed that plasma modified 

wheat did not negatively affect the survival or weight of these insects (Los et al., 2020). In 

the second study, rats fed with 5000mg/kg or 1000mg/kg/day of cold plasma modified 

edible films for 14 days did not show any signs of acute toxicity or even death (S. H. Han 

et al., 2016). In addition, cold plasma modified starches are resistant to digestion due to the 

formation of cross-links between starch molecules (Zou et al., 2014; Trinh, 2018). These 

cross-linked starches are stable and resistant to α-amylase digestion in the small intestine 

(Yeh & Yeh, 1993). Also, cold plasma modified starches can potentially be labeled without 
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the modified starch label once enough data is obtained on its toxicity and safety.  As 

such, the starch industry must explore the utilization of cold plasma for starch modification 

based on sufficient literature. A major limitation to the industrial scale-up of this 

technology could be the construction and design of expensive vacuum equipment. 

However, the industry can combat this by using atmospheric cold plasma systems that do 

not require a vacuum unit. In addition, different authors employ different treatment modes 

for starch modification. Comparative studies optimizing the best treatment conditions for 

the various botanical starches would ideally hasten the industrial scale-up of this green 

technology.   Cold plasma is successfully being employed in the medical industry (wound 

healing, cancer treatment), textile (finishing, printing), electronics and semiconductor 

industry (coating and etching) and can thus be implemented in the food industry. 

2.10 Conclusion 

Starch modification using cold plasma technology, which includes plasma-

activated water, has proven to be an emerging alternative for chemical modifications. The 

atmospheric plasma systems have the flexibility of being used for continuous operations 

and production of PAW. In comparison, the low-pressure systems ensure an even 

distribution of plasma during modification since it is operated inside a closed vessel. Both 

low and atmospheric pressure plasma systems produce cross-linked starches that are more 

resistant to digestion. In addition, starches modified with cold plasma have good water 

absorption capacity and are more stable during thermal processing. The modifications in 

the starch properties depend on the type of gas used for plasma generation, plasma 

operating conditions (including power, time, pressure), and the source from which starch 

is obtained. We can conclude that cold plasma could be perfected and scaled up for 
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commercial applications of starch modifications. Atmospheric pressure plasma systems 

might be more cost-effective for scaling up since they don’t require an expensive vacuum 

system and offer the flexibility for continuous operations. 
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Chapter 3: Modification of cereal and tuber waxy starches with radio frequency 

cold plasma and its effects on waxy starch properties 

Contents for this chapter have been published in Carbohydrate polymers, Volume 223, 

115075 (Okyere et al., 2019) https://doi.org/10.1016/j.carbpol.2019.115075 and are being 

reproduced here with permission from the editor (Copyright © Elsevier). 

3.1 Overview 

The use of carbon dioxide-argon gas radio frequency cold plasma in modifying 

waxy rice, maize and potato was explored in this paper. Treatment with plasma at 120 W 

or 0 W (carbon dioxide-argon gas mixture only) resulted in significant increases in the 

enthalpy of gelatinization of all three waxy starches. Treatment with plasma or gas resulted 

in a significant increase in the resistant starch content of maize and potato with rice 

increasing only after gas treatment. Significant decreases were observed in the setback and 

final viscosities after 120 W treatment in all starches. Plasma and gas treatment resulted in 

a 5.5% and 2.8% decrease in crystallinity of potato but not rice and maize starch. NMR 

results showed the presence of V-type single helices in mostly maize and rice starches. 

Carbon dioxide-argon radio frequency cold plasma served as a useful tool in modifying the 

properties of all three waxy starches. 

 

Keywords: Cold plasma, starch modification, radio frequency, carbon dioxide-argon 
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3.2 Introduction 

 Starch is a polymeric carbohydrate molecule harnessed for food and non-food use. 

It is the main energy reserve for most green plants and exists as semi-crystalline granules. 

Amylose and amylopectin are the two major polyglucans that constitute the starch granule. 

Both are made of chains of α-(1,4)-linked D-glucose units, interconnected through α-(1,6)-

glycoside linkages, contributing to branches in the polymer (Vamadevan & Bertoft, 2015).  

 Starch in its native form has several drawbacks which limits their use in various 

applications. These drawbacks are mostly due to their unreactive nature, insolubility, 

retrogradation tendencies and inability to withstand high temperatures and shear during 

processing (Jayakody & Hoover, 2008). In order to overcome these challenges starch is 

modified by various means, including the use of chemicals and enzymes as well as physical 

processes in order to meet the huge market demands for starches with unique properties 

(Kaur et al., 2012). Physical methods of starch modification such as cold plasma 

technology, is currently being employed because it is considered a green technology devoid 

of the use of chemicals (Thirumdas, Kadam, et al., 2017a). Plasma, which is known as the 

fourth state of matter, is generated when energy (electric, magnetic, thermal, microwave or 

radiofrequency) is applied to a gas, resulting in the production of active species such as 

electrons, ions, free radicals and large numbers of unionized neutral molecules (Thirumdas, 

Kadam, et al., 2017a). Plasma is basically divided into high temperature plasma and low 

temperature plasma. In high temperature plasma all species involved in the plasma reaction 

are in thermal equilibrium, this is however not the case for low temperature plasma 

(Bogaerts et al., 2002). Plasma chemistry is dependent on the type and composition of 

gases fed into the plasma unit, humidity, applied power and treatment time (Misra et al., 
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2016). The type of gases used may lead to the introduction of hydroxyls, ketones, 

aldehydes, esters and free radicals as in the case of carbon dioxide and argon gas plasmas 

(Desmet et al., 2009). Cold plasma has been applied in areas such as the inactivation of 

microbes (Moreau et al., 2008), and enzymatic inactivation (Misra et al., 2016).  

 With regards to starch modification, a low-pressure glow plasma treatment 

generated using air caused a decrease in molecular weight and radius of gyration of starches 

(Lii et al., 2002b). (Wongsagonsup et al., 2014) also reported a reduction in molecular 

weight upon treatment of starch with a jet atmospheric argon plasma. (Thirumdas et al., 

2016) reported a decrease in cooking time of rice and an increase in the rate at which 

amylose molecules leach during cooking after treatment with a low-pressure radio 

frequency cold plasma generated using air. Plasma treatment may either alter or have no 

effect on gelatinization temperatures and the enthalpy (ΔH) when measured by differential 

scanning calorimetry. (Bie, Li, et al., 2016) reported a decrease in enthalpy and an increase 

in the temperature of gelatinization upon treatment of starches with an oxygen and helium 

glow plasma. However, Wongsagonsup et al. (2014) reported a decrease in gelatinization 

temperature. Cold plasma treatment has therefore been proven as an effective way of 

modifying starches. To the best of our knowledge, there is limited information with regard 

to the effect of a radio frequency cold plasma generated using a carbon dioxide-argon gas 

mixture on the properties of waxy starches. We hypothesize that radio frequency cold 

plasma will significantly alter the properties of cereal and tuber waxy starches. In this 

present study the morphological, pasting and thermal properties, iodine binding, resistant 

starch, starch damage, crystallinity, and changes in short range molecular order of waxy 
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rice, maize and potato as affected by a carbon dioxide-argon radio frequency cold plasma 

treatment was investigated. 

3.3  Materials and Methods 

3.3.1 Materials 

 Waxy maize and waxy potato starch used for the experiment were obtained from 

Ingredion Incorporated (Bridgewater, NJ, USA). Waxy rice was obtained from Remy 

Industries (Belgium). Potassium iodide and iodine were obtained from Sigma Aldrich (St. 

Louis, MO, USA). CO2 and Ar gases were obtained from Matheson, Eagan, Minnesota. 

All chemicals used for the experiments were of analytical grade. 

3.3.2 Plasma apparatus and treatment 

 The plasma unit connected to a vacuum pump, chilling unit, and a radio frequency 

power (RF) supply with a frequency of 13.56 MHz (Plasma Etch Industries, Carson City, 

Nevada, USA) was used. CO2 and Ar gases were used for plasma generation each at a flow 

rate of 25 standard cubic centimeters per minute (sccm) and 15 sccm respectively. An RF 

power of 120 W and 0 W was supplied to the sample. Native starches were used as control 

samples. The 0 W power was used to investigate the effects of just the carbon dioxide and 

the argon gas. The 120 W was used to enhance dissociation of CO2 into carbon monoxide 

and oxygen in the RF plasma unit based on methods previously reported by (Spencer & 

Gallimore, 2011). About 15 g of starch was spread evenly on a glass petri dish and placed 

inside the plasma chamber based on methods previously described by (Thirumdas, 

Trimukhe, et al., 2017b). Once the vacuum setpoint of 0.6 cubic feet per minute was 

reached treatment of the starches were done for 30 min, stirred, and retreated for another 

30 min. The vacuum setpoint was used as recommended by the manufacturer of the plasma 
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unit. The treated samples were stored in snap cap vials and kept in a desiccator at room 

temperature until further analysis.                                                              

3.3.3 Thermal properties 

 Gelatinization onset, peak, and conclusion temperature and enthalpy (ΔH) 

parameters were determined using the differential scanning calorimeter (DSC) from 

Mettler Toledo (Ohio, USA) using methods described by (Bertoft et al., 2016) with 

modifications. This was done by heating one part (4 mg) starch in three parts (12 mg) 

deionized water in a hermetically sealed DSC pan from 25°C to 105°C at a heating rate of 

5°C/min. Starches were equilibrated to room temperature for approximately 30 minutes 

prior to testing. The starches were then tested against an empty pan used as a reference. 

The results were analyzed using the STARe thermal analysis software. Samples were 

analyzed in duplicates. 

3.3.4 Pasting properties 

 Pasting properties of starches were studied using the Micro-Visco-Amylograph 

(MVAG) (Brabender® GmbH & Co KG, Duisburg, Germany) operated at 250 rpm using 

methods described by (Hagenimana & Ding, 2005) with modifications. Starch slurry (5 g, 

db), dispersed in 100 mL of deionized water, was directly placed into a stainless-steel 

measuring bowl, and then heated from 30 to 95°C, held for 20 min at 95°C, and cooled to 

50°C. Heating and cooling rates were 3°C/min. The parameters were defined by (Limpisut 

& Jindal, 2002) as breakdown, the drop in viscosity at the end of cooking with reference 

to the peak viscosity; setback, the rise or fall in viscosity at the end of the cooling cycle; 

peak viscosity, maximum viscosity and final viscosity, viscosity at the end of the cooking 

and cooling cycle. Viscosity was measured in BU. 
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3.3.5 Starch granule morphology and iodine binding of waxy starch components 

3.3.5.1 Scanning electron microscopy (SEM) 

 Scanning electron micrographs were obtained with the Hitachi S3500N variable 

pressure microscope (Tokyo, Japan). Samples were added to a double-sided adhesive tape 

mounted on an aluminum stub and coated under vacuum with a thin film of gold. An 

accelerating voltage of 5.0 -10.0 kV was used (Thirumdas, Trimukhe, et al., 2017b). 

3.3.5.2 Light microscopy 

 A thin layer of starch grains suspended in potassium iodine solution was observed 

under the Olympus BX40 light microscope (Melville, NY, USA) connected to a digital 

camera (Olympus DP11-N) and a monitor (Sony PVM-14N5U; Tokyo, Japan). Images 

were acquired with the Olympus CellSens Dimension software (Melville, NY, USA). 

Polarized light images were acquired with the same imaging system using a polarized light 

filter (Goldstein et al., 2017).  

3.3.5.3 Iodine binding of waxy starch components 

 Iodine affinity of starch granules was determined by dissolving (~2 mg) of waxy 

starch in (100 µL) 90% DMSO with subsequent heating in a hot water bath (80°C) for 5 

min. The samples were stirred slowly at room temperature (25°C) overnight. They were 

then diluted with 1900 µL warm water. The carbohydrate content was determined by 

pipetting 1 mL of starch solution followed by the addition of phenol–sulfuric acid reagent 

(DuBois et al., 1956). The λmax of the starch–iodine complex of the samples (1 mL) was 

determined with the WPA Spectrawave S800 diode array spectrophotometer (Biochrom 

Ltd., Cambridge, U.K.) after the addition of 100 µL of 0.01 M I2/0.1 M KI. The peak value 
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(PV) was calculated as the absorbance at λmax divided by the carbohydrate content and 

reflects the relative iodine affinity (Bertoft et al., 2016). 

3.3.6 Wide Angle X-ray Scattering (WAXS) 

 X-ray diffraction (WAXS) patterns of the untreated and treated starch samples were 

analyzed using a Bruker D8 Advance X-ray diffractometer (Bruker AXS, Germany) 

equipped with a Cu Kα radiation source λ = 1.5406 Å, operating at 40 kV and 40 mA. The 

relative intensities were recorded in a scattering angle range (2θ) of 5.0–40.0 with a 

scintillation counter at a scanning speed of 0.02º min-1. The relative crystallinity (RC) was 

expressed as a percentage and was calculated from the crystalline (Ic) and amorphous areas 

(Ia) obtained in each diffraction pattern using the equation: RC (%) = Ic/(Ia+Ic) x 100 

(Goldstein et al., 2017).  

3.3.7 13C CP MAS NMR 

 Solid-state 13C CP MAS NMR experiments were carried out using a Bruker 

Advance III 700 MHz spectrometer (Karlsruhe, Germany) equipped with a 3.2 mm triple 

resonance based on methods described by (Zhang et al., 2015) with modifications. 

Approximately 30 mg of the sample was packed into the MAS rotor and spun at 12 kHz 

spinning rate. All the spectra were acquired at a temperature of 298 K using a recycle delay 

of 3 s and number of scans for each sample was set to 1000. The peaks obtained were 

integrated using the Bruker’s Topspin™ software (Karlsruhe, Germany). Figures of NMR 

spectra are shown in the appendices data section for reference (Figure A1). 
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3.3.8  Starch damage and resistant starch assays 

Measurement of starch damage and resistant starch in treated and untreated granules was 

analyzed following the assay procedure by Megazyme International Ireland (Bray, Co. 

Wicklow, Ireland) (AACC Method 76-31.01; AOAC Method 2002.02).  

3.3.9 Statistical analysis 

All results were statistically analyzed by one-way ANOVA with Statgraphics Centurion 

XVI, version 16.1.0 (Stat Point, Warrenton, VA, U.S.A.). Duncan’s multiple range test was 

used to determine statistical significance between means at a p-value of < 0.05. 
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3.4 Results and discussion 

 The waxy starch samples were treated at a radio frequency power (RF) of 120 W 

with the native starches as controls. The samples were also exposed to the carbon dioxide-

argon gas mixture under vacuum in the plasma unit without RF (0 W). The 0 W samples 

will be referred to as gas treated waxy maize, rice, or potato starch (GTWMS, GTWRS, or 

GTWPS) respectively.  

3.4.1 Scanning electron microscopy (SEM) 

 Cavities or pores could be seen in both treated and untreated waxy rice, maize, and 

potato starch samples (Figure 3-1). These cavities are thought to be caused by the drying 

of kernels (Whistler & Turner, 1955), a result of the starch purification process (Hall & 

Sayre, 1971), or a result of the isolation and preparation techniques used for electron 

microscopy (Sujka & Jamroz, 2007). However, Fannon et al., (1992) suggested that these 

cavities were created as a result of enzymatic hydrolysis, which gives the enzyme 

molecules access to the interior of starch granules. (Huber & BeMiller, 2000) suggested 

that pores in waxy starch could be formed by the crystallization of amylopectin molecules 

leading to shrinkage of the starch matrix as the granule grows and develops. Plasma or gas 

treatment did not result in any visible changes in any of the three waxy starches when 

observed under the scanning electron microscope. 
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Figure 3-1: Scanning electron microscopy images of plasma treated and non-plasma 
treated waxy starch samples  

Plasma Treated Waxy Maize Starch (a), Gas Treated Waxy Maize Starch (b), Waxy 

Maize Starch (c), Plasma Treated Waxy Rice Starch (d), Gas Treated Waxy Rice Starch 

(e), Waxy Rice Starch (f), Plasma Treated Waxy Potato Starch (g), Gas Treated Waxy 

Potato Starch (h), Waxy Potato Starch (i). 
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3.4.2 Light microscopy and iodine binding of waxy starches 

 Maize and rice starches typically have angular or polyhedral shapes whilst potato 

starch has an oval shape (Figure 3-2).  It is well known that rice granules are smaller than 

those of maize, whereas potato granules are comparatively large (Waterschoot et al., 2015). 

Waxy starch granules typically turn red to blue-purple when stained with iodine (Figure 3-

2) (Bailey & Whelan, 1961). Starch samples used in this study behaved similarly even after 

plasma or gas treatment when observed under the light microscope (Figure 3-2). This was 

in accordance with (Bie, Li, et al., 2016) and Zhang et al. (2015), who reported no changes 

in granule morphology after plasma treatment.  

