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「信就是所望之事的實底，是未見之事的確據。」 

 - 希伯來書 11:1 

‘Now faith is the substance of things hoped for, the evidence of things not seen.’ 

- Hebrews 11:1           
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Title: Interaction of High Voltage Atmospheric Cold Plasma with Microorganism and Protein in 

Food System 
Committee Chair: Bernard Tao 

 

Multiple studies have demonstrated atmospheric cold plasma (ACP) as an effective non-thermal 

technology for microbial decontamination, surface modification, and functionality alteration in 

food processing and packaging. ACP constitutes charged particles, such as positive and negative 

ions, electrons, quanta of electromagnetic radiation, and excited and non-excited molecules, which 

corresponds to its predominant reactive properties. However, in many of these applications, the 

interactions between plasma and the components in food matrix are not well-understood. The 

overall goals of this dissertation were to 1) evaluate the interactions between high voltage 

atmospheric cold plasma (HVACP) and microbes in liquid and semi-solid food; 2) investigate 

plasma transfer into semi-solid foods and determine the relationship between microbial 

inactivation and plasma transfer; 3) explore the interactions between plasma and proteins.  

The first study explored the microbial (Salmonella enterica serovar Typhimurium, S. 

enterica) inactivation efficacy of HVACP. The physicochemical interactions between HVACP 

and biomolecules, including an enzyme (pectin methylesterase, PME), vitamin C and other 

components in orange juice (OJ) under different conditions was also evaluated. Both direct and 

indirect HVACP treatment of 25 mL OJ induced greater than a 5 log reduction in S. enterica 

following 30 s of treatment with air and MA65 gas with no storage. For 50 mL OJ, 120 s of direct 

HVACP treatment followed by 24 h storage achieved S. enterica reductions of 2.9 log in air and 

4.7 log in MA65 gas. An indirect HVACP treatment of 120 s followed by 24 hours storage resulted 

in a 2.2 log reduction in air and a 3.8 log reduction in MA65. No significant (P < 0.05) Brix or pH 

change occurred following 120 s HVACP treatment. HVACP direct treatment reduced vitamin C 

content by 56% in air and PME activity by 74% in air and 82% in MA65. These results 

demonstrated that HVACP can significantly reduce Salmonella in OJ with minimal quality 

degradation. 
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The second study in this dissertation examined the penetration process of plasma into 

semi-solid food and the resulting microbial inactivation efficacy. Agar gels of various densities 

(0.25, 0.5, 1.0, and 2%) with a pH indicator were inoculated with S. enterica (107>CFU) and 

exposed directly (between the electrode) or indirectly (adjacent to the plasma field created 

between the two electrodes) to 90 kV at 60 Hz for up to 1.5 h.  A long treatment time (1.5 h) 

caused sample temperature to increase 5~10 °C. The microbial analysis indicated a greater than 

6 log10 (CFU) reduction (both with air and MA65) in the zone with a pH change. Inactivation of 

bioluminescence cells in the plasma penetrated zone confirmed that the plasma, and its generated 

reactive species, inactivate microbial as it penetrates into the gel. A two-minute HVACP direct 

treatment with air at 90 kV induced greater than 5 log10 (CFU) S. enterica reduction in applesauce.  

The third study investigated the interactions between HVACP and protein, using bovine 

serum albumin (BSA) as a model protein. The physicochemical and structural alteration of BSA 

and its reaction mechanism, when subjected to HVACP, were investigated. After treating 10 mL 

of BSA solution (50 mg/mL) at 90 kV for 20, 40, or 60 min, we characterized structural alteration 

and side-group modification. FTIR spectroscopy, Raman spectroscopy, and circular dichroism 

analysis indicated protein unfolding and decreased secondary structure (25 % loss of α-helix, 12% 

loss of β-sheet) in HVACP treated BSA. Average particle size in the protein solutions increased 

from 10 nm to 113 µm, with a broader distribution after 60 min HVACP treatment indicating 

protein aggregation. SDS-PAGE and mass spectrometer analysis observed a formation of new 

peptides of 1 to 10 kDa, indicating that the plasma triggered peptide bond cleavage. Chemical 

analysis and mass spectrometer results confirmed the plasma modifications on the side chains of 

amino acids. This study reveals that HVACP treatment may effectively introduce structural 

alteration, protein aggregation, peptide cleavage, and side-group modification to proteins in 

aqueous conditions, through several physicochemical interactions between plasma reactive species 

(reactive oxygen species and reactive nitrogen species) and the proteins. This finding can be 

readily applied to other plasma-protein studies or applications in the food system, such as enzyme 

inactivation or protein-based film modifications. 
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 INTRODUCTION 

 Atmospheric Cold Plasma (ACP) 

1.1.1 Definition 

Plasma, the fourth state of matter, is an ionized gas, consisting of various ions, electrons, and 

uncharged particles, photons, free radicals, and atoms [3]. From solid, liquid, gas and to plasma, 

the energy of the four states of matters increases progressively during state transition. Sufficient 

applied energy ionize gas molecules, generating plasma [4]. The free electric charges (electrons 

and ions) in the plasma contribute to the electrical conductivity of plasma when exposed to 

electromagnetic fields. Plasmas can be found broadly in the environment, such as in ionospheres, 

neon-lights, and gas-discharge tubes. The diverse characteristics of the plasma, including the 

temperatures, densities and ionization degree, varies significantly [5]. Based on electron density 

and temperature, plasmas are classified as either high-temperature or low-temperature plasmas. 