 According to Jackson (2003), as polarized light passes across a region of high 

molecular order it bends, and this leads to birefringence (Figure 3-3) observed in native 

starches. Birefringence is therefore indicative of the crystalline structure in starch granules 

(BeMiller & Whistler, 2009). Plasma and gas treatment did not cause any visible changes 

in the Maltese cross pattern of any of the three waxy starches. 

Iodine is well-known to form inclusion complexes with both amylose and 

amylopectin (Bailey & Whelan, 1961). The iodine-amylose complex results in an intense 

blue color with absorption maxima at wavelengths (λmax) > 600 nm, whilst that of 

amylopectin leads to a faint red to blue-purple color with λmax < 600 nm. The λmax values 

for all three waxy starches were typical of amylopectin and ranged from 535.5 to 557.5 

nm, with waxy potato starch having the highest values (Table 3-1). This is because waxy 

potato has longer chain segments than rice and maize (Hizukuri, 1985). There were no 

statistical differences in the λmax values of treated and untreated waxy rice and maize starch, 

but a significant increase could be observed in potato after plasma treatment (554.5-557.5). 
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The increase observed in waxy potato could have resulted from removal of branches 

resulting in longer internal chain lengths that reacted with iodine (Chauhan & Seetharaman, 

2013). 

 The peak value (PV) is an indirect quantitative indicator of the amount of chain 

segments in amylopectin that can bind with iodine for λmax values < 575 nm (Bailey & 

Whelan, 1961). PV for the amylopectin samples ranged from 0.37 to 1.0 (Table 3-1). 

Plasma treatment did not significantly affect the peak values of waxy maize, but it 

increased significantly in potato (0.84-1.00) and rice (0.37-0.48). The increased PV values 

may be a result of plasma treatment removing some branches in amylopectin, which could 

result in longer internal chain segments reacting with iodine (Chauhan & Seetharaman, 

2013). A significant increase was seen in waxy rice (0.37-0.59) also after the simple gas 

treatment without RF possibly due to the reason stated above, whilst instead a decrease was 

observed in potato (0.84-0.62). This decrease of PV observed after gas treatment may be a 

result of depolymerization of the amylopectin molecule into shorter chain fragments (Duan 

& Kasper, 2011). 
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                    Scale   20 µm 
Figure 3-2: Light microscopy images of plasma treated, and non-plasma treated waxy 
starch samples suspended in potassium iodine solution 

Plasma Treated Waxy Maize Starch (a), Gas Treated Waxy Maize Starch (b), Waxy Maize 

Starch (c), Plasma Treated Waxy Rice Starch (d), Gas Treated Waxy Rice Starch (e), Waxy 

Rice Starch (f), Plasma Treated Waxy Potato Starch (g), Gas Treated Waxy Potato Starch 

(h), Waxy Potato Starch (i). 
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   Scale 20 µm 
Figure 3-3: Polarized light microscopy images of plasma treated and non-plasma treated 
waxy starch samples 

Plasma Treated Waxy Maize Starch (a), Gas Treated Waxy Maize Starch (b), Waxy Maize 

Starch (c), Plasma Treated Waxy Rice Starch (d), Gas Treated Waxy Rice Starch (e), Waxy 

Rice Starch (f), Plasma Treated Waxy Potato Starch (g), Gas Treated Waxy Potato Starch 

(h), Waxy Potato Starch (i). 
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Table 3-1: Iodine affinity values of plasma treated and untreated waxy starch samples 

Sample λmax of amylopectin (nm) Peak value 

PTWMS 536.5a 0.52a 

GTWMS  541.5a 0.59a 

WMS 535.5a 0.43a 

   

PTWRS 537.5a 0.48ab 

GTWRS 540.5a 0.59b 

WRS 541.5a 0.37a 

   

PTWPS 557.5b 1.00c 

GTWPS  553.5a 0.62a 

WPS 554.5a 0.84b 
a Means with different superscript letters shows significant differences (p-value < 0.05) 

between treated and untreated waxy starches of the same type; PTWMS: Plasma Treated 

Waxy Maize Starch, GTWMS: Gas Treated Waxy Maize Starch, WMS: Waxy Maize 

Starch, PTWRS: Plasma Treated Waxy Rice Starch, GTWRS: Gas Treated Waxy Rice 

Starch, WRS: Waxy Rice Starch, PTWPS: Plasma Treated Waxy Potato Starch, GTWPS: 

Gas Treated Waxy Potato Starch, WPS: Waxy Potato Starch. 

 

 

3.4.3 Pasting properties 

 Plasma and gas treatment resulted in significant decreases in the pasting 

temperature of waxy rice and potato (Table 3-2). This was however not the case for maize. 

Thus, it appears that plasma and gas treatment enhanced the ability of the waxy rice and 

potato starch granules to swell at a relatively lower temperature suggesting a destabilizing 

effect on their structure (Zhang et al, 2015). Sample peak viscosities significantly 
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decreased after 120 W of plasma treatment in maize (from 406.3 to 354.3 BU) and rice 

(from 253.8 to 160.8 BU) but increased in potato (from 906.8 to 942.3 BU). The decrease 

in peak viscosities might be a result of starch-lipid complexes (Eliasson & Ljunger, 1988). 

There is evidence to suggest the formation of complexes between amylopectin and lipids. 

Eliasson & Ljunger, (1988) suggested the outer branches of the amylopectin molecule 

could assist in the formation of a helical inclusion complex with the acyl chains of a suitable 

lipid. An atmospheric cold plasma-dielectric barrier was shown to induce lipid oxidation 

in dairy and beef fat (Sarangapani et al., 2017). Thus, plasma could have resulted in the 

oxidation of lipids in waxy rice and maize leading to the formation of free fatty acids that 

could have formed complexes with the starch granules, decreasing the peak viscosity. 

Noteworthy, the simple gas treatment had the same effect as the plasma treatment in potato 

starch, but it exhibited no effect in the cereal starches. During swelling, starch components 

leach out of the granules and dissolve in the medium (Gallant et al., 1997) resulting in an 

increase in peak viscosity (Thirumdas, Trimukhe, et al., 2017b). During plasma treatment 

the highly energetic species may have bombarded potato more efficiently thus penetrating 

the granules and causing amylopectin to leach more during pasting. In addition, potato 

starch granules are known to swell considerably more than cereal starches (Vamadevan & 

Bertoft, 2015), which might further enhance the effect. The breakdown viscosity is an 

indication of the stability of the starch paste (Saunders et al., 2011). A lower breakdown 

value shows better stability after gelatinization. Plasma treatment resulted in lower 

breakdown values for maize (189 as compared to 212 BU) and rice (24.5 as compared to 

32.0 BU). Potato starch, however, showed less stability after plasma treatment (632.5 as 

compared to 538.0 BU). Interestingly, for potato starch, but not for the cereal starches, gas 
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treatment also destabilized the paste (578.5 as compared to 538.0 BU). Thus, a higher 

degree of cross-linking seems to have taken place in the cereal starches, making these 

starches more stable (Zou et al., 2004). The presence of more water molecules in the 

hexagonal unit cell of potato could easily be converted to free radicals during plasma and 

gas treatment, which will lead to degradation of the starch structures resulting in less 

stability during shear and heat treatment (Zhang, et al., 2015). Significant decreases in the 

setback and final viscosities were observed in all starch pastes after plasma treatment, 

whereas gas treatment exhibited no effect in any of the samples. Thus, only plasma 

treatment enhanced the ability of all three waxy starches to withstand retrogradation, which 

is desirable in cases where staling needs to be prevented (Zhang et al., 2015). 

3.4.4 Thermal properties 

 Plasma treatment mostly enhanced the susceptibility of all three starches to thermal 

treatment as shown by the slightly lower gelatinization onset temperatures (To), whereas 

only potato starch possessed a significant decrease in the peak temperature (Tp) (Table 3-

3). A significant decrease was observed in To and Tp in potato also after gas treatment. The 

conclusion temperature (Tc) remained unchanged in all samples with the exception of 

maize, which significantly decreased after gas treatment but increased after plasma 

treatment. Decreases observed in the gelatinization temperatures might have been as a 

result of depolymerization after plasma treatment (Zhang et al., 2015). Increases were 

observed in the enthalpy of gelatinization of all three waxy starches after gas and plasma 

treatment. This may be a result of active molecular species from plasma and the gases 

inducing cross-linking of amylopectin side chains (Zou et al., 2004), which could have a 

stabilizing effect on the starch crystallites. The higher enthalpies also seem to suggest the 
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presence of longer double helices, perhaps formed by organizing untwisted ends of the 

external chains of the amylopectin (Vamadevan, Bertoft, Soldatov, et al., 2013). 

Table 3-2: Pasting properties of plasma treated and untreated waxy starches 

Sample Pasting  

Temp (°C) 

Peak 

Viscosity 

(BU) 

Breakdown 

Viscosity  

(BU) 

Setback 

Viscosity 

(BU) 

Final 

Viscosity 

(BU) 

PTWMS 70.5a 354.3a 189.0a 44.0a 209.3a 

GTWMS  70.5a 403.0b 214.5b 62.8b 251.3b 

WMS 

 

70.1a 406.3b 212.8b 65.8b 295.3b 

PTWRS 66.9a 160.8a 24.5a 48.3a 184.5a 

GTWRS  67.0a 254.8b 30.8ab 84.3b 308.3b 

WRS 

 

67.5b 253.8b 32.0b 89.5b 311.3b 

PTWPS 64.5a 942.3b 632.5c 76.5a 386.3a 

GTWPS  64.5a 948.3b 578.8b 137.8b 507.3b 

WPS 66.0b 906.8a 538.0a 147.3b 516.0b 

a Means with different superscript letters show significant differences (p-value < 0.05) 

between treated and untreated waxy starches of the same type; PTWMS: Plasma Treated 

Waxy Maize Starch, GTWMS: Gas Treated Waxy Maize Starch, WMS: Waxy Maize 

Starch, PTWRS: Plasma Treated Waxy Rice Starch, GTWRS: Gas Treated Waxy Rice 

Starch, WRS: Waxy Rice Starch, PTWPS: Plasma Treated Waxy Potato Starch, GTWPS: 

Gas Treated Waxy Potato Starch, WPS: Waxy Potato Starch, BU: Brabender Units. 

 

 

 

 

 

 



60 

 

Table 3-3: Thermal properties of plasma treated and untreated waxy starch samples 

Sample To (°C) Tp (°C) Tc (°C) ΔH (J/g) 

PTWMS 64.5a 70.8a 78.7c 12.0c 

GTWMS  65.1ab 71.0a 73.0a  9.6b 

WMS 65.2b 71.0a 77.6b  8.7a 

 

PTWRS 60.5a 67.4a 75.2a 9.2c 

GTWRS  61.1b 67.6a 74.5a 7.6b 

WRS 61.0b 67.6a 74.7a 6.9a 

 

PTWPS 61.7a 66.8a 72.6a 14.4c 

GTWPS  62.6b 67.5b 73.0ab 13.9b 

WPS 63.9c 68.6c 73.6b 13.3a 

a Means with different superscript letters show significant differences (p-value < 0.05) 

between treated and untreated waxy starches of the same type; PTWMS: Plasma Treated 

Waxy Maize Starch, GTWMS: Gas Treated Waxy Maize Starch, WMS: Waxy Maize 

Starch, PTWRS: Plasma Treated Waxy Rice Starch, GTWRS: Gas Treated Waxy Rice 

Starch, WRS: Waxy Rice Starch, PTWPS: Plasma Treated Waxy Potato Starch, GTWPS: 

Gas Treated Waxy Potato Starch, WPS: Waxy Potato Starch. 

To: onset temperature, Tp: peak temperature, Tc: conclusion temperature, ΔH: enthalpy of 

gelatinization 

3.4.5 Wide angle X-ray scattering 

X-ray diffractograms for waxy maize and rice starch showed high intense 

reflections at 2θ values of 15, 17, 18 and 23 typical of the A-type patterns, whilst that of 

waxy potato showed strong signals at 15, 17, 22 and 24 typical of the B-type patterns 

(Figure 3-4). Previous reports by (Varatharajan et al., 2011) also confirmed that waxy 

potato exhibits a B-type pattern. Decreases were seen in the peak intensities for waxy 

potato after plasma treatment, which reflects decreases in crystallinity. The percent 
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crystallinity for PTWPS was 16.1% as compared to 21.6% for WPS. Treatment with gas 

also resulted in a 2.8% decrease in crystallinity. Visible changes could be observed in the 

X-ray diffractogram of waxy potato only. Thus, it seems plasma and gas treatment could 

have resulted in the reorganization of the double helices in potato into a less perfect 

crystalline structure. This change would be possible because the proposed backbone model 

of starches allows for flexibility in which the longer chain segments in potato can move 

freely as opposed to the constricted cluster model (Vamadevan, Bertoft, & Seetharaman, 

2013). However, the diffraction peaks associated with the A-type pattern in waxy maize 

and rice starch were unaffected after either plasma or gas treatment. (Banura et al., 2018) 

also reported that a low-pressure radio frequency cold plasma did not affect the A-type 

pattern of crystallinity in maize and cassava starch. Moisture content of starches is known 

to be very important when it comes to crystallinity of starches. This is because starches 

with more water molecules seem to be more susceptible to molecular degradation by 

secondary electrons formed after plasma generation. The consequent breakdown of water 

molecules results in the formation of active hydroxyl radicals, which could lead to 

decreases in crystallinity (Thirumdas, Kadam, et al., 2017a). Potato starch has its double 

helices packed in a hexagonal unit cell with 36 water molecules (Imberty & Pérez, 1989) 

whilst maize and rice have their double helices packed into a monoclinic unit cell with 8 

water molecules (Popov et al., 2009). This might account for the possible decreases in 

crystallinity observed in waxy potato as compared to maize and rice after plasma treatment. 
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Figure 3-4: X-ray diffraction patterns for plasma treated and untreated waxy starch 
samples 

Waxy maize starch samples (a), Waxy rice starch samples (b) , Waxy potato starch samples 

(c), 1 Color identification (Black = untreated starch samples, Blue =Gas treated samples, 

Red = Plasma treated samples).  

3.4.6 Solid-state CP/MAS 13C NMR 

 The solid-state CP/MAS 13C NMR was used to understand the changes in molecular 

organization at shorter-distance scales (Table 3-4). Signal intensities obtained at C1 (90-

110 ppm) and C4 (82-86 ppm) were integrated and the areas under each peak was 

calculated relative to the intensity at peaks C2, 3 and 5 (69-78 ppm). The A-type cereal 

starches are characterized by a twofold symmetry and results in three inequivalent residues 

per turn (Mihhalevski et al., 2012) which is confirmed by the distinct three peak pattern in 

the C1 region whilst the B-type potato starch has a threefold symmetry with respect to 

adjacent double helices resulting in two inequivalent residues per turn and is confirmed by 

c 
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the two peak pattern in the C1 region (Gidley & Bociek, 1985). The areas of peaks around 

96.4-97.7 ppm observed in all three starches are indicative of glucose units near α-(1,6)-

glycoside linkages located within branched regions (Mihhalevski et al., 2012) and were 

seen to increase after plasma and gas treatment. Peaks at around 101.1 and 103 ppm are 

characteristic of V-type single helices (Tan et al., 2007) and increased in maize and rice 

after treatment but were hardly visible in potato. The absence of these peaks in potato is 

possibly due to its low lipid content in comparison to cereal starches (Singh et al., 2009) 

since starch lipid-complexes are known to form V-type single helices (Debet & Gidley, 

2006). Peaks at 104.2 to 105.3 ppm, which were only present for potato, have been 

associated with the junction zones of the double helices in amylopectin and increases in 

their areas were noted after both gas and plasma treatment. The area of the intensities at 

C4 increased after plasma and gas treatment in maize and potato but decreased in rice. Tan 

et al. (2007) suggested that peaks in this area also reflect the presence of single helices. We 

suggest that peaks around 106-108 ppm, which were only visible in the cereal starches, 

might possibly be a result of cross-linked side chains, which then would explain the better 

stability shown by these starches in the pasting profile in comparison to potato starch. It is 

important to state that we did not detect V helices in our XRD diffractograms. Previous 

reports by (Gessler et al., 1999) have stated that the XRD is less sensitive to detect V helices 

because the segments of the amylopectin/amylose chain adopting the V-form are too short 

to be detected by XRD, which requires more helical turns to yield measurable diffraction 

intensities. Thus, as reported by Tan et al. (2007), NMR is more suited for detecting V-

helices. 
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Table 3-4: Positions and areas of integrated peaks from solid-state CP/MAS 13C NMR of 

plasma treated and untreated waxy starch granules  

Sample name C1  C4  

 

 

 

Peak (ppm) Area (%) Peak (ppm) Area 

(%) 

PTWMS 96.4 

101.6 

108.2 

 

1.5 

14.6 

8.3 

86.1 7.1 

GTWMS 96.9 

102.6 

107.7 

 

1.7 

12.8 

8.6 

86.1 7.4 

WMS 97.5 

101.5 

107.5 

 

1.4 

10.1 

5.7 

85.7 6.5 

 

PTWRS 

 

97.2 

101.8 

107.2 

 

 

2.2 

13.4 

8.8 

 

86.2 

 

5.8 

GTWRS 96.5 

101.1 

106.7 

 

1.3 

11.3 

11.3 

86.5 5.8 

WRS 97.2 

101.1 

0.9 

9.6 

85.4 6.4 
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107.1 7.4 

 

PTWPS  

 

97.2 

104.5 

 

 

3.2 

21.3 

 

86.2 

 

8.2 

GTWPS 97.8 

105.3 

 

4.0 

19.5 

87.1 7.4 

WPS 96.9 

104.2 

0.83 

6.5 

85.7 6.9 

C1, carbon one NMR peak of starch; C4, carbon four NMR peak of starch; PTWMS: 
Plasma Treated Waxy Maize Starch, GTWMS: Gas Treated Waxy Maize Starch, WMS: 
Waxy Maize Starch, PTWRS: Plasma Treated Waxy Rice Starch, GTWRS: Gas Treated 
Waxy Rice Starch, WRS: Waxy Rice Starch, PTWPS: Plasma Treated Waxy Potato Starch, 
GTWPS: Gas Treated Waxy Potato Starch, WPS: Waxy Potato Starch. 
 