And the low-temperature plasmas include non-thermal plasma and thermal plasma [6, 7]. Table 

1.1 is a summary of the general classification of plasmas and their main characteristics. 

Table 1.1  Plasma classification [8]. 

Plasma Characteristics Example 

High temperature plasma 

(equilibrium plasma) 
𝑇𝑒 ≈ 𝑇𝑖𝑜𝑛 ≈ 𝑇𝑔𝑎𝑠 = 106 − 108𝐾  Fusion plasma 

   

     Low-temperature plasma 

Thermal plasma (local 

equilibrium plasma) 
𝑇𝑒 ≈ 𝑇𝑖𝑜𝑛 ≈ 𝑇𝑔𝑎𝑠 ≤ 2 × 104𝐾  

Arc plasma, plasma 

torches 

Non-thermal plasma (non-

equilibrium plasma) 

𝑇𝑒 ≫ 𝑇𝑖𝑜𝑛  

𝑇𝑒 ≤ 105𝐾 (≈ 10𝑒𝑉) 𝑇𝑖𝑜𝑛 ≈ 𝑇𝑔𝑎𝑠 ≈ 300 −

103𝐾 

Cold plasma (𝑇𝑔𝑎𝑠 ≈ 𝑅𝑜𝑜𝑚 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒) 

Glow discharge, corona, 

barrier discharge 

Note: Te: electron temperature, Tion: ion temperature, Tgas: gas temperature.
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Through excitation, ionization, elastic collisions, and dissociation of molecules, energy is 

transferred from free electrons to the heavy neutral particles. For atomic gases, the energy is 

transferred from the electrons to the heavy particles through elastic collisions [9]. However, in 

molecular gases, the energy transfer process is dominated by the vibrational excitation [10]. The 

gas temperature is significantly lower than the electrons temperature, since the collisional energy 

transfer between electrons and heavy particles is less efficient than the energy transfer from the 

electric field to the electrons. In addition, the difference in mass between the electrons and neutrals 

(the mass of electrons is much smaller than neutrals), leads to inefficient energy transfer [9, 10]. 

In high-temperature plasma, the generated plasma species are in a thermal equilibrium state; 

this means the temperature of electrons and heavy ions is both very high. In low-temperature 

plasmas, heavy particles consume the majority energy of electrons, increases its temperature. 

There is a local thermodynamic equilibrium between electrons and heavy particles in the low-

thermal plasmas. However, in non-thermal plasma, the electrons temperature is much higher than 

the temperature of ions and neutral gas, due to the difference in collision rate between the electrons 

among themselves and with heavy particles [7, 8]. This small kinetic transfer between electrons 

and heavy particles leads to a high remaining energy among electrons [11]. It is common to 

interpret generating non-thermal plasmas as that to apply the electric field where the electrical 

energy is mainly used for generating henergetic electrons without increasing the temperature of 

the gas medium [7].  

Atmospheric cold plasma (ACP), is a non-thermal plasma, with the temperature remains 

close or at room temperature, as shown in Table 1.1 [7]. With regards to the differences in neutral 

gas temperatures, thermal plasmas are widely applied for application where thermal treatment is 

required, such as welding, cutting, or spraying [7, 10]. ACPs are prevalent in processing thermal 

sensitive targets, such as surface treatment of skin or ready to eat foods [12-14]. 

1.1.2 Generation Sources 

Various electric power sources have been developed to generate plasma, including corona 

discharge, DBD, atmospheric pressure plasma jet, electron beams, the plasma needle, microwave 

discharges, operating under alternating current (AC) or pulsed [1, 7, 15-19]. The various 

geometrical shapes of experimental arrangements among the different types of gas discharges, 
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provide the feasibility of plasma into large-scale applications [20]. The focus of this study is ACP, 

which is usually generated by dielectric barrier discharge (DBD), cold plasma jet or corona 

discharge. 

Corona discharge. In the corona discharge setup, ionized gas is generated in the 

surrounding of a conductor, normally coupled with secondary electron emission [20]. The 

electrified is normally sharp, non-uniform and very strong, compared with the surrounding gas, to 

accelerate the generation of ionized gas. Therefore corona discharges typically use sharp points, 

edges or thin wires as the electrodes, to treat living or non-living materials [20-22]. The electrode 

geometry is typically a sharp, curved electrode arranged in counterpart to a flat one  [22], which is 

demonstrated in Figure 1.1. Corona discharges are adaptable for various industrial applications, 

such as generate ozone species for water disinfection [23], or surface treatment [22, 24], to remove 

volatile organic compounds [25]. 

 

Figure 1.1  Setups for corona discharge. (a) The principle of corona discharge: point-to-plate 

setup, (b) photo of corona discharge [26]. 

Dielectric barrier discharge (DBD). In the setup, the dielectric barriers are located 

between two metal electrodes, or at least one of the metal electrodes is covered by a thin layer of 

dielectric or highly resistive material, using ceramic, glass, quartz, polymers or other materials [7, 

27]. These materials have a low dielectric loss or high breakdown strength, which can limit the 

DC current in the inter-electrode gap space and prevent arc transition [28]. DBDs typically use 

two electrodes to generate plasma (in the kHz range), known as 'barrier discharges'. There are two 
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basic configurations of DBDs: the volume DBD and the surface DBD [29]. In the volume DBD, 

the treated object serves as the second electrode. In the surface DBDs, two electrodes in direct 

contact with the dielectric will be used to generate plasma around the electrodes [7, 30]. DBD 

mostly generates micro-discharges (filamentary mode), which appear randomly between the 

electrodes. The DBD is also referred to as the “silent discharge” because it does not generate sparks, 

characterized as the local overheating or local shock waves/noise [7, 27]. DBDs come in various 

configurations, such as planar DBDs, volume discharge, coplanar DBDs and surface DBD, [31] 

as depicted in Figure 1.2. Additionally, operation types can also be categorized based on the 

operation time scale: the continuous alternating current operation DBD and the pulsed nanosecond 

operation DBD. 

 

Figure 1.2  DBD setups with various configurations. Planar setup: (a) dielectric layer on both 

electrode, (b) dielectric in discharge, and (c) dielectric layer on one electrode, (d) Coplanar 

setup: the electrodes are embedded in the dielectric. (e) Surface discharge: one electrode is 

embedded in the dielectric discharge [7, 30, 31]. 

All these aforementioned gas discharges are adaptable to be applied for surface treatment 

with direct or indirect exposure model [7]. The advantages of DBD includes that it is able to utilize 

various combination of gases, with a low gas flow (down to 100 standard cubic centimeters or less) 

[3, 32]. Another advantage of DBDs is that no current flows through the treated target which may 
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better preserve the surface features. Combining this advantages with the flexible adaptability and 

various gas options, DBDs are widely used for treating the thermal sensitive surface, (e.g. fruits, 

vegetables, eggs, and skins) [30]. 

Atmospheric cold plasma jet (ACPJ). An ACPJ setup typically produces small ‘plasma 

flames’ that are generated in the radiofrequency range [22, 33]. Generally, there are two electrodes 

in the plasma jets setup (needle electrode and ring electrode). There is usually a few millimeters 

gap in between the electrodes, and the process gas is ignited at voltages of hundred-volts up to 

kilo-volts [33]. ACPJs can generate plasma with various gases, such as noble gases (e.g. helium, 

argon), or an admixture of several gases (e.g. nitrogen or oxygen) [7, 22]. The plasma generated 

by ACPJs with various configurations might have different characteristics for numerous 

applications. Figure 1.3 shows a schematic of the ACPJ applied for surface modifications. This 

ACPJ, kINPen ® was invented by the Leibniz Institute for Plasma Science and Technology (INP 

Greifswald e.V.) [7, 34]. 

 

Figure 1.3  (a) Setups for atmospheric cold plasma jet. (b) Photo of an Ar plasma jet and Ar/1% 

O2 plasma jet [7, 34].  

 

The inner electrode is connected to a high-frequency power (1.1-1.8 MHz) and the 

operating gas flows between the outer grounded and the inner electrode [7]. When applying the 

high-frequency power supply, the gas discharge is ignited from the top of the central electrode and 
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produces electrons, which interact with the surrounding gas molecules through inelastic collisions 

[7, 33]. Consequently, a high-velocity plasma effluent can be generated and expand to the 

surrounding position (outside the jet nozzle). With adjusting the operation gas, the jet effluent can 

reach a length of up to 12 mm [7].  The limitation of ACPJ is the restricted treatment area, which 

is typically adaptable for localized applications. However, the main advantage of plasma jets is 

that they can reach the narrow gaps or cavities that large discharge has difficulty accessing [35, 

36]. Therefore, the predominant advantage of the ACPJ is its ability to penetrate into a small space 

or microstructure to achieve an accurate modification or treatment, such as for equipment gaps or 

root canals [36]. Another distinct advantage is that ACPJ generates a stable discharge in a region 

of inert gas and transports the plasma to a surrounding region of treating target. This spatial 

separation of plasma generation and surface processing provides flexibility in jet configuration to 

control plasma generation and maximize the treatment efficiency [35]. 

High Voltage Atmospheric Cold Plasma (HVACP). This is a novel HVACP technology, 

which is developed through research at Purdue University (U.S. Patent 8961894) [37]. In this 

HVACP system, ACP is generated, inside a package between dielectric barriers, with a gap of 3-

5 cm between the two electrodes. A high voltage (up to 120 kV) is applied to generate reactive gas 

species (RGS) between two parallel electrodes [20]. The operating gas can be air, O2, CO2, N2, He, 

Air, or a combination of various gases. The cold plasma was generated by applying a high voltage 

with low average current (0.2–1.0 mA) through the gas inside the package.  This high voltage 

creates a strong electric field that generates free electrons that interact with nearby gas molecules 

(e.g. O2, N2, and CO2) to form a quasi-stable charged gas species or plasma. This study uses air 

and modified air (MA65: 65%O2 + 30%N2 + 5%CO2, <5% relative humidity). The resulting RGS, 

such as NO, NO2, O, O3, and hydroxyl radicals (OH), have bactericidal, fungicidal, and sporicidal 

characteristics [38-40]. The HVACP process generates much higher concentrations of RGS than 

other plasma devices due to its higher voltages, while the containment of RGS in the package 

enhances its effectiveness [41, 42]. The generated RGS would convert back into the original 

packaging gas within 24 h, leaving no chemical residuals [13, 43, 44]. This HVACP system can 

achieve more than 5 log reduction in treated food samples, such as strawberry, tomatoes, eggs 

within seconds to minutes [13, 41, 45]. Compared with conventional methods to achieve the 

inactivation of Salmonella enterica (S. enterica) and E. coli O157:H7 on fruits or vegetable seeds, 
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HVACP treatment can effectively reduce microorganism load by 4 log CFU/g without affecting 

their germination rates [1, 41, 46]. 