3.4.7 Starch damage and resistant starch determination 

 The extent of starch damage in all three waxy starches (Table 3-5) ranged from 

0.74-5.33% before plasma or gas treatment. The starch damage enhanced after 120 W of 

plasma treatment in potato (1.09 as compared to 0.74) and maize (2.33 as compared to 

2.20) and after gas treatment in rice (5.56 as compared to 5.33). The level of starch damage 

directly affects the intake of water by starch granules (Gibson et al., 1992). Thus, an 

increase in damaged granules may result in a higher water absorption capacity of starch 

granules. Plasma treatment has been shown to cause structural damage to starch granules 

(Thirumdas, Trimukhe, et al., 2017b) due to the production of the highly energetic species, 

which bombards starch granules (Wang et al., 2012). 
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 The RS values ranged from 0.12 to 44.31% for all three untreated waxy starches 

(Table 3-5). The highest RS portion was seen in potato, and this is because potato has a 

relatively higher concentration of phosphate groups in comparison to maize and rice. The 

presence of these phosphate groups makes waxy potato resistant to amylase digestion 

(Kanazawa et al., 2008). There were significant increases in the RS portion of all three 

waxy starches, with the exception of 120 W plasma treatment in rice starch. Increases in 

the RS portion may have been due to cross-linking induced by treatment with plasma. The 

highly energetic electrons produced after plasma treatment could have resulted in the 

excitation of argon and oxygen (Ar*, O*) and induce the polarization of O-H bonds of some 

hydroxyl groups. The energy transformed by Ar* or O* during collision would then result 

in the loss of OH groups from two different glucosyl units, causing them to cross-link by 

an ether linkage (starch-O-starch) (Zou et al., 2004)(Rombo et al., 2004) have reported that 

starches can become indigestible via the formation of ether linkages. Yeh and Yeh (1993) 

reported that α-amylases cannot digest cross-linked starches because this mechanism 

stabilizes starch granules. Interestingly, the simple treatment with carbon dioxide-argon 

gas increased the RS even more than plasma treatment and had also a strong effect on the 

rice starch. (Trinh, 2018) found similar increases in RS of both raw and cooked cassava 

starch after treatment with a dielectric barrier discharge plasma generated using argon gas. 

The author attributed these increases to the cross-linking induced by plasma treatment. 
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Table 3-5: Starch damage and resistant starch values of plasma treated and untreated 
waxy starch samples 

Sample % Starch damage % Resistant Starch 

PTWMS 2.33b 1.21b 

GTWMS  2.19a 1.73c 

WMS 

 

2.20a 0.84a 

PTWRS 5.43ab 0.18a 

GTWRS  5.56b 1.33b 

WRS 5.33a 0.12a 

   

PTWPS 1.09c 66.48b 

GTWPS  0.78b 69.18c 

WPS 0.74a 44.31a 
a Means with different superscript letters show significant differences (p-value < 0.05) 
between treated and untreated waxy starches of the same type; PTWMS: Plasma Treated 
Waxy Maize Starch, GTWMS: Gas Treated Waxy Maize Starch, WMS: Waxy Maize 
Starch, PTWRS: Plasma Treated Waxy Rice Starch, GTWRS: Gas Treated Waxy Rice 
Starch, WRS: Waxy Rice Starch, PTWPS: Plasma Treated Waxy Potato Starch, GTWPS: 
Gas Treated Waxy Potato Starch, WPS: Waxy Potato Starch. 
 

3.5 Conclusion 

 Carbon dioxide-argon radio frequency cold plasma enhanced the ability of all three 

waxy starches to withstand retrogradation as shown by the lower setback and final 

viscosities, a characteristic that can be utilized to prevent staling in bread. Higher enthalpies 

were observed after DSC analysis in all three starches. There was a decrease in crystallinity 

in waxy potato, but not rice and maize, as shown by WAXS. The NMR results showed the 

possible formation of V-type single helices as indicated by increases in peak areas at 101.1 
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and 103 ppm in the cereal starches. Significant increases seen in the resistant starch portion 

in potato and maize after plasma treatment and after gas treatment in rice was desirable for 

human health. Cereal and tuber starches can be effectively modified by RF cold plasma 

and could serve as replacement for chemical methods of modification in industry. The 

extent of modification is however dependent on the botanical source as plasma and gas 

treatment affect starches from different botanical sources differently.  

3.6 Funding 

This research did not receive any specific grant from funding agencies in the public, 

commercial, or non-profit sectors. 

3.7 Acknowledgements 

 We appreciate the help given by Dr. Gopinath Tata at the Minnesota NMR Center, 

Dr. Gail Celio at the University of Minnesota imaging center as well as Gabrielle Seliber 

at the college of biological sciences. 

3.8 Conflict of interest 

 The authors declare no conflict of interest 

 

 

 

 

 



70 

 

Chapter 4: Structural characterization and enzymatic hydrolysis of radio frequency 

cold plasma treated starches 

Contents for this chapter have been published in Journal of Food Science, Food Chemistry 

section (Okyere et al., 2022) (https://doi.org/10.1111/1750-3841.16037) and are being 

reproduced here with permission from the editor (Copyright © Wiley). 

4.1 Overview 

The effect of carbon dioxide-argon radio frequency cold plasma treatment on the 

in vitro digestion and structural characteristics of granular and non-granular waxy maize, 

potato, and rice starches was investigated in this study. The effect on the fine structure of 

waxy potato was very minimal after plasma treatment irrespective of their granular or non-

granular form. The short chain length (SCL) of waxy maize and rice (granular and non-

granular) starches was reduced leading to subsequent increases in the long chain length 

(LCL). In vitro digestibility studies showed that cold plasma treatment enhanced (p < 0.05) 

the amount of slowly digestible starches (5.62%; 10.24%) and resistant starches (0.28%; 

85.66%) in non-granular waxy maize (WMS NG) and granular waxy potato starches (WPS 

G) respectively. The amount of rapidly digestible starches increased in granular waxy 

maize starch (WMS G) (85.08%) but was unaffected in non-granular waxy rice (WRS NG), 

WPS G and non-granular waxy potato starches after plasma treatment. FTIR-ATR data 

confirmed the ability of cold plasma to induce cross-linking in waxy starches specifically 

in WMS NG, WRS G, WRS NG and WPS G. Overall, the unit and internal chain structure 

of the waxy starches were mostly unaffected by radio frequency plasma treatment. Cross-

linking served as the dominant mechanism by which plasma altered the structure and 

digestibility of these starches. 
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Keywords: radio frequency cold plasma, cross-linking, granular and non-granular waxy 

starches, resistant starches 

4.2 Practical Application 

Cold plasma technology has been suggested as a green technique for starch 

modification. More research is however needed to facilitate the industrial scale up of this 

technology. In this study, we utilized a carbon dioxide-argon radio frequency cold plasma 

to modify waxy maize, rice, and potato starches. Cold plasma treatment resulted in starches 

that were resistant to digestion and were highly cross-linked. The cross-linking would give 

the starches the ability to possibly withstand the high temperatures and shear that can be 

applied during industrial processing. 
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4.3 Introduction 

Starch is a biopolymer synthesized in the granular form irrespective of whether it 

is waxy, high amylose or normal starch. It is made up of two major polysaccharides: 

amylose and amylopectin. Amylose is mostly a linear polysaccharide with chains made of 

a-(1-4)-D-glucosyl units. Amylopectin (waxy starch) on the other hand, is an extensively 

branched starch polymer with linear chains of a-(1-4)-D-glucosyl units interconnected 

with a-(1-6)-branches (Hizukuri et al., 1981); (Hizukuri et al., 1983).  

Amylopectin is further classified into short chains and long chains with a degree of 

polymerization (DP) < 36 and > 36, respectively (Hizukuri, 1986). The short chains form 

double helices, which make up the crystalline lamellae in starch granules (Imberty et al., 

1991). The crystallites formed by the double helices can be characterized by X-ray 

diffraction as A-type (tightly packed double helices with fewer water molecules) or B-type 

(less tightly packed double helices with more water molecules) (Imberty et al., 1991). In 

some instances, for example, in peas and legumes, a mixed pattern called C-type is 

observed (Buléon et al., 1998). The long chains form the backbone on which the short 

chains are anchored (Bertoft, 2017). Furthermore, the chains of amylopectin can also be 

classified as external and internal. The external chains extend from the outermost branch 

of a chain to its non-reducing end, while the internal chains are the chain segments between 

the branches (Manners, 1989). The chains of amylopectin were initially grouped into 

unsubstituted A-chains, substituted B-chains, and the single C-chain to which the sole 

reducing end group is attached (Peat et al., 1952). All A-chains are external chains while 

the B-chains have one external segment, and the remaining segments are internal (Manners, 

1989). The unit and internal chain profile of amylopectin can be analyzed by hydrolyzing 
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the a-(1-6)-branches with the debranching enzymes isoamylase and pullulanase (Pérez & 

Bertoft, 2010). Analysis of amylopectin internal chains requires removal of the external 

chain segments with b-amylase prior to debranching with isoamylase and pullulanase. b-

Amylase reduces all A-chains into maltose and maltotriose and the external segments of 

the B-chains into glucose and maltose producing the b-limit dextrin (Bertoft, 1989).  

Starch has a variety of applications in both food and non-food industries. It can be 

utilized as a flavor encapsulating agent in brewing industries (Mason, 2009), and as an 

adhesive for the manufacture of corrugated paper boards (Glittenberg, 2012). However, 

native starch is unreactive and insoluble limiting its use in industry.  Starch needs to be 

modified to enhance its solubility, textural properties, and heat tolerance for diverse 

processing applications (Laovachirasuwan et al., 2010). In addition, modifying starches 

can potentially decrease the rate of digestion and slow down the release of glucose into the 

bloodstream which helps in the control of type 2 diabetes (Frost & Dornhorst, 2000; Gao 

et al., 2019).  

Starch can be modified using physical, chemical, and enzymatic means. Physical 

methods can be thermal or non-thermal and include methods such as annealing, heat 

moisture treatment, pulsed electric field and cold plasma. Chemical and enzymatic methods 

include etherification and a-amylase hydrolysis, respectively (Bemiller, 1997; Chen et al., 

2018; Zia-ud-Din et al., 2017). Gelatinization of starches is also one method of altering the 

physical form of starch to obtain non-granular starch (Ratnayake & Jackson, 2006). When 

starches are heated in water above 60°C (gelatinized), several structural changes take place 

which include the loss of birefringence, native crystallite melting, granules swell several 

times their initial size, and starch solubilization (Jane et al., 1999; Tester & Morrison, 
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1990). Freeze dried non-granular starches have higher water binding capacity and 

solubility compared to granular starches (Puspitowati & Driscoll, 2007; Krystyjan et al., 

2017). Another relatively novel method of starch modification is plasma technology. In 

plasma technology, either thermal or non-thermal plasmas can be generated. Plasma is 

generated when energy (thermal, electrical, magnetic, radio or microwave frequencies) is 

applied to a gas (air, carbon dioxide, oxygen, argon, nitrogen, helium), resulting in the 

formation of several reactive species (electrons, ions, free radicals) (Conrads & Schmidt, 

2000). Thermal plasmas are generated at high temperatures and pressures and involve a 

high power input. Contrarily, non-thermal plasmas (cold plasma) require lower pressures 

and temperatures with less power input (Moreau et al., 2008). Cold plasma is an eco-

friendly non-thermal process devoid of chemical waste generation. Cold plasma unlike 

thermal plasmas is suitable for modifying thermally sensitive biopolymers such as starch 

(Thirumdas, Kadam, et al., 2017a).  

Studies have been published on the molecular and structural changes of starch after 

cold plasma modification to enhance the industrial scale up of this green technology. This 

is because the molecular weight size of starches is important for its end user applications. 

Starches (maltodextrins) with lower degree of polymerization are utilized in gluten free 

breads to increase baked volume (Casper & Atwell, 2014). Also starches with high 

molecular weight and amylose content produce thermoplastic films with high tensile 

strength (Lopez-Rubio et al., 2008). 

In regard to the effect of cold plasma treatment on the molecular properties of 

starches, Bie, Pu, et al. (2016) reported a decrease in the weight-average molecular weight 

of corn starch (19.34 ´106 to 0.98 ´ 106 g/mol) after a 10 min dielectric barrier discharge 
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(DBD) air plasma treatment. Oxygen glow plasma treatment (60 min) was shown to 

decrease the weight-average molecular weight of potato starch from 4.270 ´ 107 to 4.716 

´ 106 g/mol (Zhang et al., 2014). However, Zhang et al. (2015) reported an increase in the 

weight-average molecular weight of potato starch from 6.11 ´ 107 to 10.42 ´ 107 g/mol 

after nitrogen and helium glow plasma treatment for 60 min. Gao et al. (2019) reported an 

increase in the number of short chains after DBD plasma treatment in tartary buckwheat 

starch, sorghum starch, quinoa starch and wheat starch. Nonetheless, to the best of our 

knowledge, there is scarcity of information on the effect of radio frequency cold plasma on 

the unit and internal chain structure of amylopectin. Understanding the effect of cold 

plasma technology on the unit and internal structure of amylopectin is important since 

studies have shown that it influences the functional and thermal properties of starches 

(Bertoft et al., 2016; Han & Hamaker, 2001; Jane & Chen 1992; Kohyama et al., 2004). In 

this present study, the effect of carbon dioxide-argon radio frequency cold plasma on the 

unit and internal chain structure of granular and non-granular waxy starches is reported. 

FTIR-ATR was utilized to characterize the functional structures of the modified starch. 

The effect of plasma on in vitro starch digestibility was investigated as well. It is important 

to point out that the physical structure and functional properties of the granular starches 

were analyzed previously, and plasma was shown to effectively modify the granular 

starches (Okyere et al., 2019). We are following up that work with an analysis of the fine 

structure of both granular and non-granular starches to fully understand the effect of plasma 

treatment on starches. It is our hypothesis that the carbon dioxide-argon radio frequency 
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cold plasma will alter the unit and internal chain structure and in vitro digestibility of waxy 

starches irrespective of whether they are treated as granular or non-granular starches. 

4.4 Materials and Methods 

4.4.1 Materials 

The waxy rice starch used for the experiment was obtained from Remy Industries 

(Leuven, Belgium). Waxy maize and potato starches were purchased from Ingredion 

Incorporated (Bridgewater, NJ, USA). CO2 and Ar gases were obtained from Matheson 

(Eagan, MN, USA). The following enzymes were purchased from Neogen Megazyme 

(Lansing, Michigan, USA): Pseudomonas sp. isoamylase (EC 3.2.1.68; specific activity 

240 U/mg), Klebsiella planticola pullulanase (EC 3.2.1.41; specific activity 30 U/mg), 

barley β-amylase (EC 3.2.1.2; specific activity 435 U/mg); pancreatic a-amylase (EC 

3.2.1.1; specific activity 75 U/mg) and amyloglucosidase (EC 3.2.1.3; specific activity 36 

U/mg). All chemicals used in the experiments were of analytical grade. 