1.1.3 Plasma Diagnostics 

The typical plasma diagnostic methods ar primarily based on mass spectrometry, 

spectroscopy using various electromagnetic regions and electrical probes [9, 47-50]. A schematic 

overview of plasma diagnostic techniques is shown in Figure 1.4. Electrical characterization is a 

fundamental technique to control the dissipated power and to characterize the plasmas. Optical 

imaging diagnostics can image the plasma morphology and its spatially and temporally resolved 

development [9]. The major challenge in plasma diagnostics is to detect, identify and quantify the 

predominant plasma species in the processing, interpreting the data of their energy contents, 

concentrations, reaction coefficient rates, lifetimes, and geometrical distributions [9, 50]. A whole 

diagnostic analysis allows an understanding of the main processes responsible for the plasma 

generation and properties [50]. However, there are numerous plasma species generated during the 

process and there concentrations/energies spanning several orders of magnitude. Some of the 

unstable species have short lifetimes. Althought several techniques are adaptable to investigate 

various species, the sensitivity is poor to detect the minor ones; whereas many specific and 

powerful procedures are restricted to particular species. Therefore, several complementary 

techniques are combined to diagnostic plasma species. Moreover, unlike the experimental plasma 

reactors are normally designed to facilitate their characterization with the most appropriate setups, 

there is restricted access for the generated plasma in industrial reactors [50]. 
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Figure 1.4  Schematic of the different plasma diagnostic techniques [9]. 

 

Optical Spectroscopy is a quantitative method for plasma diagnostic, one of the most 

prevalent diagnostic tool for plasma [51]. Optical emission spectroscopy (OES) is categorized as 

a passive method to record the light emitted from the species [51]. In OES, excited particles (atoms, 

molecules, ions) generate emission due to the decay process. The intensity of the emitted light is 

associated with the corresponding excited species and their densities. Numerous researchers have 

used OES to assess the ACP and its generated species during plasma treatment [52-55]. The 

complex reactions and its derived species, as well as the short living-time of RGS, restrict the 

accuracy of optical spectroscopy method to record the all the excited species [52]. Sarani et al. [56] 

used OES characterized ACP generated by plasma jet and investigated the effect of water content 

on plasma properties. A higher intensity of OH radicals in emission spectra was found in plasma 

generated in Ar/water (0.05%) mixture than pure argon [56]. 

Another optical method is optical absorption spectroscopy (OAS), known as an active 

method. The mechanisms of OAS is that a beam of collimated light from a visible, ultraviolet (UV), 

or infrared external source is directed through the plasma and the fraction of light absorbed by 

specific species is recorded [20, 57]. The absorption signal is associated with the particle density 
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in the lower/ground state [51]. The system typically includes a light source and a detector. The 

focal length of the spectrometer will affect the spectral resolution. Moiseev et al. applied UV–Vis 

(200–800 nm) OAS to assess plasma composition generated by a large-gap DBD using humid air 

[44]. The recorded absorbance spectra was de-convoluted by direct deconvolution and iterative 

methods to calculate the concentration of ozone and nitrogen oxides (O3, NO2, NO3, N2O4). In 

addition to OES and OAS, laser-induced fluorescence is also employed as an optical method to 

diagnostic plasma. This method is a non-intrusive optical technique that can record the ground 

state groups of the reactive species [20, 58]. Laser-induced fluorescence is commonly used in 

semiconductor processing [59]. 

Mass spectrometry (MS) is a method to provide information about ions (positive and 

negative), as well as their energy distributions of during plasma operation. Recent studies used MS 

to investigated plasma-surface interactions through recording the fluxes of species at the surface 

[60]. Bolikov et al. [61] investigated the composition of glow discharge plasma in methanol vapor 

and acetone-nitrogen mixture. MS is feasible to detect the concentration of atoms, radicals and 

other fragments with fewer cross sections and more accuracy [61]. Skalny et al. [62] used  MS to 

study the negative ions extracted from point to plane negative corona discharge in ambient air at 

atmospheric pressure [62]. The author reported that owing to the high sensitivity and excellent 

mass resolution of MS, more anions were detected in ACP which was not observable in previous 

studies [62]. The major technical restriction is that the mass and energy analyzers is require to 

maintain in a high vacuum condition [63]. Beyond this concern, MS is reported to be applicable 

for investigating long-living species and transient species during ACP treatment [60, 63, 64]. 

1.1.4 Treatment Parameters Control 

The generation of HVACP is influenced by various operating parameters. Understanding 

of these complex relations between operating parameters and plasma generation is required in 

order to control and optimize the main processes which will be utilized in the various applications 

[3, 9]. The versatility of ACP can be accessed by the array of modes for its generation and process 

variables. The following section will discuss the various processing parameters for plasma 

generation and processing. 



27 

Operation parameters for plasma penetration and processing. In general, electric voltage, 

feed gas, gas flow, geometry (direct and indirect exposure), and materials are critical in generating 

various plasma, with numerous RGS, corresponding to distinct application properties (Figure 1.5). 

 

Figure 1.5  The relation between device and operation parameters, plasma physics, chemistry and 

application of plasma [3]. 

 

Voltage. The breakdown voltage for plasma generation is as a function of gas pressure and 

electrodes’ gap, based on Paschen’s law [65]. If gas components and electrode setup are assured, 

the breakdown voltage is a function of pressure and electrodes’ gap (p.d) instead of the two 

variables: electrode distance d (mm) and pressure p (Pa). Under the cold electrode condition, there 

is always an optimal value of the product of pressure and distance (p.d) at which the breakdown 

voltage has its minimum value [66]. Ziuzina et al. reported that the breakdown voltage for air at 

atmospheric pressure with 1 cm distance between electrodes require a voltage of about 30 kV [67]. 

Increasing the voltage corresponds to a higher energy transferred into the plasma.  This triggers 
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the generation of reactive species of higher density and reactivity in the plasma complex [68]. A 

previous study reported that ozone generation rate in the air at atmospheric pressure by DBD 

plasma at 13.5 kV was 1200 ppm/min which increased to 3750 ppm/min at 80 kV [69]. Numerous 

studies have shown that increasing the applied voltage also increases the overall efficacy of the 

desired results, such as microbial decontamination [18, 70], surface modification [65, 71, 72], and 

chemical degradation [73, 74]. 

Treatment Time. Treatment time is an important parameter for ACP processing. A number 

of studies reported that increasing the treatment time will increase the microbial reduction efficacy 

of plasma processing [15, 75]. Noriega et al. investigated disinfection effect of ACP on chicken 

meat and chicken skin contaminated with Listeria innocua [70]. The ACP treatment time varied 

from 10 s, 30 s to 8 min. Using He/ O2 as plasma generation gas, the ACP pen was able to achieve 

1.25 log (20 s), 1.61 (1 min), and 3.3 log (8 min) reduction, respectively [70]. Generally, the 

mechanisms related to that increasing the treatment time increases the concentration of the plasma 

RGS and also increases the sample exposure time, resulting in an increase in overall effects. 

Moreover, post-treatment processing, when stored the in-packaging products for some extended 

time will further increase the process efficiency [46, 72]. 

Type of Gas. The working gas used for plasma generation is responsible for most of the 

functional effects demonstrated by ACP processing. Plasma chemistry is highly complex. Previous 

reports indicated that air plasma consists of over 75 gas species involving almost 500 reactions [3, 

39]. Various gases have been applied to generate plasma, such as O2, N2, Ar, He, or mixture those 

gases [76, 77], which have various efficacies on the treatment targets. The types of operation gas 

in the ACP process predominantly determine the quantity, category, and reactivity of RGS, in 

which affecting its treatment efficiency. Previous studies reported that high-oxygen gas was found 

to be more efficient in microbial inactivation than the air [1, 45].  

Mode of exposure is critical in determining the plasma treatment mechanism and 

efficiency. Compared with indirect/remoted exposure model, direct exposure (treatment target is 

exposing directly, contacting within the plasma RGS) is preferable for high efficiency in microbial 

decontamination [20]. In the indirect exposure mode, the majority plasma RGS cannot reach the 

sample due to its short exiting time and self-quenching nature [39, 78]. 



29 

Other factors affecting ACP treatment. Nature of samples and its surrounding factor (e.g. 

humidity) can also affect the effectiveness of ACP treatment [78]. A high humidity in the corn 

samples was found to be less efficient in removing aflatoxin in corn, reported by Shi et al. [46]. 

During HVACP treatment, higher concentrations of reactive oxygen species (ROS) and reactive 

nitrogen species (RNS) were generated in corn samples with low relative humidity [46]. In general, 

reaction efficiency and mechanisms in the plasma-solid and plasma-liquid interface are very 

distinct. Besides, the high humidity generated by vaporized water will also affect the plasma 

generation. Meanwhile, the characteristics of treated samples, such as pH, surface morphology, 

porosity, composition, and other factors may also affect the treatment efficacy [13, 78]. 

 Agricultural and Biological Application of ACP 

Generally, ACP is valuable for a wide range of applications. The current applications are 

summarized in Figure 1.6.  

 

Figure 1.6  Overview of  ACP applications in various areas [79]. 

 

Among the applications, the major focus of this section is to review the application of ACP 

in agricultural and biological aspects. ACP has shown promising results for shelf life extension by 

microbial decontamination and sterilization of food products including fruits, food packaging 
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materials, equipment cleaning, and biofilm control [80-82]. ACP is also applied into the 

degradation of pesticides, dyes, and other chemical toxicants in waste products generated through 

agricultural processing or food production plants [46, 74, 83]. Biological application of ACP 

includes medical device and package sterilization, cancer treatment and wound healing [34, 84-

86]. 

1.2.1 Agricultural Applications  

Plasma technologies have recently been explored for their possible contributions to the 

agricultural production and operations. Applications of cold plasma are explored at different stages 

of agricultural food production, such as decontamination of seeds, the germination enhancement 

in seeds, an enhancement of plant growth, insect and fungal control, and reclamation of 

contaminated soil [87]. In this section, microbial inactivation, food modification, and waste 

treatment will be reviewed. 

 Microbial Inactivation 

Microbial contamination can occur in the process of harvesting, human handling, 

transportation or food processing [78]. One of the predominant advantages using ACP discharge 

is in-package treatment, providing decontamination process against cross-contamination or 

recontamination during food processing [16, 65, 88]. Cold plasma is feasible to generate RGS, of 

reactive microbiocidal effect, to decontaminate bacterial, yeast, spores effectively within the 

package, invested by numerous studies in vegetables, fruits, meats, and food ingredients [1, 15, 22, 

89, 90]. 