4.2.1 Preparation of non-granular waxy starches 

Waxy starches (15 g) were suspended in 100 mL of double-distilled water in a 

stainless-steel bowl. The starch slurry was heated from 30°C to 95°C and held at 95°C for 

ca. 5 min using the Micro Visco Amylograph (MVAG) (Brabender® GmbH & Co KG, 

Duisburg, Germany) operated at 250 rpm with a heating rate of 3°C/min. The samples were 

transferred immediately into 50 mL falcon tubes and frozen at -20°C. The non-granular 

waxy starches (solubilized starches) were then lyophilized and crushed into a powder with 

a mortar and pestle. 
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4.4.2 Plasma apparatus and treatment 

Treatment of granular and non-granular waxy starches in the radio frequency (RF) 

plasma unit was based on methods previously reported by Okyere et al. (2019) with some 

modifications. Briefly granular and non-granular waxy starches were treated in the RF 

(13.56 MHz) plasma unit (Plasma Etch Industries, Carson City, Nevada, USA) connected 

to a vacuum pump and chilling unit. CO2 and Ar gases were supplied for plasma generation 

each at a flow rate of 25 and 10 standard cubic centimeters per minute (sccm), respectively. 

An RF power of 120 W was supplied to the sample to enhance dissociation of CO2 into 

carbon monoxide and oxygen in the RF plasma unit based on methods previously reported 

by Spencer & Gallimore, (2011).  Untreated waxy starches (granular and non-granular) 

were used as control samples. Approximately 15 g of starch was spread evenly on a glass 

petri dish and placed inside the plasma chamber based on methods previously described by 

Thirumdas, Trimukhe, et al. (2017b). Once the vacuum setpoint of 0.6 cubic feet per minute 

was reached, treatment of the starches was done for 30 min, stirred, and retreated for 

another 30 min. The vacuum setpoint was chosen based on recommendations of the 

manufacturer of the plasma unit. All treated samples were stored in snap cap vials and kept 

in a desiccator at room temperature until further analysis.  

4.4.3 Production of β-limit dextrins for internal chain profile analysis 

 Approximately 100 mg of plasma treated, and untreated waxy starches (granular 

and non-granular) were dissolved in 3 mL of 90% dimethylsulphoxide by stirring in a 

boiling water bath for 10 min, after which the samples were left to stir overnight at room 

temperature. The samples were diluted with 32.7 mL (~70°C) warm water before the 

addition of 0.33 volumes of 0.01 M sodium acetate buffer, pH 6.0, and a volume of β-



78 

 

amylase corresponding to 4 U/mg of the substrate was added and left to stir overnight. The 

mixture was inactivated by boiling for 5 min and filtered using a tangential filtration 

system (Pall Corporation, NY, USA). The β-limit dextrins were frozen and lyophilized for 

further analysis (Bertoft, 2004).  

4.4.4 Analysis of unit chain distributions of granular and non-granular waxy 

starches and their β-limit dextrins 

Waxy starches or their β-limit dextrins (2.0 mg) were dissolved in 50 µL of 90% 

DMSO and stirred gently overnight at room temperature. The solution was diluted with 

warm water (400 µL, ~80°C), followed by the addition of 50 µL of 0.01 M sodium acetate 

buffer, pH 5.5. Isoamylase (1 µL) and pullulanase M1 (1 µL) corresponding to 0.5 U and 

0.65 U, respectively, were added to the mixture and stirred gently overnight at room 

temperature. After debranching, the enzymes were inactivated by boiling for ca. 5 min. 

The volume of the mixture was adjusted to obtain a final concentration of 1 mg/mL and 

filtered through a 0.45 µm nylon filter into 2 mL vials. The filtered samples (25 µL) were 

analyzed with the DIONEX ICS-5000+ HPAEC system (Dionex Corporation, Sunnyvale, 

CA, USA) equipped with a pulsed amperometric detector, CarboPac PA-100 ion-exchange 

column (4 × 250 mm), and a similar guard column (4 × 50 mm). The samples were then 

eluted with a flow rate of 1 mL/min. The two eluents used were 150 mM sodium hydroxide 

(A) and 150 mM sodium hydroxide containing 500 mM sodium acetate (B). An elution 

gradient was made by mixing eluent B into eluent A as follows: 0–9 min, 15–36% B; 9–

18 min, 36–45% B; 18–110 min, 45–100% B; 100–112 min, 100–15% B; and 112–130 

min, 15% B. The system was stabilized by elution at 15% B for 60 min between runs 
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(Annor et al., 2014a). The areas under the chromatograms were corrected to carbohydrate 

concentration following the method of Koch et al. (1998). 

4.4.5 In vitro digestion analysis of starch 

The in vitro digestibility of the waxy starches (granular and non-granular) was 

measured using the modified Englyst et al. (1992) method using the kit provided by 

Neogen Megazyme (Lansing, Michigan, USA). The amount of rapidly digestible starch 

(RDS), slowly digestible starch (SDS), total digestible starch (TDS), and resistant starch 

(RS) were obtained after incubation of the starches with a purified mixture of pancreatic 

a-amylase and amyloglucosidase enzymes. The amount of RDS was measured at 20 min 

while that of SDS was measured at 120 min. TDS refers to the starch that was hydrolyzed 

within the 4 h incubation period while RS refers to the unhydrolyzed fraction of the starch 

after 4 h of incubation with the enzyme. The in vitro starch digestibility results were 

expressed on a dry weight basis. 

4.4.6 Fourier transform infrared spectroscopy-attenuated total reflectance 

measurement (FTIR-ATR) 

The Attenuated Total Reflection (ATR) measurements was done using a Nicolet 

iS50 FTIR (Thermo Fisher Scientific, MN, USA) equipped with a Deuterated Triglycine 

Sulfate Attenuated Total Reflection (DGTS ATR) detector by spreading a thin layer of 

starch onto the diamond crystal and applying pressure using the pressure tower. A total of 

64 scans were recorded with a spectral resolution of 4 cm-1 within a spectral range of 4000 

to 650 cm-1. The Spectra was collected using the OMNIC software. All the samples were 

recorded against a background spectrum (which is a spectrum without a starch sample in 

place). The spectra were baseline corrected and normalized using the Min/Max method 
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(Pu et al., 2011) after which the intensities of the bands at 930 and 1150 cm-1 were 

computed using the OPUS 7.0 software. 

4.4.7 Cross polarized light microscopy  

A thin layer of granular and non-granular waxy starch suspended in water was 

viewed under the Olympus BX40 light microscope (Melville, NY, USA) connected to a 

digital camera (Olympus DP26) and a monitor (Dell Precision T3600; Texas, USA). The 

images were acquired with Olympus CellSens Dimension Software (Melville, NY, USA) 

by using a polarized light filter (Goldstein et al., 2017). 

4.4.8 Statistical analysis 

 All results were statistically analyzed by one-way ANOVA with Statgraphics 

Centurion XVI, version 16.1.0 (Stat Point, Warrenton, VA, U.S.A.). Duncan’s multiple 

range test was used to determine statistical significance between means at a p-value of < 

0.05. 
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4.5 Results and Discussion 

4.5.1 Polarized light microscopy  

Normal light waves typically vibrate in all directions. However, light can be made 

to vibrate in a single plane by using a polarized light filter (McMahon, 2004). When native 

granular starch is viewed under polarized light microscopy a ‘Maltese cross’ structure is 

typically observed (Figure 4-1) (French, 1972). This ‘Maltese cross’ structure shows radial 

organization and suggest a high degree of order inside the native starch granules, which 

represents the crystalline part of the granules (Bertoft, 2017). We observed no ‘Maltese 

cross’ structures in the non-granular waxy starches prior to plasma treatment showing that 

the crystalline domains had been converted to amorphous starches after cooking in the 

Micro Visco Amylograph. 

  

  

    

    

a b 

c d 
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Scale 20 µm 
 

Figure 4-1: Polarized light microscopy images of granular and non-granular waxy starch 
samples 

Non-granular waxy maize starch (a), granular waxy maize starch (b), non- granular waxy 
rice starch (c), granular waxy rice starch (d), non-granular waxy potato starch (e), granular 
waxy potato starch (f). 
 

4.5.2  Chain length profiles 

The unit chain length profiles of plasma treated, and untreated granular and non-

granular starches are presented in Figure 2. Chains longer than DP 55 were not resolved as 

peaks, hence, the chains from DP > 55 were estimated by continuously dividing the 

chromatograms into equal areas for each chain length (Bertoft, 2004). The results seem to 

suggest that plasma treatment affected the unit chain length profiles of the non-granular 

starches (Figure 4-2a-c) more than the granular starches (Figure 4-2d-f) although this was 

not significant. This is because the non-granular starches are disordered during pasting 

(Tester & Morrison, 1990) and highly porous after freeze drying (Puspitowati & Driscoll, 

2007). Hence it is easier for the reactive species in plasma to penetrate and alter the unit 

chain length profiles in comparison to the granular starches (Thirumdas, Kadam, et al., 

2017a). The peak DP of the short chains was at DP 14 for both treated and untreated waxy 

maize starches (Figure 4-2a,d). In addition, the relative carbohydrate concentration (weight 

    

e f 
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%) at the peak DP 14 reduced after plasma treatment in both the non-granular and granular 

waxy maize starches (Figure 4-2a,d). Subsequently, we observed an increase in the 

carbohydrate concentration of the long chains from DP ≥ 64 in PTWMS NG and DP ≥ 130 

in PTWMS G albeit not significant. Similarly, plasma treatment resulted in a reduction in 

the carbohydrate concentration of the peak DP 12 of non-granular and granular waxy rice 

starch (Figure 4-2b,e). This led to the increase in the carbohydrate concentration of long 

chains from DP ≥ 62 in PTWRS NG and DP ≥ 80 in PTWRS G. The profiles suggested 

that plasma treatment resulted in polymerization of the long chains which explains the 

decreases observed in the carbohydrate concentration at the peak DP of the short chains 

(Zou et al., 2004). Plasma treatment had hardly any detectable effect on the unit chain 

composition of neither non-granular nor granular WPS (Figure 4-2c,f).  

In general, the internal chain length profiles of the treated and untreated waxy 

starches had two sub-groups of short B-chains, which is characteristic of starches from 

different botanical sources (Bertoft et al., 2008) (Figure 4-3a-f). The minor group, typically 

referred to as the “fingerprint” B-chains (Bfp), has a DP ranging from 4-7 when measured 

in amylopectin β-limit dextrins (Bertoft, 2004). The remaining short B-chains, referred to 

as BSmajor, possessed a peak at DP 11 for all the cereal and tuber starches. The long B-

chains had peak DPs between 34 and 36 for both plasma treated and untreated waxy 

starches. Figure 4-3a-f indicates that the internal chain profiles of all the waxy starches 

were minimally influenced by plasma treatment. However, the internal chain profile of the 

long B-chains of WPS NG was slightly higher after plasma treatment, which gives an 

indication of plasma inducing polymerization of the chains. 
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We reported previously in Okyere et al. (2019), the possibility of longer internal 

chain segments reacting with iodine resulting in increased peak values (lmax) observed in 

plasma treated granular waxy potato starch (PTWPS G) and plasma treated granular waxy 

rice starch (PTWRS G). In this present study, we observed a slight increase, albeit not 

significant, in the internal chain length (ICL) of PTWPS G and PTWRS G (Table B1), 

which could react with the iodine and thus increase the peak values as stated previously.  

The data for the average chain lengths and relative molar amounts of the different chain 

categories are presented in the appendices (Table B1 and B2). We observed no significant 

differences in these parameters. 
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Figure 4-2: The unit chain profiles of debranched granular and non-granular waxy 
starches 

Arrows indicate degree of polymerization. a = WMS NG: Waxy Maize Starch Non-
Granular, PTWMS NG: Plasma Treated Waxy Maize Starch Non-Granular; b = WRS NG: 
Waxy Rice Starch Non-Granular, PTWRS NG: Plasma Treated Waxy Rice Starch Non-
Granular; c = WPS NG: Waxy Potato Starch Non-Granular, PTWPS NG: Plasma Treated 
Waxy Potato Starch Non-Granular; d =WMS G: Waxy Maize Starch Granular, PTWMS 
G: Plasma Treated Waxy Maize Starch Granular; e = WRS G: Waxy Rice Starch Granular 
, PTWRS G: Plasma Treated Waxy Rice Starch Granular; f = WPS G: Waxy Potato Starch 
Granular, PTWPS G: Plasma Treated Waxy Potato Starch Granular. SC = Short Chains, 
LC = Long Chains; Afp = “fingerprint” A-chains  
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Figure 4-3: The chain profiles of debranched β-limit dextrins of granular and non-
granular waxy starches 

Arrows indicate degree of polymerization.  a = WMS NG: Waxy Maize Starch Non-

Granular, PTWMS NG: Plasma Treated Waxy Maize Starch Non-Granular; b = WRS NG: 

Waxy Rice Starch Non-Granular, PTWRS NG: Plasma Treated Waxy Rice Starch Non-

Granular; c = WPS NG: Waxy Potato Starch Non-Granular, PTWPS NG: Plasma Treated 

Waxy Potato Starch Non-Granular; d =WMS G: Waxy Maize Starch Granular, PTWMS 

G: Plasma Treated Waxy Maize Starch Granular; e = WRS G: Waxy Rice Starch Granular 

, PTWRS G: Plasma Treated Waxy Rice Starch Granular; f = WPS G: Waxy Potato Starch 

Granular, PTWPS G: Plasma Treated Waxy Potato Starch Granular.  Short B-chains (BS) 

are subdivided into “fingerprint” B-chains (Bfp) and a major group (BSmajor). 
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4.5.3 In vitro digestion of granular and non-granular waxy starches 

The results of the in vitro starch digestibility are shown in Table 4-1. Plasma 

treatment led to an increase (p < 0.05) in the amount of RDS in WMS G (85.08%). This 

led to a subsequent decrease (p < 0.05) in the amount of SDS (18.10%) and RS (1.35%). 

However, the amount of TDS (95.47%) was somewhat reduced although this was not 

significant (p < 0.05). Similarly, there were no differences (p < 0.05) in the amount of TDS 

in WMS NG, WRS NG and WPS NG after plasma treatment. Plasma treatment has been 

shown to induce etching and volatilization of starches (Moreau et al., 2008; Morent et al., 

2011). This facilitates the movement of enzymes into the starch (Thirumdas, Kadam, et al., 

2017a), thus, making it possible for the enzymes to hydrolyze WMS G more rapidly after 

plasma treatment. The amount of RDS in WMS NG slightly increased, however, this was 

not significant. Likewise, there were no differences (p < 0.05) in the amount of RDS in 

WRS NG, WPS G and WPS NG after plasma treatment.  We observed that plasma 

treatment significantly enhanced the content of SDS (5.62%) and RS (0.28%) in WMS NG. 

Similar observations were made in the SDS (10.24%) and RS (85.66%) of PTWPS G. In 

the case of non-granular waxy rice, we observed an increase (p < 0.05) in the amount of 

SDS (5.51%) after plasma treatment. Plasma treatment has also been shown to induce 

cross-linking of the starch chains by forming C-O-C ether linkages (Zou et al., 2004; 

Okyere et al., 2019). This makes the starches more stable and prevents α-amylases from 

digesting them (Yeh & Yeh, 1993). The occurrence of cross-linking in the starches after 

plasma treatment was confirmed by the FTIR data (Table 4-2). Foods high in slowly 

digestible starches and resistant starches are important in maintaining a healthy weight and 

in the control of type 2 diabetes as it delays gastric emptying and slows the release of 
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glucose into the blood stream (Frost & Dornhorst, 2000; Giri et al., 2017). It was interesting 

to note that WPS G had the highest amount of RS due to the high concentration of 

phosphate groups which makes the starch resistant to amylase digestion (Kanazawa et al., 

2008). Also, granular potato starch has a non-penetrable surface due to the lack of pores 

on the surface contributing to its high RS content (Chen et al., 2019). Contrarily, boiling 

potato has been shown to reduce the phosphate groups in potato (Bethke & Jansky, 2008). 

This accounts for the low amount of RS in non-granular waxy potato.  

In general, the ratio of SDS:TDS was much higher in both granular and non-

granular plasma treated starches with the exception of WMS G. Thus, plasma is an 

effective means of slowing down the rate of digestion by inducing cross-linked networks 

in these starches (Zou et al., 2004). Also prior to plasma treatment, the non-granular 

starches have higher RDS than the granular starches. This is because cooking starches 

makes it easily digestible due to the disruption of the highly ordered native granular starch 

during gelatinization (Tamura et al., 2016). This makes it easy for α-amylases to digest 

cooked starches (non-granular starch) (Guo et al., 2018). Interestingly, the results show 

that plasma treatment can effectively slow down the digestion of the non-granular starches. 

This could be due to the fact that gelatinizing starch during cooking opens the molecular 

chains (Kumar & Khatkar, 2017). These open chains could possibly cross-link during 

plasma treatment thus slowing down the rate of digestion (Zou et al., 2004). Overall, the 

results showed that plasma treatment influenced the rate of digestion of granular and non-

granular waxy starches.  
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Table 4-1: RDS, SDS, TDS and RS values of treated and untreated starches 

Sample % RDS % SDS % TDS % RS % (SDS:TDS) 

WMS G 61.55 ± 1.19a 32.10 ± 0.62b 96.02 ± 0.11a 1.76 ± 0.02b 33.43 

PTWMS G 85.08 ± 0.25b  18.10 ± 0.26a 95.47 ± 0.24a 1.35 ± 0.05a 18.96 

      

WMS NG 91.93 ± 0.33a 2.34 ± 0.38a 99.92 ± 0.43a 0.21 ± 0.02a 2.34 

PTWMS 

NG 

 

93.06 ± 0.60a 5.62 ± 0.01b 99.19 ± 0.00a 0.28 ± 0.00b 5.67 

WRS G 98.79 ± 0.20b 2.32 ± 0.26a 97.57 ± 0.09b 0.87 ± 0.00a 2.38 

PTWRS G 95.15 ± 0.56a 3.37 ± 0.20b 96.30 ± 0.39a 0.93 ± 0.02a 3.50 

      

WRS NG 98.97 ± 0.00a 4.31 ± 0.08a 98.19 ± 0.35a 0.12 ± 0.01a 4.39 

PTWRS NG 

 

97.44 ± 0.92a 5.51 ± 0.24b 98.25 ± 1.00a 0.10 ± 0.00a 5.61 

WPS G 2.40 ± 0.29a 6.44 ± 0.31a 13.77 ± 0.04a 83.77 ± 0.10a 46.77 

PTWPS G 3.08 ± 0.02a 10.24 ± 0.00b 15.78 ± 0.01b 85.66 ± 0.66b 64.89 

      

WPS NG 98.68 ± 0.44a 4.68 ± 0.08a 96.20 ± 0.76a 0.63 ± 0.05a 4.86 

PTWPS NG 97.55 ± 0.33a 5.58 ± 0.39a 95.11 ± 0.53a 0.77 ± 0.01a 5.87 

Means with different superscript letters show significant differences (p-value < 0.05) 

between treated and untreated granular and non-granular waxy starches of the same type 

and form.  

WMS G: Waxy Maize Starch Granular, PTWMS G: Plasma Treated Waxy Maize Starch 

Granular, WMS NG: Waxy Maize Starch Non-Granular, PTWMS NG: Plasma Treated 

Waxy Maize Starch Non-Granular, WRS G: Waxy Rice Starch Granular , PTWRS G: 

Plasma Treated Waxy Rice Starch Granular, WRS NG: Waxy Rice Starch Non-Granular, 

PTWRS NG: Plasma Treated Waxy Rice Starch Non-Granular, WPS G: Waxy Potato 

Starch Granular, PTWPS G: Plasma Treated Waxy Potato Starch Granular, WPS NG: 

Waxy Potato Starch Non-Granular, PTWPS NG: Plasma Treated Waxy Potato Starch Non-

Granular.  

RDS-Rapidly Digestible Starch, SDS-Slowly Digestible Starch, TDS- Total Digestible 

Starch and RS-Resistant Starch  
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4.5.4 Fourier transform infrared spectroscopy-attenuated total reflectance 

measurement  

The FTIR-ATR spectra of all the starch samples were characterized by absorption 

bands at 930-961 cm−1, 1021-1094 cm−1 and 1149-1162 cm−1 which corresponds to the C-

O-C skeletal mode of glycosidic linkage, C-O-H bending, and C-O-C asymmetric 

stretching of the glycosidic bond, respectively (Deeyai et al., 2013; Warren et al., 2016) 

(Figure 4-4). The bands at 1640-1670 cm−1 have been attributed to tightly bound water in 

starch mainly due to its hygroscopic nature, while the bands at 2900-3000 cm-1 and 3000-

3600 cm-1 corresponds to the CH, CH2 stretching region and O-H stretching region, 

respectively (Abdullah et al., 2018; Deeyai et al., 2013; Kizil et al., 2002; Pozo et al., 2018). 

There are reports of carbon dioxide gas plasmas incorporating hydroxyl functional groups 

in starches (Thirumdas et al., 2017a) and this phenomenon was observed in WMS NG 

(Figure 4-4a), WRS NG (Figure 4-4b) and WRS G (Figure 4-4e) after plasma treatment in 

the present study. This is because the absorption bands at the O-H stretching region was 

relatively higher in these aforementioned samples after treatment. We observed increases 

in the relative intensities of the C-O-C linkages in WMS NG, WRS G, WRS NG and WPS 

G after plasma treatment (Table 4-2), thus confirming that plasma treatment induced the 

formation of cross-linking of the side chains of these starches. Plasma induced cross-

linking has been shown to generate C-O-C linkages (Zou et al., 2004).   

We observed previously (Okyere et al., 2019) a lower breakdown value in plasma 

treated granular waxy rice starch (PTWRS G) during pasting. This suggests some degree 

of cross-linking taking place in the granular waxy rice starch after plasma treatment, which 

was confirmed in the FTIR results obtained. We also observed (Okyere et al., 2019) higher 
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enthalpies of gelatinization in granular waxy rice starch (WRS G) and granular waxy potato 

starch (WPS G) after plasma treatment, suggesting that these starches were cross-linked 

and thus much energy was required during thermal treatment to gelatinize the starches. We 

observed the occurrence of these cross-links in the FTIR data in the present investigation.  
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Figure 4-4: The FTIR-ATR spectra of granular and non-granular waxy starches 

(a) = WMS NG: Waxy Maize Starch Non-Granular, PTWMS NG: Plasma Treated Waxy 
Maize Starch Non-Granular; (b) = WRS NG: Waxy Rice Starch Non-Granular, PTWRS 
NG: Plasma Treated Waxy Rice Starch Non-Granular; (c) = WPS NG: Waxy Potato Starch 
Non-Granular, PTWPS NG: Plasma Treated Waxy Potato Starch Non-Granular; (d) 
=WMS G: Waxy Maize Starch Granular, PTWMS G: Plasma Treated Waxy Maize Starch 
Granular; (e) = WRS G: Waxy Rice Starch Granular , PTWRS G: Plasma Treated Waxy 
Rice Starch Granular; (f) = WPS G: Waxy Potato Starch Granular, PTWPS G: Plasma 
Treated Waxy Potato Starch Granular  
Labels in Figure 4A apply to all other FTIR spectra 
a = C-O-C skeletal mode of glycosidic linkage, b = C-O-H bending, c = C-O-C 
asymmetric stretching glycosidic bond, d = tightly bound water in starch, e= CH, CH2 
stretching region and f= O-H stretching region 
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Table 4-2: Relative Intensities of C-O-C Glycosidic Linkages after FTIR-ATR Analysis 

 

Sample 

Relative Intensities of C-O-C Glycosidic Linkages 

930cm-1  1150cm-1  

WMS G 0.115 0.31 

PTWMS G 0.115  0.293 

   

WMS NG 0.141 0.342 

PTWMS NG 

 

0.167 0.354 

WRS G 0.133 0.281 

PTWRS G 0.136 0.303 

   

WRS NG 0.137 0.361 

PTWRS NG 

 

0.159 0.376 

WPS G 0.116 0.334 

PTWPS G 0.121 0.356 

   

WPS NG 0.175 0.383 

PTWPS NG 0.162 0.369 

WMS G: Waxy Maize Starch Granular, PTWMS G: Plasma Treated Waxy Maize Starch 

Granular, WMS NG: Waxy Maize Starch Non-Granular, PTWMS NG: Plasma Treated 

Waxy Maize Starch Non-Granular, WRS G: Waxy Rice Starch Granular , PTWRS G: 

Plasma Treated Waxy Rice Starch Granular, WRS NG: Waxy Rice Starch Non-Granular, 

PTWRS NG: Plasma Treated Waxy Rice Starch Non-Granular, WPS G: Waxy Potato 

Starch Granular, PTWPS G: Plasma Treated Waxy Potato Starch Granular, WPS NG: 

Waxy Potato Starch Non-Granular, PTWPS NG: Plasma Treated Waxy Potato Starch Non-

Granular.  
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4.6 Conclusions 

The effects of plasma treatment on the unit chain and internal chain profile were mostly 

negligible. The relative amount of short chains of waxy maize and rice (granular and non-

granular) starches was reduced, which resulted in slight increases in the long chains. 

Starches modified with plasma are beneficial in slowing down the release of glucose in the 

blood stream. This is because plasma enhanced the amount of slowly digestible starches 

and resistant starches in WPS G, WMS NG and WRS NG. FTIR-ATR data showed that 

plasma induced cross-linking of WMS NG, WRS G, WRS NG and WPS G. Thus, it 

appears that cross-linking of the amylopectin side chains, which results in the formation of 

ether linkages, is the major mechanism by which carbon dioxide- argon radio frequency 

plasma modified the waxy starches utilized in this study.  
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Chapter 5: Temperature of plasma-activated water and its effect on the thermal and 

chemical surface properties of cereal and tuber starches. 

5.1 Overview 

To investigate plasma-activated water (PAW) treatment effects on starch 

properties, high amylose and waxy starches from maize and potato were incubated with 

PAW at different temperatures (25°C, 60°C and 80°C). Starches incubated at 60°C 

increased (p < 0.05) the gelatinization parameters except the enthalpy of gelatinization of 

waxy potato starch. Starch swelling power significantly decreased while the water 

absorption capacity and solubility increased when incubated at 80°C. X-ray photoelectron 

spectroscopy (XPS) analysis showed the oxidation of C-C/C-H and C-O into carboxyl 

groups in waxy and high amylose maize starches incubated with PAW at 60°C and 80°C, 

respectively. Evidence of cross-linking was observed in waxy maize and high amylose 

potato incubated with PAW at 80°C and 25°C, respectively. Overall, the results indicated 

temperature is an important factor in the modification of cereals and tuber starches with 

PAW.  

 

Keywords: Plasma-activated water, temperature, XPS analysis, thermal properties, 

hydration properties 
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5.2 Introduction 

Starch is an important biopolymer utilized in diverse food applications due to its 

thickening, binding, gelling, stabilizing and encapsulating abilities (Bemiller, 1997). 

Native starches typically exist in granular form and are made up of a linear molecule 

(amylose) and a highly branched molecule (amylopectin). The former consists of α-(1,4) 

glycosidic bonds with 1% α-(1,6) branched points, while the latter has α-(1,4) glycosidic 

bonds interconnected through 5% α-(1,6) linkages (Hizukuri et al., 1981; Hizukuri et al., 

1983; Pérez & Bertoft, 2010). Normal starches typically contain 20-35% amylose and 65-

80% amylopectin. There are, however, high amylose and waxy starches  with  > 35% 

amylose and < 5% amylose, respectively (X. Wu et al., 2006). High amylose and waxy 

starches have unique abilities; High amylose starch is inherently resistant to digestion 

(RS2) and forms strong cohesive gels while the waxy starches have better paste clarity, 

forms soft sticky gels and are inherently non-resistant to digestion (Li et al., 2019). 

Resistant starch type 2 (RS2) refers to raw starch granules mostly B-type crystalline 

starches that are resistant to enzyme digestion (Li et al., 2019). 

Starch is modified to improve its functionality and stability for industrial processing 

due to its inert, insoluble, and retrogradation tendencies (Laovachirasuwan et al., 2010). 

Starch can be modified by chemical, enzymatic and physical means (Bemiller, 1997). 

Chemical methods are well known and give the highest efficiency; however, the drawback 

is in the high cost of chemicals and waste generation (Thirumdas, Kadam, et al., 2017a). 

Enzymatic methods can also be expensive and require extreme care to avoid contamination 

during modification (Park et al., 2017). The current trend is to explore eco-friendly physical 

methods of starch modification, and plasma-activated water (PAW) falls into this category 
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(Thirumdas et al., 2018). Plasma-activated water is a chemically reactive water obtained 

using atmospheric plasma devices to generate reactive species directly inside water, or 

above the surface of water over a period of time. Reactive oxygen and nitrogen species 

such as atomic oxygen, hydroxyl radicals,  ozone, hydrogen peroxide, nitric oxide, nitrates, 

nitrites, and peroxynitrites are generated in the gas-water interface when air is used as the 

discharge gas  (Lukes et al., 2014). The pH of plasma-activated water is low (acidic) while 

the oxidative-reductive potential and electrical conductivity are high as result of the 

reactive species generated in the gas-water interface. This makes PAW suitable for 

hindering microbial growth, enhancing seed germination, and in our case starch 

modification (Thirumdas et al., 2018). 

PAW is relatively easy to produce and less expensive compared to chemical and 

enzymatic methods of starch modification (Thirumdas et al., 2018). Hence it is necessary 

for scientists to fully explore this alternative method for modifying starches. To the best of 

our knowledge, there remains to date limited knowledge on the effect of PAW on high 

amylose and waxy cereal and tuber starches. Yan et al. (2020) utilized plasma-activated 

water and heat moisture treatment (PAW-HMT) to modify waxy and normal maize 

starches. They observed an increase in resistant starches and solubility and a decrease in 

swelling power of PAW-HMT modified starches. However, more research is still needed 

on the effect of PAW on starch properties since it has promising prospects in terms of 

modifying starches in an eco-friendly way. 

 In this study, we used the X-ray photo electron spectroscopy, Fourier transform 

infrared spectroscopy with attenuated total reflectance, and differential scanning 

calorimetry to determine the effects of PAW temperature on the properties of high amylose 
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and waxy cereal and tuber starches for the first time. This study is important in expanding 

our knowledge on how the temperature of PAW alters the surface chemistry, thermal, and 

functional properties of starches. It is hypothesized that increasing the temperature of PAW 

would significantly impact the characteristics of starches, and as such, PAW can be adopted 

as an alternative means of starch modification. 

5.3 Materials and methods 

5.3.1 Materials 

Waxy maize (AMIOCA) and potato (ELIANE 100) starches and high amylose 

maize (HYLON V) starch used for the experiment were obtained from Ingredion 

Incorporated (Bridgewater, NJ, USA). High amylose potato (44% amylose) was obtained 

from Andreas Blennow, Ph.D., Department of Plant and Environmental Sciences, 

University of Copenhagen, Denmark. The atmospheric pressure plasma jet (APPJ) 

operating at 120 V was obtained from Enercon Industries (Menomonee Falls, Wisconsin, 

USA). Chemicals used in this study were of analytical grade. 

5.3.2 Plasma-activated water production and starch modification 

5.3.2.1 Generating plasma-activated water 

Deionized water (200 mL) was treated with an APPJ for 30 min with constant 

stirring. Air at 80 pound-force per square inch (psi) was used as the discharge gas. This 

was repeated to obtain 4 L of plasma-activated water. The distance between the APPJ probe 

and the surface of the water was 10 cm. The pH, oxidative-reductive potential (ORP), and 

conductivity were measured using the SURE TEST® pH/EC/TDS/mV LAB METER 

(Greentrees Hydroponics, California, USA). PAW was used within a week to ensure its 

potency wouldn’t decline. The measured parameters are presented in Table 5-1. 
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5.3.2.2 Treatment of starches with plasma-activated water 

Approximately 1.5 g of starch was treated with plasma-activated water (100 mL) 

for 12 hours at three different temperatures (25°C, 60°C and 80°C). The starch slurries 

were constantly shaken at 200 rpm during treatment. The slurries were centrifuged at 2000 

g (10 min), after which the supernatant was carefully discarded. The pellets were washed 

with deionized water and centrifuged at 2000 g (10 min). This was repeated thrice after 

which the remaining pellet was reconstituted in water, frozen and lyophilized. The treated 

starches were kept in snap cap vials in a desiccator until further analysis. Native starches 

were used as control. 

5.3.3 Amylose content determination 

Determination of the amylose content in the high amylose potato starch was done 

based on methods described by Chrastil (1987). Starch samples (10 – 20 mg) were 

suspended in 85% methanol and incubated at 60°C for 30 min with occasional mixing to 

extract all lipids. The samples were centrifuged at 1500 rpm for 5 min after which the 

supernatant was discarded. The lipid extraction was repeated. Samples were solubilized for 

30 min at 100°C in 6 mL of urea-DMSO (0.6M urea in 90% DMSO). Subsequently, 0.1 

mL of the solubilized sample was transferred into 5 mL of 0.5% trichloroacetic acid in a 

separate test tube. The solutions were mixed, after which 0.05 mL of 0.01N I2-KI solution 

(1.27 g I2/L + 3 g KI/L) was added and vortexed immediately and left to stand at 25°C. The 

blue color formed was read at 620 nm after 30 min against water (blank). Hylon VII corn 

starch was used as our standard amylose sample. 

The amylose content was determined based on the formula 

A x 45.8 = mg of amylose per L in cuvette, (1) 
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where A is the absorbance of the sample. 