The in-package decontamination process is particularly important for ready-to-eat foods 

(RTD) [1, 68]; these foods must be fresh and minimally processed, necessititing technologies that 

provide non-thermal treatment with minimal impact on product qualities. Hertrich et al. [91] 

employed cold plasma generated by a volume DBD system with an input voltage of 35 kV, in 

tomato-and-lettuce mixed salads packed with air in a commercial polyethylene terephthalate 

plastic package. The microbial load of inoculated Salmonella, originally from cherry tomatoes or 

lettuce, reduced by 0.75 log and 0.34 log CFU/g, respectively, indicating the effectiveness of cold 

plasma treatment in Salmonella decontamination in mixed salads [91]. A similar study was 

reported by Min et al. [92] that treating romaine lettuce by a volume DBD system at 42.6 kV for 
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10 min, achieved 1.1 log CFU/g reduction of E. coli O157:H7 in the lettuce leaf samples [92]. The 

microbial decontamination efficiency will be affected by the configuration of the plasma discharge, 

nature of the contamination, plasma transfer direction, as well as by the sample characters, such as 

the topography and compositions [91].   

ACP could be an alternative approach for conventional techniques, such as chemical 

reagents (organic acids) or radiation to decontaminate fruits (strawberry, apple) and vegetables 

(lettuce, tomato) [42, 92-95]. E. coli (ATCC 25922), and Salmonella enterica were effectively 

inactivated by ACP on cherry tomatoes and apples [68, 96]. Due to the uneven surface of the 

strawberries, ACP treatment was less effective for decontaminating bacteria but still reduced their 

concentrations by 3 log CFU/g [97]. Similarly, a different effectiveness of cold plasma hydrogen 

peroxide (H2O2) solution in inactivation of the E. coli strain O157:H7, Salmonella Typhimurium, 

and Listeria innocua were found on tomatoes, baby spinach leaves, tomato stem scars, and 

cantaloupe rinds. Hydrogen peroxide itself, without plasma activation, is utilized as an 

antimicrobial agent but its effectiveness is not consistent [98]. Compared with treatment on 

tomatoes and spinach leaves, Salmonella Typhimurium and Listeria innocua were inactivated 

much more effectively than on tomato stem scars and cantaloupe rinds. However, E. coli O157:H7 

was only effectively inactivated by cold plasma on tomatoes [94]. These results suggest that ACP 

can treat uneven surfaces. ACP can also be applied to treat meat products. Jayasenna et al. [99] 

investigated the microbial decontamination effect of cold plasma treatment on fresh pork and beef 

in a flexible thin-layer DBD plasma system. The populations of Listeria 

monocytogenes, Escherichia coli O157:H7, and Salmonella Typhimurium were reduced by 2.04, 

2.54, and 2.68 logs CFU/g, respectively, with 10 min DBD direct treatment. No significant loss 

(P< 0.05) of texture was detected. The alteration of the physicochemical and sensory profile can 

be minimized with further operation optimization [99].  

Besides fruits, vegetable and meat products, ACP has been applied to decontaminate dried 

foods, such as species, starch powders, almonds, and peanut [88, 100], as well as liquid foods, 

such as juice and milk [88]. Kim et al. [101] reported that treating milk in an air pack sample bag 

by cold plasma generated by DBD at 250 W, 15 kHz, achieved 0.98 log CFU/mL reduction for 

aerobic bacterial and 2.40 log CFU/mL reduction in E. coli, Listeria monocytogenes, and 
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Salmonella Typhimurium within 10 min [101]. More recent reports about microbial 

decontamination using ACP, is summarized in Table 1. 2. 
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Table 1.2 Summary of recent studies of ACP in microbial decontamination and detoxing of food [78].  

Food 

Matrix 
Microorganisms 

Plasma 

Source 
Treatment Conditions Gas 

Direct 

Indirect 
Main Findings Ref. 

Apple juice 
Zygosaccharomyces 

rouxii 
DBD 

P = 90 W, ET = 140 s,  
d = 4 mm 

Air Direct 

5-log reduction CFU/mL, no effect on the 

contents of total soluble solids, reducing 

sugar, and total phenolics 

[102] 

Chicken eggs 
Salmonella 

enteritidis 
HVACP 

V = 85 kV, f = 60 Hz, 
ET = 15 min 

Air  

MA 

Direct/ 

Indirect 
Up to 5.53 log cfu/egg reduction [45] 

Corn Aflatoxins HVACP 
V = 90 kV, f = 50 Hz, 
RH = 40%, ET = 10 min 

Air  

MA 

Direct/ 

Indirect 
Degradation of aflatoxin reached 82% [46] 

Lamb meat 
Brochothrix 

thermosphacta 
DBD 

V = 80 kV, f = 50 Hz, 
ET = 5 min 

30% CO2 

/70% O2 
Direct 2 log reduction [103] 

Egg shells 
Salmonella 

Enteritidis 
ACPJ 

V = 2–3 kV, f = 1 MHz,  
ET = 5 min, 
d = 12 mm 

Ar 
Direct/ 

Indirect 

Reduction factor ranging between 0.22 

and 2.27 log CFU/egg 
[104] 

Romaine 

lettuce 

Escherichia 

coliO157:H7 
DBD 

V = 42.6 kV,  RH = 22%, 
d = 5.0 cm,  ET = 10 min 

Air Direct 
0.4–0.8 log CFU/g decrease in the number 

of E.coli 
[92] 

Egg shell Salmonella enterica DBD 
V = 25–30 kV,   
RH = 80%,  f = 10–12 
kHz,  ET = 10, 25 min 