5.3.4 Fourier transform infrared spectroscopy-attenuated total reflectance (FTIR-

ATR) measurement of treated and untreated starches 

The FTIR-ATR measurements were done using a Nicolet iS50 FTIR (Thermo 

Fisher Scientific, MN, USA) equipped with a Deuterated Triglycine Sulfate Attenuated 

Total Reflection (DGTS ATR) detector by spreading a thin layer of starch onto the 

diamond crystal and applying pressure using the pressure tower. A total of 64 scans were 

recorded with a spectral resolution of 4 cm-1 within a spectral range of 4000 to 650 cm-1. 

The spectra were collected using the OMNIC software. All the samples were recorded 

against a background spectrum (which is a spectrum without a starch sample in place). The 

spectra were baseline corrected and normalized using the Min/Max method (Pu et al., 

2011), after which the intensities of the bands at 930 and 1150 cm-1 were computed using 

the OPUS 7.0 software (Bruker, Madison, WI, USA). 

5.3.5 Thermal analysis 

The Differential Scanning Calorimeter (DSC) from Mettler Toledo (Columbus,  

OH, USA) was used to measure the gelatinization onset, peak and conclusion temperature, 

as well as the enthalpy of gelatinization of the starches based on methods described by 

Okyere et al. (2019) with slight modifications. This was done by heating one part starch (4 

mg) in three parts (12 mg) deionized water in a hermetically sealed DSC pan from 25°C to 

120°C at a heating rate of 5°C/min. Starches were equilibrated to room temperature for 

approximately 30 min prior to testing. The starches were then tested against an empty pan 

used as a reference. The results were analyzed using the STARe thermal analysis software 

version 11.00. Samples were run in duplicate. 
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5.3.6 X-ray photoelectron spectroscopy analysis of treated and untreated starches 

The chemical surface analysis measurements were performed on a PHI 5000 Versa 

Probe III XPS system (ULVAC-PHI) (Chanhassen, MN, USA) using a monochromatic Al 

Ka X-ray source (1486.6 eV). The base pressure was 3.0 x 10-8 Pa. Starch samples were 

mounted on a piece of sticking tape on the sample holder. The sample was not conductive, 

and the charge neutralization was applied during the data collection. The measurements 

were conducted using an X-ray spot size of 0.1 x 0.1 mm2 with a power of 25 W under 15 

kV. The survey spectra were measured using 280 eV pass energy and 1.0 eV/step. The 

high-resolution spectra were collected using 55 eV pass energy and 0.1 eV/step. The atomic 

percentages were calculated from the survey spectra using the Multipak software provided 

with the XPS system. For the high-resolution data, the lowest binding energy C1s peak (C-

C and C-H) was set at 285.0 eV and used as the reference. The curve fitting used a 

combination of Gaussian/Lorentzian function with the Gaussian percentages being 80% or 

higher (Bie et al., 2016).    

5.3.7 Hydration properties of starch 

5.3.7.1 Swelling power and solubility 

The solubility and swelling power of the starch samples were determined using the 

method by X. Han et al., (2022), with some modifications. Blended suspensions with 5% 

starch samples were heated at 85 °C for 30 min and then centrifuged at 3000 g for 10 min. 

The precipitates were weighed, and the supernatants dried at 135 °C for 2 h. The solubility 

(%) and swelling power (g/g) were expressed using the following equations: 

!"#$%&#&'(	(%) = 	 !" × 100                                (2) 
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!12##&34	5"126	(4/4) = #
" × (1 − !)                (3) 

Where A is the residual starch mass of supernatant after drying; W is the weight of starch 

sample; B is the precipitate weight after centrifugation; S is the solubility of the sample. 

The experiments were run in duplicate. 

5.3.7.2 Water absorption capacity 

The water absorption capacity of the starch samples was determined using the 

method by X. Han et al., (2022) , with some modifications. Approximately 6% starch 

solution was prepared with the samples and distilled water, and vortexed for 5 min to mix 

the solution well. The solutions were then placed at ambient temperature (~ 22 °C) for 30 

min to allow sufficient absorption of water by the starch samples. Afterwards, the mixture 

was centrifuged at 3000 g for 10 min and the supernatant discarded. The precipitate was 

then weighed. The water absorption capacity was calculated using the following equation: 

9:'26	;%<"6='&"3	>:=:?&'(	(%) = $%"
" × 100                 (4) 

Where M is the weight of the precipitate; and W is the weight of the starch sample. The 

analysis was done in duplicate. 

5.3.8 Statistical analysis 

 All results were statistically analyzed by one-way ANOVA with Statgraphics 

Centurion XVI, version 16.1.0 (Stat Point, Warrenton, VA, U.S.A.). Duncan’s multiple 

range test was used to determine statistical significance between means at p < 0.05. 
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5.4 Results and Discussion 

5.4.1  Physicochemical properties of Plasma-activated water 

The pH, Oxidative-Reductive Potential (ORP), and electrical conductivity of 

Double Distilled Water (DDW) and PAW are presented in Table 5-1. The pH of DDW 

significantly decreased from 6.5 to 2.6 after 30 min of APPJ treatment. The use of air as 

the discharge gas in PAW generation results in the formation of reactive species such as 

hydroxyls (OH.), nitrate (NO3–), and nitrites (NO2–) at the gas-water interface (Lukes et al., 

2014). These species continue to undergo several reactions resulting in the formation of 

hydrogen peroxide (H2O2), nitric acid (HNO3), and peroxynitrous acid in PAW, which 

makes the water acidic (Oehmigen et al., 2010). The conductivity measures the flow of 

ions and electric currents in water (Thirumdas et al., 2018). We observed an increase (p < 

0.05) in the conductivity from 1.7 in DDW to 749 µS/cm in PAW which could be attributed 

to the generation of reactive oxygen species (ROS) and reactive nitrogen species (RNS) in 

PAW (Lukes et al., 2014). The ORP of PAW also increased significantly after treatment 

from 345.5 to 581 mV. The formation of ROS such as H2O2 accounts for the increase 

observed in ORP (Lukes et al., 2012).  

Table 5-1: pH, ORP, and electric conductivity of plasma-activated water 

Water pH Oxidative-Reductive Potential 

(ORP) (mV) 

Conductivity 

(µS/cm) 

DDW 6.5 ± 0.1b 345.5 ± 0.7a 1.7 ± 0.0a  

PAW 2.6 ± 0.1a 581.0 ± 2.8b 749.0 ± 1.4b  

DDW-Double Distilled Water, PAW-Plasma-Activated Water; Values are expressed as 

duplicate measurement of the mean ± standard deviation. The superscript on the means 

shows significant differences (p < 0.05) between the parameters measured for DDW and 

PAW 
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5.4.2 Thermal properties 

Treatment of starches with plasma-activated water at 60°C significantly increased 

the gelatinization parameters (To, Tp, Tc, and ∆H) of the starches except for ∆H in waxy 

potato starch (PAW-WPS 60°C) (Table 5-2). Incubating the starches in PAW at 25°C, 

significantly increased the To (67.3°C), Tp (71.4°C), Tc (76.3°C) and ∆H (11.0 J/g) in high 

amylose potato starch. Also, incubating waxy maize starch in plasma-activated water at 

25°C (PAW-WMS 25°C) increased (p < 0.05) the ∆H from 5.3 to 6.1 J/g. The higher 

gelatinization temperatures suggest that treating starches in PAW at 25°C (in the case of 

HAPS) and 60°C resulted in the reorganization of the double helices into a perfect 

crystalline structure (Vamadevan et al., 2013). In addition, plasma-activated water is rich 

in H+ ions which could induce the formation of additional hydrogen bonds between the 

double helices due to the close alignment of the strands and strengthen the crystal structure 

(Bogracheva et al., 2001). This alignment hinders plasticization during heating and 

increases the gelatinization temperatures (Vamadevan et al., 2013).  

The increases observed in ∆H indicate the presence of longer double helices formed 

by the organization of the unraveled ends of the external chains of the amylopectin (Qi et 

al., 2003). In the case of PAW-WPS 25°C and 60°C, the reactive species in plasma-

activated water possibly distorted the crystal structure and decreased the ∆H (Noda et al., 

2009). The temperature ranges (Tc-To) increased (p < 0.05) in the high amylose PAW 

starches incubated at 25°C and decreased (p < 0.05) in all starches incubated at 60°C, 

except for PAW-HAMS, in which it remained the same. The lower melting temperature 

ranges of the 60°C PAW starches suggest that increasing the temperature during PAW 

treatment of starches leads to the formation of homogenous amylopectin crystals that are 
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more stable (Ratnayake et al., 2001; Annor et al., 2014b). However, when the incubation 

temperature goes beyond the gelatinization temperatures of the starches, they become 

amorphous, as in the case of the PAW starches incubated at 80°C (Fig S1). We did not 

report on these gelatinization parameters since they were amorphized. Overall, the melting 

temperatures of the high amylose starches were higher than their respective waxy starches. 

This is because the gelatinization temperatures increase with increasing amylose content 

(Matveev et al., 2001). 

Table 5-2: Thermal properties of PAW treated and untreated starches 

Samples To (°C) Tp (°C) Tc (°C) Tc-To (°C) ∆H J/g 

 

WMS  65.1±0.4a 70.1±0.1a 76.5±0.2a 11.4±0.2b 5.3±0.1a 

PAW-WMS  25°C 64.3±0.4a 69.8±0.3a 75.9±0.3a 11.6±0.1b 6.1±0.1b 

PAW-WMS  60°C 

 

70.3±0.4b 73.3±0.4b 77.9±0.1b 7.7±0.4a 7.8±0.1c 

HAMS 69.3±0.1a 73.7±0.4a 81.2±0.1a 11.9±0.3a 1.8±0.1a 

PAW-HAMS  25°C 68.6±0.0a 73.9±0.3a 81.9±0.3a 13.3±0.3b 1.8±0.0a 

PAW-HAMS  60°C 72.2±0.4b 76.9±0.1b 84.1± 0.4b 11.9±0.0a 4.0±0.0b 

      

WPS 63.3±0.0a 67.9±0.0a 72.6±0.0a 9.3±0.0b 12.5±0.0b 

PAW-WPS  25°C 63.2±0.0a 67.8±0.1a 72.6±0.2a 9.4±0.2b 11.9±0.0a 

PAW-WPS  60°C 70.0±0.4b 73.3±0.4b 77.1±0.3b 7.1±0.1a 11.9±0.2a 

      

HAPS 66.7±0.1a 70.7±0.1a 75.1±0.1a 8.3±0.0b 10.4±0.0a 

PAW-HAPS  25°C 67.3±0.0b 71.4±0.0b 76.3±0.0b 9.0±0.1c 11.0±0.0b 

PAW-HAPS  60°C 74.8±0.2c 77.3±0.2c 80.8±0.3c 6.0±0.1a 13.7±0.0c 
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a Values are expressed as duplicate measurement of the mean ± standard deviation. Means with different 

superscript letters shows significant differences (p < 0.05) between treated and untreated starches of the same 

type; The different incubation temperatures for the starches are attached to the sample name.  

WMS: Waxy Maize Starch, PAW-WMS 25°C : Plasma-Activated Water Waxy Maize Starch 25°C, PAW-

WMS 60°C: Plasma-Activated Water Waxy Maize Starch 60°C, HAMS: High Amylose Maize Starch, PAW-

HAMS 25°C: Plasma-Activated Water High Amylose Maize Starch 25°C, PAW-HAMS 60°C: Plasma-

Activated Water High Amylose Maize Starch 60°C, WPS: Waxy Potato Starch, PAW-WPS 25°C: Plasma-

Activated Water Waxy Potato Starch 25°C, PAW-WPS 60°C: Plasma-Activated Water Waxy Potato Starch 

60°C , HAPS: High Amylose Potato Starch, PAW-HAPS 25°C: Plasma-Activated Water High Amylose 

Potato Starch 25°C , PAW-HAPS 60°C: Plasma-Activated Water High Amylose Potato Starch 60°C 

 To: onset temperature, Tp: peak temperature, Tc: conclusion temperature, ΔH: enthalpy of gelatinization, Tc-

To: (conclusion temperature – onset temperature) Gelatinization temperature range  

 

5.4.3 Swelling power and solubility 

When compared to the control starches, a significant reduction in the swelling 

power (SP) of the starches was observed when treated with PAW irrespective of the 

temperature except for high amylose maize (Figure 5-1). Within the samples treated with 

PAW at different temperatures, the SP of HAMS and WPS were statistically similar when 

incubated at 25°C and 60°C but decreased (p < 0.05) at 80°C. In the case of WMS, 

reductions in SP were observed even at 60°C. HAPS was unique in the sense that increases 

in SP was observed with increases in the temperature of PAW and it is unclear why this 

was observed. The reductions observed in the swelling power suggest that the reactive 

species present in PAW induced the oxidation of lipids in the high amylose maize starch 

(Sarangapani et al., 2017). Thus, these lipids could form complexes with the starches, 

which would inhibit the swelling ability of the starches (Tester & Morrison, 1990; Eliasson 

& Ljunger, 1988). In the case of the other starches, PAW could induce the acid hydrolysis 

of the amorphous and crystalline structures decreasing their ability to bind water and swell 

(Yan et al., 2020). 
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 The solubility of waxy maize and waxy potato starches incubated at 25°C (7.2%, 

22.8%) and 60°C (42.0%, 29.1%), respectively, was higher than their untreated starches 

(Figure 5-2.). PAW-WMS and PAW-WPS incubated at 80°C possessed, however, 

considerably higher solubilities than after treatment at 25 or 60°C. This could be attributed 

to PAW and temperature damaging the double helical structure in amylopectin leading to 

more amylopectin leaching out and solubilizing (Y. Yan et al., 2020). In the case of the 

high amylose starches, we only observed a significant increase in the PAW starches 

incubated at 80°C. The high temperature combined with PAW could have facilitated the 

acid hydrolysis of the amorphous regions causing amylose to leach out and solubilize (Yan 

et al., 2020).  

 

 

 

Figure 5-1: Swelling power of PAW treated and untreated starches 
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Lowercase letters show significant differences (p < 0.05) between treated and untreated 
starches of the same type; Control = untreated starches, 25°C = Plasma-activated water 
starch incubated at 25°C, 60°C = Plasma-activated water starch incubated at 60°C, 80°C = 
Plasma-activated water starch incubated at 80°C 

 

 

Figure 5-2: Solubility of PAW treated and untreated starches 

Lowercase letters show significant differences (p < 0.05) between treated and untreated 
starches of the same type; Control = untreated starches, 25°C = Plasma-activated water 
starch incubated at 25°C, 60°C = Plasma-activated water starch incubated at 60°C, 80°C = 
Plasma-activated water starch incubated at 80°C 
 

5.4.4 Water absorption capacity 

There were no significant increases in the water absorption capacity (WAC) of the 

PAW starches incubated at 25°C compared to the control samples (Figure 5-3) except for 

high amylose potato (97.5%). This exception suggests that PAW induced a reorganization 

of the double helices, and thereby enabled the starch to absorb more water. This 

phenomenon could be explained by the backbone model of amylopectin, which suggests 

flexibility for rearrangement of the double helices (Bertoft, 2017). Similarly, significant 
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increases were observed in PAW-WPS (129.2%), and PAW-HAPS (114.2%) incubated at 

60°C, whereas the maize starches were unaffected. However, all plasma-activated water 

starches incubated at 80°C possessed very high increase in WAC. At 80°C, the starches 

were completely gelatinized and damaged (Jane et al., 1999). Thus, they had completely 

lost their granule structure and crystallinity and can absorb more water compared to the 

control and PAW starches incubated at 25°C (Tester & Morrison, 1990). Incubation at 

60°C also disrupts the crystalline sites and leads to the absorption of more water (Tester & 

Morrison, 1990; Pinkrová et al., 2011).  

Correlations were performed to determine the relationships between the hydration 

properties of starches. Swelling power was negatively correlated with solubility (r = -0.72, 

p = 0.002), and water absorption capacity (r = -0.56, p = 0.03). Water absorption capacity 

was positively correlated with solubility (r = 0.72, p = 0.002). These correlations suggest 

that PAW treatment of starches at different temperatures enhanced the ability of these 

starches to hold water without necessarily swelling. On the other hand, starches modified 

with PAW at different temperatures would dissolve in solution relatively easily. 
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Figure 5-3: Water Absorption Capacity of PAW treated and untreated starches 

Lowercase letters show significant differences (p < 0.05) between treated and untreated 
starches of the same type; Control = untreated starches, 25°C = Plasma-activated water 
starch incubated at 25°C, 60°C = Plasma-activated water starch incubated at 60°C, 80°C 
= Plasma-activated water starch incubated at 80°C. 
 

 

5.4.5 Fourier transform infrared spectroscopy-attenuated total reflectance (FTIR-

ATR) measurement of treated and untreated starches 

The infrared spectra of the treated and untreated starches are shown in Figure 5-4. 

All the starches were characterized by bands at 765 cm−1 (C-C stretching), 860-866 cm−1 

(C(1)-H, CH2 deformation),  930-961 cm−1 (C-O-C skeletal mode of glycosidic linkage), 

1018-1094 cm−1 (C-O-H bending), 1149-1162 cm−1 (C-O-C asymmetric stretching of the 

glycosidic bond), 1344-1348 cm−1 (C-O-H bending, CH2 twisting), and 1415-1429 cm−1 

(CH2 bending, C-O-O stretch) (Kizil et al., 2002; Deeyai et al., 2013; Abdullah et al., 2018; 

Pozo et al., 2018). The band at 1640-1670 cm−1 shows the water adsorbed in the amorphous 
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part of starch, while the bands at 2900-3000 cm-1 and 3000-3600 cm-1 correspond to the 

CH, CH2 stretching region and O-H stretching region, respectively (Kizil et al., 2002; 

Deeyai et al., 2013; Abdullah et al., 2018; Pozo et al., 2018). The absorption bands of the 

treated and untreated starches were mostly overlapping. However, we observed a distinct 

reduction in peak height of the O-H stretching region compared to the controls in both 

potato starches (PAW-HAPS and PAW-WPS) treated at 80°C and in PAW-HAMS at all 

temperatures. This suggests that treatment of starches in plasma-activated water at different 

temperatures did not induce the formation of any new hydroxyl functional groups 

(Thirumdas et al., 2017).  

We also observed a slight increase in the peak height of the O-H stretching region 

in PAW-WMS 60°C and PAW-WMS 80°C, indicating the incorporation of new hydroxyl 

functional groups. We also observed distinct increases in the peak height of the C-OH 

bending region, CH2 twisting region, CH2 bending, C-O-O stretch, and CH, CH2 stretching 

region in PAW-HAPS 80°C. Although there was an elevation in the peak height of C-O-C 

skeletal mode of glycosidic linkage in PAW-HAPS 80°C, this does not suggest the 

occurrence of cross-linking since there was no corresponding increase in the relative 

intensity (Table 3). However, treatment of starches with plasma-activated water at different 

temperatures induced the formation of cross-linking via ether linkages in PAW-WMS  

80°C and PAW-HAPS  25°C (Zou, Liu, & Eliasson, 2004; Okyere et al., 2019). 
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Figure 5-4: FTIR-ATR spectra of PAW treated and untreated starches 

HAPS = High Amylose Potato Starches, HAMS = High Amylose Maize Starches, WMS 
= Waxy Maize Starches and WPS = Waxy Potato starches. In all the graphs, Control = 



123 

 

untreated Starches, 25°C = Plasma-activated water starch incubated at 25°C, 60°C = 
Plasma-activated water starch incubated at 60°C, 80°C = Plasma-activated water starch 
incubated at 80°C. 
a = C-C stretching, b = C (1)-H, CH2 deformation, c = C-O-C skeletal mode of glycosidic 
linkage, d = C-O-H bending, e =  C-O-C asymmetric stretching of the glycosidic bond, f = 
C-O-H bending, CH2 twisting, g = CH2 bending, C-O-O stretch,  h = water adsorbed in the 
amorphous part of starch, i = CH, CH2 stretching region, and h = O-H stretching region. 
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Table 5-3: Relative Intensities of C-O-C Glycosidic Linkages after FTIR-ATR Analysis 

 
Sample 

Relative Intensities of C-O-C Glycosidic Linkages 
930cm-1  1150cm-1  

WMS  0.140 0.321 
PAW-WMS  25°C 0.137                0.305 
PAW-WMS  60°C 
PAW-WMS  80°C 

 

0.119 
0.141 

               0.327 
               0.343 

HAMS 0.139 0.390 
PAW-HAMS  25°C 
PAW-HAMS  60°C 
PAW-HAMS  80°C 

 

0.125 
0.128 
0.108 

0.373 
0.360 
0.320 

WPS 0.139 0.365 
PAW-WPS  25°C 
PAW-WPS  60°C 
PAW-WPS  80°C 

 

0.137 
0.107 
0.151 

0.337 
0.354 
0.348 

         HAPS 0.142 0.354 
PAW-HAPS  25°C 0.144 0.361 
PAW-HAPS  60°C 
PAW-HAPS  80°C 

0.139 
0.108 

0.359 
0.313 

The different incubation temperatures for the starches are attached to the sample name.  

WMS: Waxy Maize Starch, PAW-WMS 25°C : Plasma-Activated Water Waxy Maize Starch 25°C, PAW-

WMS 60°C: Plasma-Activated Water Waxy Maize Starch 60°C, PAW-WMS 80°C: Plasma-Activated Water 

Waxy Maize Starch 80°C, HAMS: High Amylose Maize Starch, PAW-HAMS 25°C : Plasma-Activated 

Water High Amylose Maize Starch 25°C, PAW-HAMS 60°C: Plasma-Activated Water High Amylose Maize 

Starch 60°C, PAW-HAMS 80°C: Plasma-Activated Water High Amylose Maize Starch 80°C, WPS: Waxy 

Potato Starch, PAW-WPS 25°C: Plasma-Activated Water Waxy Potato Starch 25°C, PAW-WPS 60°C: 

Plasma-Activated Water Waxy Potato Starch 60°C, PAW-WPS 80°C: Plasma-Activated Water Waxy Potato 

Starch 80°C, HAPS: High Amylose Potato Starch, PAW-HAPS 25°C: Plasma-Activated Water High 

Amylose Potato Starch 25°C, PAW-HAPS 60°C: Plasma-Activated Water High Amylose Potato Starch 

60°C, PAW-HAPS 80°C: Plasma-Activated Water High Amylose Potato Starch 80°C 
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5.4.6 X-ray photoelectron spectroscopy analysis of treated and untreated starches 

The major elements present in the starches were carbon and oxygen as shown by 

the XPS survey scan (Table 5-4) (Figure D1). Minute quantities of nitrogen were detected 

in PAW-WMS 25°C, PAW-WMS 60°C, HAMS, PAW-HAMS 60°C, HAPS, PAW-HAPS 

25°C, and PAW-HAPS 60°C, which indicates the presence of protein residues on the starch 

granule surface (Russell et al., 1987; Saad et al., 2011). Also, it could be an indication of 

plasma-activated water inducing the formation of reactive nitrogen species on the granule 

surface in the case of PAW-WMS 25°C and PAW-WMS 60°C since we did not detect any 

nitrogen in the untreated WMS (Thirumdas et al., 2018). Trace quantities of silicon (Si2p) 

was also detected on the surface of PAW-WMS 80°C, PAW-WPS 60°C, PAW-HAPS 

25°C, PAW-HAPS 60°C, and PAW-HAPS 80°C, which was due to contamination from 

the air (Russell et al., 1987; Saad et al., 2011). Starch has a theoretical O/C ratio of 0.83 

based on the formula (C6H10O5)n (Russell et al., 1987; Angellier et al., 2005). From our 

study, the experimental O/C ratio calculated using the sum of peak areas due to O-C-O 

(287.8) and C-O (286.5) as a measure of carbon content ranged from 0.66-0.90 in both 

treated and untreated starches. Except for WMS, all the experimental O/C ratio were either 

lower or higher than theoretical O/C ratio and thus indicates the presence of other surface 

components besides glucose polymers on the starch (Russell et al., 1987). These 

components could either be lipids or protein residues (Saad et al., 2011). 

The C1s core level spectrum was curve fitted to obtain four component peaks at 285 

(C1), 286.5 (C2), 287.8 (C3), and 289.1 eV (C4) (Table 5-5)(Figure E1). The peak at 285 

eV is characteristic of a carbon bonded to a carbon and/or a hydrogen atom. The peak at 

286.5eV denotes carbon singly bonded to an oxygen atom, while the peak at 287.8eV 
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denotes carbon atoms bonded to two non-carbonyl oxygen atoms or to a single carbonyl 

oxygen atom. The final peak at 289.1eV is characteristic of carbon atoms bonded to a single 

oxygen atom and to a carbonyl oxygen (Russell et al., 1987; Angellier et al., 2005; Saad et 

al., 2011).  The peaks observed at C-C/C-H and O-C=O further confirms the presence of 

lipids on the starch surface (Angellier et al., 2005; Wei et al., 2014). Treatment of starches 

in plasma-activated water at different temperatures successfully decreased the content of 

C1, C2 (except in PAW-HAMS  60°C), while increasing the content of C4 in PAW-WMS  

60°C, PAW-WMS 80°C, PAW-HAMS 60°C and PAW-HAMS 80°C. This indicates that 

these structures were disrupted during heat treatment and oxidized by the reactive species 

in PAW into carboxyl groups (Bie et al., 2016). Contrarily,  we observed increases in the 

content of C1, C2, and C3 in PAW-WMS 25°C (except C3), PAW-HAMS 25°C (except 

C2 and C3), PAW-WPS 25°C (except C2 and C3), PAW-WPS 60°C (C2 and C3), PAW-

WPS 80°C (except C1), as well as PAW-HAPS  25°C, 60°C, and 80°C, which suggests 

some level of polymerization taking place in these starches (Zhu, 2017). Overall, the XPS 

data show that PAW treatment of starches at different temperatures successfully altered the 

surface molecular structure of these starches. 
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Table 5-4: Elemental surface composition (atomic %) and oxygen to carbon ratio of 
treated and untreated starches measured by XPS 

Samples O1s (%) C1s (%) O1s/C1s N1s (%) Si2p (%) 

WMS 45.5 54.5 0.83 - - 

PAW-WMS  25°C 46.0 54.0 0.85 < 0.1 - 

PAW-WMS  60°C 43.9 55.1 0.80 1.0 - 

PAW-WMS  80°C 46.7 52.5 0.89 - 0.8 

      

HAMS 41.5 57.8 0.72 0.6 - 

PAW-HAMS  

25°C 

42.2 57.8 

0.73 

- - 

PAW-HAMS  

60°C 

43.1 55.3 

0.78 

1.5 - 

PAW-HAMS  

80°C 

46.6 53.4 

0.87 

- - 

      

WPS 45.0 55.0 0.82 - - 

PAW-WPS  25°C 44.5 55.5 0.80 - - 

PAW-WPS  60°C 44.4 55.1 0.81 - 0.4 

PAW-WPS  80°C 45.2 54.8 0.82 - - 

      

HAPS 37.6 57.4 0.66 5.0 - 

PAW-HAPS  25°C 40.7 56.2 0.72 3.1 - 

PAW-HAPS  60°C 39.7 56.8 0.70 3.1 0.4 

PAW-HAPS  80°C 47.1 52.4 0.90 - 0.4 
*The subscript on the elements denotes the orbital from which the electrons are displaced. 

The different incubation temperatures for the starches are attached to the sample name. 

WMS: Waxy Maize Starch, PAW-WMS 25°C : Plasma-Activated Water Waxy Maize Starch 25°C, PAW-

WMS 60°C: Plasma-Activated Water Waxy Maize Starch 60°C, PAW-WMS 80°C: Plasma-Activated Water 

Waxy Maize Starch 80°C, HAMS: High Amylose Maize Starch, PAW-HAMS 25°C : Plasma-Activated 

Water High Amylose Maize Starch 25°C, PAW-HAMS 60°C: Plasma-Activated Water High Amylose Maize 

Starch 60°C, PAW-HAMS 80°C: Plasma-Activated Water High Amylose Maize Starch 80°C, WPS: Waxy 
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Potato Starch, PAW-WPS 25°C: Plasma-Activated Water Waxy Potato Starch 25°C, PAW-WPS 60°C: 

Plasma-Activated Water Waxy Potato Starch 60°C, PAW-WPS 80°C: Plasma-Activated Water Waxy Potato 

Starch 80°C, HAPS: High Amylose Potato Starch, PAW-HAPS 25°C: Plasma-Activated Water High 

Amylose Potato Starch 25°C, PAW-HAPS 60°C: Plasma-Activated Water High Amylose Potato Starch 

60°C, PAW-HAPS 80°C: Plasma-Activated Water High Amylose Potato Starch 80°C 

 

Table 5-5: Surface functional group composition obtained from curve fitting C1s XPS 
spectra of treated and untreated starches 

Samples C1 (%) 

C-C/C-H 

C2 (%) 

C-O 

C3 (%) 

O-C-O/C=O 

C4 (%) 

O-C=O- 

Binding Energies 

(eV) 

285.0±0.3 286.5±0.3 287.8±0.3 289.1±0.3 

WMS 17.7 52.7 22.2 7.5 

PAW-WMS  25°C 19.1 56.5 19.7 4.7 

PAW-WMS  60°C 16.7 51.1 23.0 9.2 

PAW-WMS  80°C 7.9 31.3 41.5 19.3 

     

HAMS 20.5 53.3 19.5 6.8 

PAW-HAMS  25°C 14.9 49.1 29.3 6.8 

PAW-HAMS  60°C 12.1 53.8 25.3 8.9 

PAW-HAMS  80°C 9.9 34.6 39.3 16.3 

     

WPS 14.9 53.6 23.7 7.8 

PAW-WPS  25°C 17.8 53.3 22.5 6.4 

PAW-WPS  60°C 27.5 46.5 20.6 5.5 

PAW-WPS  80°C 12.1 56.5 27.2 4.3 

     

HAPS 6.8 17.2 18.0 58.0 

PAW-HAPS  25°C 17.2 45.5 26.6 10.8 

PAW-HAPS  60°C 19.2 44.5 27.0 9.3 

PAW-HAPS  80°C 14.2 56.7 22.8 6.3 
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*The subscript on the elements denotes the orbital from which the electrons are displaced. The binding energy 

for the C1s spectra is expressed as the mean ± standard deviation for each sample. 

The different incubation temperatures for the starches are attached to the sample name. 

WMS: Waxy Maize Starch, PAW-WMS 25°C : Plasma-Activated Water Waxy Maize Starch 25°C, PAW-

WMS 60°C: Plasma-Activated Water Waxy Maize Starch 60°C, PAW-WMS 80°C: Plasma-Activated Water 

Waxy Maize Starch 80°C, HAMS: High Amylose Maize Starch, PAW-HAMS 25°C : Plasma-Activated 

Water High Amylose Maize Starch 25°C, PAW-HAMS 60°C: Plasma-Activated Water High Amylose Maize 

Starch 60°C, PAW-HAMS 80°C: Plasma-Activated Water High Amylose Maize Starch 80°C, WPS: Waxy 

Potato Starch, PAW-WPS 25°C: Plasma-Activated Water Waxy Potato Starch 25°C, PAW-WPS 60°C: 

Plasma-Activated Water Waxy Potato Starch 60°C, PAW-WPS 80°C: Plasma-Activated Water Waxy Potato 

Starch 80°C, HAPS: High Amylose Potato Starch, PAW-HAPS 25°C: Plasma-Activated Water High 

Amylose Potato Starch 25°C, PAW-HAPS 60°C: Plasma-Activated Water High Amylose Potato Starch 

60°C, PAW-HAPS 80°C: Plasma-Activated Water High Amylose Potato Starch 80°C 

 

5.5 Conclusion 

Incubation of the starches at 60°C during plasma-activated water treatment 

increases the gelatinization parameters and induces the formation of stable amylopectin 

crystals. Plasma-activated water treatment at 80°C is effective in increasing the water 

absorption capacity and solubility, while decreasing the swelling power of cereal and tuber 

waxy and high amylose starches. FTIR-ATR data showed the occurrence of cross-linking 

in plasma-activated water waxy maize and high amylose potato starches incubated at 80°C 

and 25°C respectively. Chemical surface analysis showed carbon and oxygen as the 

dominant elements in the starches with trace quantities of nitrogen and silicon in some 

cases. Plasma-activated water and incubation of the starches at ≥ 60°C induced the 

oxidation of C-C/C-H and C-O in carboxyl groups. Overall, incubation of the starches at 

60°C and 80°C during plasma-activated water treatment was more effective in altering the 

thermal and hydration properties, as well as the chemical surface of the starches. 
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Chapter 6: Conclusions and recommendations 

To investigate the effects of radio frequency cold plasma (RF) and plasma-activated 

water (PAW) on starch properties, this three-part study treated waxy and high amylose 

cereal and tuber starches with RF and PAW. For the first study, waxy maize, rice and potato 

starches were modified with a carbon dioxide-argon radio frequency cold plasma at 0 and 

120 W of power. At 0 W of power the starches were treated with gases in the RF plasma 

chamber with no RF plasma power to determine the effect of just the gases on starch 

properties.  Treatment of starches with cold plasma or gas did not affect the ability of the 

starches to form inclusion complexes with iodine. The λmax and peak values of waxy potato 

increased (p<0.05) after plasma treatment suggesting the ability of RF plasma to remove 

some amylopectin branches and cause longer internal chain segments to react with iodine. 