He/O2 
Direct/ 

Indirect 

Population reduction to below the 

detection limit (102 cells per egg) 
[105] 

Vacuum 

packaged 

beef loin 

Staphylococcus 

aureus, Listeria 

monocytogenes, 

Escherichia coli 

DBD 
P = 20.7-29.9 W 
f = 9 kHz, d = 2 cm, 
P = 29.9 W 

Air Direct ≥2 log reduction [106] 

Blueberries Pesticides DBD 
f = 50 Hz, V = 80 kV, 
d = 35 mm, ET = 5 min 

Air Direct 
80.18% reduction for boscalid and 75.62% 

for Imidacloprid 
[107] 

Mackerel 

Total aerobic 

psychrotrophic, 

Pseudomonas 

DBD 
f = 50 Hz, V = 80 kV, 
d = 35 mm, ET = 5 min 

Air Direct 1.3 log reduction [108] 

Grain Total mesofilic DBD 
f = 50 Hz, V = 70 kV, 
d = 46 mm, ET = 6 min 

O2/CO2/N2 Direct 2.23 log reduction [109] 

Note: P = Power, V = Voltage, RH = Relative humidity, d = distance, f = frequency, ET = exposure time, MA = modified air.
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Several mechanisms for the interaction between microorganisms with ACP have been 

proposed [110]. Due to the complexity of plasma generation, plasma transfer, and plasma-surface 

interactions, the mechanisms of plasma on microorganism decontamination is not completely 

understood. Based on the current study, charged species generated by ACP are identified as 

playing the predominant biological efficacy on the cells [111]. Various reactive species have been 

generated: ROS and RNS, such as NO2, NO, OH, O3, O2, O, may interact with the cell surface and 

interior components [111]. The plasma may interact with the cell surface, such as a fatty acid 

(mostly polyunsaturated fatty acids) on the cell membrane, thereby destroying the structure and/or 

integrity of the cells [112]. The complex plasma etching and deposition reactions may lead to 

disruption of cell walls, by breaking of the chemical bond, erosion due to bombardment by radicals, 

and increases in surface roughness. Hydroxyl radicals generated from ACP will react with proteins 

and lipids on the cell membrane, causing cell lesions and perforations on the membrane. The loss 

of cell integrity will facilitate the diffusion of reactive species into the cell and cause the subsequent 

damage interior the cell. Consequently, electrons, radicals, and other derived reactive species can 

react with interior components of microorganism, damaging its DNA or RNA. In addition, other 

studies reported that the accumulation of intracellular charged particles may induce apoptosis, 

electrostatic disruption [113] and electroporation [110] of the cell [78]. However, the specific 

mechanism and cellular targets are still obscure and inconsistent due to the complexities of plasma 

transport and plasma-cell interactions [78]. 
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Figure 1.7   A proposed mechanism for applying ACP to microorganism inactivation (direct) 

[111]. 

 Food Modifications 

Altering food functionalities. ACP has also been employed for food processing to modify 

the functionality of food/ingredients, improve physiochemical properties of grains and the 

degradate agrochemical residues [78]. Protein, lipid, and carbohydrate are the major 

macromolecules in food that determine the quality, tech-functionality, and nutritional value of the 

food products or ingredients. Observations of these interactions have been previously reported in 

various studies. Applying ACP into protein-rich isolate from grain pea (Pisum sativum), solubility 

and water uptake ability increased by 191% and 113%, respectively [114]. Bahrami et al. [115] 

reported that ACP treatment may alter the functionality of wheat flour. The gluten inside the ACP 

treated wheat flour had a reduced molecular weight which consequently affected the network and 

water binding capacity of the dough [116].  Thirumdas et al. [117] reported that ACP may affect 
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the functional and rheological properties of rice starch by modifying its gelatinization temperature, 

retrogradation tendency, amylose content, and pasting temperature [13, 117]. With regards to 

various applications, ACP is employed to induce modifications of the raw ingredients to increase 

its desirable functionalities [118-120]. Conformational alteration of proteins in ACP treated 

samples, leads to an improved foaming ability, foam stability, fat binding capacity and solubility 

[116]. Plasma treated protein-based film (zein film) had improved film-forming properties and 

tensile strength [73, 121, 122]. A desirable improvement in the solubility, emulsion stability, and 

water holding capacity was reported in ACP treated peanut protein [123]. The plasma treatment 

was reported to be adaptable for modifying functionalities of starch ingredients, altering its pasting 

characteristics, water absorption, enzyme susceptibility, solubility and thermal properties [78].  

Cooking time of black gram subject ACP treatment reduced dramatically from 30.25 to 20.45 min. 

And the water absorption capacity increased. Plasma etching and surface depolymerization can 

also aggrandize α-amylase activity (up to 1.21 folds) and water absorption in brown rice [124]. 

Table 1.3 summarizes recent studies applying ACP into functionality modification in food 

ingredients. The complexed physicochemical reactions between plasma and these macromolecules 

will be discussed in section 1.4. 
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Table 1.3  Summary of recent studies on functionalities modification of food ingredients using 

ACP [78]. 

Matrix Power source Gas 
Treatment 

Parameters 
Main Findings Ref. 