Slight increases were observed in the internal chain length of waxy potato which confirms 

the above-mentioned statement. Plasma or gas treatment did not induce the formation of 

any new fissures or cavities in the starches as show by SEM data. Light optical microscopy 

images displayed characteristic angular shapes for maize and rice, and a characteristic oval 

shape for potato in both treated and untreated starches. Decreases (p<0.05) were observed 

in the crystallinity of waxy potato after plasma and gas treatment but not in rice and maize. 

Thus, the B-type crystalline starches are more susceptible to degradation than the A-type 

crystal starches. This is possibly because they hold more water molecules in their unit cells 

which could breakdown and react with the plasma reactive species and cause decreases in 

crystallinity. The enthalpy of gelatinization was higher after treatment indicating the 

presence of longer double helices in these starches. The breakdown values were much 

lower in maize and rice after plasma treatment indicating the stability of these starch pastes. 
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Lower setback and final viscosities also showed the ability of plasma to reduce the onset 

of retrogradation in waxy maize, rice, and potato. Solid state 13C NMR analysis showed 

the formation of V-type single helices in maize and rice suggesting the formation of starch-

lipid complexes. Plasma or gas treatment induced damages in the starch structure. Also, 

starches were more resistant to digestion after plasma or gas treatment. 

In the second study, granular or non-granular waxy maize, rice and potato starches 

were treated with a carbon dioxide-argon radio frequency cold plasma at 120 W of power. 

Plasma treatment induced slight decreases in the carbohydrate concentration at the peak 

DP of the short chains at DP ≥ 12 in granular and non-granular waxy maize and rice. 

Subsequent increases were observed in the carbohydrate concentration of the long chains 

from DP ≥ 62 in granular and non-granular waxy rice and maize. Slight increases were 

observed in the internal chain length of granular waxy potato and rice after plasma 

treatment. In vitro digestion studies showed an increase (p < 0.05) in the amount of rapidly 

digestible starches in granular waxy maize. The amount of slowly digestible starches 

increased (p < 0.05) in non-granular waxy maize and rice starch. The content of resistant 

starches was much higher after plasma treatment in non-granular waxy maize and granular 

waxy potato after plasma treatment. In general, the ratio of SDS:TDS was much higher 

after plasma treatment showing that carbon dioxide-argon radio frequency cold plasma was 

successful in slowing down the rate of starch digestion. FTIR-ATR data confirmed the 

occurrence of cross-linking in non-granular waxy maize and rice, and in granular waxy rice 

and potato starch after plasma treatment. These cross-linked networks would stabilize the 

starch and afford starch the ability to withstand high temperature and pressure treatments. 
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Also, FTIR-ATR data confirmed the ability of plasma to incorporate hydroxyl functional 

groups in non-granular waxy maize and rice, and granular waxy rice.  

Plasma-activated water (PAW) at different temperatures (25°C, 60°C, 80°C) was 

used to modify high amylose maize, high amylose potato, waxy maize and waxy potato. 

Plasma-activated water at 60°C significantly increased the gelatinization parameters (To, 

Tp, Tc, and ∆H) of all the starches except for waxy potato in which we observed a decrease 

in ∆H. The swelling power of all the starches reduced after treatment with PAW at different 

temperatures. However, marked increases were observed in the water absorption capacities 

and solubility. XPS analysis showed carbon and oxygen as the dominant elements in both 

treated and untreated starches with trace quantities of nitrogen or silicon in some of the 

starches. In addition, plasma-activated water at ≥ 60°C induced the oxidation of C-C/C-H 

and C-O into carboxyl groups in the starches. FTIR-ATR data showed the occurrence of 

cross-linking in waxy maize and high amylose potato starches treated with PAW at 80°C 

and 25°C respectively. 

Overall, carbon dioxide-argon radio frequency cold plasma significantly altered 

most of the starch properties studied. This makes RF an environmentally friendly 

alternative for starch modification. Similar conclusions can be made for PAW. The changes 

observed however did not occur at the molecular level of the starches. It would be 

interesting for future studies to explore an in-depth comparative study on the different cold 

plasma setups or types and their effect on the various botanical starches. This would help 

in identifying which cold plasma type is best suited for modifying a particular botanical 

starch. In addition, a detailed study on the toxicity of starches modified with carbon 

dioxide-argon radio frequency cold plasma and plasma-activated water would help in the 
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adoption of these starches in food use. A consumer research study on foods in which cold 

plasma modified starches have been used can help in determining the acceptability of cold 

plasma modified starches.  
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Appendices 

Appendix A: Solid-state 13C Nuclear Magnetic Resonance (NMR) Spectra of radio 

frequency plasma treated and untreated starches 

 

Plasma treated waxy rice NMR spectrum 

 

Gas treated waxy rice NMR spectrum 
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Waxy rice NMR spectrum 

 

 

Plasma treated waxy maize NMR spectrum 
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Gas treated waxy maize NMR spectrum 

 

Waxy maize NMR spectrum 
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Plasma treated waxy potato NMR spectrum 

 

 

Gas treated waxy potato NMR spectrum 
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Waxy potato NMR spectrum 

Figure A1: Supplementary data showing the NMR Spectra of starches 
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Appendix B: Unit and internal chain data of radio of radio frequency plasma treated and untreated starches 

Table B1 Average chain lengths (CLs) of different chain categories and the β-Limit values of waxy maize, rice and potato starch 

Sample CLa SCLa LCLa ECLa ICLa TICLa b-limit valuea CLLD a 

WMS G 18.8±0.2 15.7±0.0 52.9±0.7 12.4±0.2 5.4±0.0 14.5±0.1 55.4±0.4 8.4±0.0 

PTWMS G 18.9±0.1 15.8±0.1 52.0±0.0 12.4±0.1 5.5±0.0 14.6±0.1 55.2±0.1 8.7±0.0 

         

WMS NG 18.2±0.0 15.7±0.0 50.4±0.1 12.1±0.1 5.1±0.1 14.1±0.1 55.4±0.5 8.1±0.1 

PTWMS NG 

 

18.7±0.3 15.8±0.1 52.2±1.3 12.4±0.3 5.3±0.1 14.0±0.0 55.8±0.5 8.3±0.1 

WRS G 17.4±0.0 14.8±0.0 50.9±0.6 11.6±0.1 4.8±0.1 14.1±0.0 55.1±0.5 7.8±0.1 

PTWRS G 17.5±0.0 14.8±0.0  51.4±0.2 11.6±0.2 4.9±0.2 14.2±0.2 54.9±1.1 7.9±0.2 

         

WRS NG 17.0±0.0 14.7±0.0 49.4±0.1 11.3±0.5 4.7±0.4 13.8±0.1 54.5±2.7 7.7±0.4 

PTWRS NG 

 

17.7±0.0 14.9±0.0 51.5±0.1 12.1±0.1 4.6±0.1 13.8±0.1 57.0±0.4 7.6±0.1 

WPS G 21.0±0.1 15.7±0.0 56.2±0.2 13.3±0.0 6.7±0.1 19.6±0.1 53.7±0.2 9.7±0.1 

PTWPS G 20.9±0.1 15.7±0.0 56.1±0.2 13.0±0.1 6.9±0.1 19.7±0.1 52.8±0.5 9.9±0.1 

         

WPS NG 20.8±0.1 15.7±0.0 56.2±0.1 14.0±0.1 5.9±0.1 18.6±0.1 57.5±0.6 8.9±0.1 

PTWPS NG 20.8±0.0 15.7±0.0 56.0±0.0 13.8±0.2 6.0±0.2 19.0±0.1 56.9±0.9 9.0±0.2 
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The subscript (a) on the title of each column shows no significant differences (p-value < 0.05) between treated and untreated granular 
and non-granular waxy starches of the same botanical type and form; WMS G: Waxy Maize Starch Granular, PTWMS G: Plasma 
Treated Waxy Maize Starch Granular, WMS NG: Waxy Maize Starch Non-Granular, PTWMS NG: Plasma Treated Waxy Maize Starch 
Non-Granular, WRS G: Waxy Rice Starch Granular, PTWRS G: Plasma Treated Waxy Rice Starch Granular, WRS NG: Waxy Rice 
Starch Non-Granular, PTWRS NG: Plasma Treated Waxy Rice Starch Non-Granular; WPS G: Waxy Potato Starch Granular, PTWPS 
G: Plasma Treated Waxy Potato Starch Granular, WPS NG: Waxy Potato Starch Non-Granular, PTWPS NG: Plasma Treated Waxy 
Potato Starch Non-Granular. 
a CL=chain length; SCL = CL of short chains; LCL = CL of long chains; ECL (external CL) = CL × (β -limit value/100) + 2; ICL 
(internal CL) = CL – ECL – 1; TICL (total internal CL) = B-CLLD – 1 (B-CLLD=CLLD of B-chains); β-limit value was calculated from 
the difference in CL of amylopectin and its β-limit dextrin; CLLD = average CL of β-limit dextrin
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Table B2 Relative molar amounts (%) of chain categories in waxy maize, rice and potato starches 
Sample A-

chainsp a 

Afpq a Acrystalr a B-chainss a BS a BL a Bfpu a BSmajorv a B2w a B3x a 

WMS G 54.8±0.2 7.1±0.0 47.7±0.2 45.3±0.2 38.3±0.2 7.0±0.0 13.7±0.1 24.6±0.1 5.6±0.0 1.4±0.0 

PTWMS G 54.3±0.0 7.1±0.0 47.2±0.0 45.8±0.0 38.7±0.0 7.0±0.0 13.8±0.0 24.9±0.0 5.7±0.0 1.4±0.0 

           

WMS NG 55.4±1.9 7.1±0.0 48.3±1.9 44.6±1.9 37.7±1.7 6.9±0.2 13.9±0.8 23.8±0.9 5.7±0.1 1.2±0.0 

PTWMS NG 53.9±0.8 7.1±0.0 46.8±0.8 46.0±0.8 39.1±0.7 6.9±0.1 14.4±0.2 24.8±0.5 5.8±0.1 1.2±0.0 

           

WRS G 57.6±0.7 7.3±0.0 50.3±0.7 42.4±0.7 35.2±0.6 7.3±0.1 13.7±0.2 21.4±0.4 6.3±0.1 1.2±0.0 

PTWRS G 57.5±0.6 7.3±0.0 50.2±0.6 42.5±0.6 35.1±0.3 7.3±0.2 13.7±0.1 21.5±0.3 6.2±0.1 1.2±0.1 

           

WRS NG 57.4±3.9 7.4±0.0 50.1±3.9 42.6±3.9 35.6±3.3 7.0±0.6 14.4±1.3 21.2±1.9 5.9±0.6 1.1±0.1 

PTWRS NG 58.6±0.3 7.4±0.0 51.2±0.3 41.5±0.3 34.6±0.2 6.9±0.1 13.7±0.1 20.9±0.3 5.8±0.0 1.0±0.0 

           

WPS G 60.1±0.1 6.9±0.0 53.2±0.1 39.9±0.1 26.9±0.0 13.1±0.1 9.3±0.1 17.6±0.0 10.1±0.1 3.0±0.1 

PTWPS G 60.0±0.2 6.9±0.0 52.7±0.2 40.4±0.2 27.7±0.1 12.8±0.1 9.5±0.0 18.2±0.1 9.7±0.1 3.1±0.0 

           

WPS NG 62.9±0.3 6.8±0.0 56.1±0.3 37.1±0.3 26.4±0.1 10.7±0.2 9.1±0.0 17.3±0.1 8.3±0.1 2.4±0.1 

PTWPS NG 63.2±0.7 6.8±0.0 56.3±0.7 36.9±0.7 25.6±0.4 11.3±0.3 8.9±0.0 16.6±0.4 8.2±0.3 2.6±0.1 
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The subscript (a) on the title of each column shows no significant differences (p-value < 0.05) between treated and untreated granular 
and non-granular waxy starches of the same botanical type and form; WMS G: Waxy Maize Starch Granular, PTWMS G: Plasma 
Treated Waxy Maize Starch Granular, WMS NG: Waxy Maize Starch Non-Granular, PTWMS NG: Plasma Treated Waxy Maize Starch 
Non-Granular, WRS G: Waxy Rice Starch Granular, PTWRS G: Plasma Treated Waxy Rice Starch Granular, WRS NG: Waxy Rice 
Starch Non-Granular, PTWRS NG: Plasma Treated Waxy Rice Starch Non-Granular, WPS G: Waxy Potato Starch Granular, PTWPS 
G: Plasma Treated Waxy Potato Starch Granular, WPS NG: Waxy Potato Starch Non-Granular, PTWPS NG: Plasma Treated Waxy 
Potato Starch Non-Granular. 
p Detected as maltose after debranching of β -limit dextrins ; 

q
“Fingerprint” A-chains at DP 6–8 in the original amylopectin sample; 

r Acrystal-chains calculated as all A-chains – Afp;  
s B-chains correspond to DP > 3 in β-limit dextrins and were divided into short (BS) 

and long (BL) chains at between DP 22–25 depending on the sample; 
u
“Fingerprint” B-chains at DP 4–7 in β-limit dextrins; 

v
The 

major group of short B-chains at DP 8 to 22–24, depending on the sample. 
x Long chains between DP 22 or 25 and 50, depending on 

the sample; 
y Long chains at DP > 50. 
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Appendix C: DSC thermogram of treated and untreated starches 

 

 

 

Figure C1. Representative DSC thermogram of treated and untreated starches. A = plasma-

activated water starches incubated at 80°C; B = native starches and plasma-activated water 

starches incubated at 25°C and 60°C  
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Appendix D: Survey scans obtained from XPS analysis of treated and untreated 

starches 
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Figure D1. Survey scans obtained from XPS analysis of treated and untreated starches. The different 

incubation temperatures for the starches are attached to the sample name. WMS: Waxy Maize Starch, PAW-

WMS 25°C : Plasma-Activated Water Waxy Maize Starch 25°C, PAW-WMS 60°C: Plasma-Activated Water 

Waxy Maize Starch 60°C, PAW-WMS 80°C: Plasma-Activated Water Waxy Maize Starch 80°C, HAMS: 

High Amylose Maize Starch, PAW-HAMS 25°C : Plasma-Activated Water High Amylose Maize Starch 

25°C, PAW-HAMS 60°C: Plasma-Activated Water High Amylose Maize Starch 60°C, PAW-HAMS 80°C: 

Plasma-Activated Water High Amylose Maize Starch 80°C, WPS: Waxy Potato Starch, PAW-WPS 25°C: 

Plasma-Activated Water Waxy Potato Starch 25°C, PAW-WPS 60°C: Plasma-Activated Water Waxy Potato 

Starch 60°C, PAW-WPS 80°C: Plasma-Activated Water Waxy Potato Starch 80°C, HAPS: High Amylose 

Potato Starch, PAW-HAPS 25°C: Plasma-Activated Water High Amylose Potato Starch 25°C, PAW-HAPS 

60°C: Plasma-Activated Water High Amylose Potato Starch 60°C, PAW-HAPS 80°C: Plasma-Activated 

Water High Amylose Potato Starch 80°C 
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Appendix E: Curve fitted C1s XPS spectra of treated and untreated starches 
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Figure E1. Curve fitted C1s XPS spectra of treated and untreated starches. The different incubation 

temperatures for the starches are attached to the sample name. WMS: Waxy Maize Starch, PAW-WMS 25°C 

: Plasma-Activated Water Waxy Maize Starch 25°C, PAW-WMS 60°C: Plasma-Activated Water Waxy 

Maize Starch 60°C, PAW-WMS 80°C: Plasma-Activated Water Waxy Maize Starch 80°C, HAMS: High 

Amylose Maize Starch, PAW-HAMS 25°C : Plasma-Activated Water High Amylose Maize Starch 25°C, 

PAW-HAMS 60°C: Plasma-Activated Water High Amylose Maize Starch 60°C, PAW-HAMS 80°C: 

Plasma-Activated Water High Amylose Maize Starch 80°C, WPS: Waxy Potato Starch, PAW-WPS 25°C: 

Plasma-Activated Water Waxy Potato Starch 25°C, PAW-WPS 60°C: Plasma-Activated Water Waxy Potato 

Starch 60°C, PAW-WPS 80°C: Plasma-Activated Water Waxy Potato Starch 80°C, HAPS: High Amylose 

Potato Starch, PAW-HAPS 25°C: Plasma-Activated Water High Amylose Potato Starch 25°C, PAW-HAPS 

60°C: Plasma-Activated Water High Amylose Potato Starch 60°C, PAW-HAPS 80°C: Plasma-Activated 

Water High Amylose Potato Starch 80°C. C1 = C-C/C-H,  C2 = C-O, C3 = O-C-O/C=O, C4 = O-C=O-  

 

 

 

 

 

 

 

 

 

 

 

 