Banana 

starch 

Corona 

electrical 

discharge 

Air 
P =  30-

50 kV/cm, 

ET = 3 min 

A significant (p < 0.05) increase in pasting 

temperatures and decrease in peak 

viscosity 

[120] 

Rice starch DBD Air P = 60 W, 

ET = 10 min 

Decrease in retrogradation tendency of 

starch gels and increase in pasting and 

final viscosities 

[125] 

Zein DBD Air 

P = 75 V, 

ET = 10 min 

RH = 45 % 

d = 8 mm 

Significant improvement in solubility and 

reinforcement of the tensile strength and 

surface hydrophilicity 

[122] 

Pea protein 

isolate 
DBD Air 

P = 8.8 kV,  

f = 3.0 kHz, 

ET = 10 min 

d = 12 mm 

Increased water and fat binding capacities 

and solubility to 113, 116 and 119%, 

respectively 

[114] 

Parboiled 

rice flour 
Radiofrequency Air 

V = 80 kV, 

P = 50 W,  

d = 2 mm 

ET = 15 min 

Decrease in hardness and stickiness, 

likewise endothermic enthalpy and 

crystallinity 

[17] 

Basmati 

rice flour 
Radiofrequency Air 

P = 40 W,  

f = 13.56 MHz 

ET = 10 min 

Increase in gel and flour hydration 

properties 
[126] 

Brown rice DBD Air 

P = 250 W, 

f = 15 kHz, 

d = 20 mm 

ET = 20 min 

Significant increase in α-amylase activity 

(p < 0.05), while significant decline in 

hardness (p < 0.05) 

[124] 

Brown rice Radiofrequency Air 
P = 30-50 W,  

f = 13.56 MHz, 

ET = 10 min 

Reduction of cooking time from 29.1 to 

21.1 min and increase in water uptake 
[127] 

Parboiled 

rice 
Radiofrequency Air 

P = 30-50 W,  

f = 13.56 MHz, 

ET = 5 min 

Amplification in water absorption 

capacity and reduction in cooking time 

and hardness 

[128] 

Soybean oil DBD Air 
P = 90 kV, 

f = 60 Hz, 

ET =1~12 h 

Decline in iodine value from 133 to 92, 

viscosity changed; Saturated fatty acids 

increased 12%, monounsaturated 

increased 4.6% 

[129] 

 

Note DBD = Dielectric barrier discharge, f = frequency, P = Power, ET = exposure time, RH = 

Relative humidity, d = distance. 

Cleaning of allergens and toxins in food.  Food allergy is a worldwide concern that brings 

an increasing attention to food industry [130]. The ‘top 8’ food allergens correspond to the 

predominant allergy incidence.  Protein allergens include liner epitopes and conformational 

epitopes that will bind with IgE, therefore, trigger a serious abnormal immunological response. 
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Recent studies have employed ACP as an alternative food processing technique to inactive or 

remove food allergens in foods [116]. Meinlschmidt et al. [131] used ACP to treat soy protein 

isolate. Through sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) 

analysis, the investigator observed a reduced intensity of protein bands corresponding to the 

allergen protein (β-conglycinin (Gly m5) and glycinin (Gly m6), which indicates a potentially 

reduced allergenicity in ACP treated proteins. Shriver et al. reported that ACP treatment (in a DBD 

system) for shrimp tropomyosin, reduced it allergenicity by up to 76%  [132]. Though various 

reactions may be responsible for the loss of allergenicity, the major mechanisms are proposed to 

be the alteration of epitopes of the protein allergen. Protein allergens include liner epitopes and 

conformational epitopes that will bind with IgE, therefore triggering a serious abnormal 

immunological response. Structural alteration and protein fragmentation introduced by ACP 

treatment, consequently destroy its conformational epitope and linear epitopes [78]. The complex 

reaction between plasma and proteins will be discussed in section 1.4.1. Shi et al. [46] reported 

that using HVACP treatment for corn samples, achieved a degradation of aflatoxin in corn by 82% 

by in 10 min [46]. The aforementioned researchers illustrate the potential applications of ACP into 

removing allergens and toxins in food or food plant in the near future. 

 Waste Management 

There have been extensive studies on waste management using ACP, such as controlling 

air-pollution, sterilization, and wastewater treatment [133]. 

Wastewater management. A large quantity of wastewater is generated in the process of 

harvesting, equipment cleaning, and food processing [134]. Some process may generate 

wastewater with organic chemicals, cleaning reagents or even toxins that may pollute the natural 

environment.  Purifing and reusing these wastewater meet the requirement of sustainable 

processing in life cycle assessment as well as reduce the operation cost [135]. Recent studies 

applied plasma into wastewater treatment to purify the water by the reactive species generated by 

plasma [134]. The synthesized ozone, H2O2, OH•, O− and other species have strong oxidative stress 

and can eliminate the pollutants [134]. An efficient decontamination of wastewater was achieved 

within 120 s by ACP generated in a plasma jet system, operating at 25 kV [78].  Also ACP 

treatment reduced the microbial load of wastewater from blackberries by 0.41 log CFU/g with 180 

s ACP treatment. In addition to decontamination of microorganisms, plasma is also applied to 
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destain the water by removing methylene blue [136]. Plasma can effectively purify, degrade, or 

destain the wastewater from contamination of microorganisms, industrial chemical residuals, or 

other pollutants by UV, radical, photons or other generated reactive species with various 

physiochemical reactions [78, 137, 138]. 

Other environmental applications of ACP include generating ozone and removing dust. 

Electrostatic precipitators use the physical properties of electrical discharge (such as ionization, 

charging, migration) to eliminate air-pollution through a (DC or AC) corona discharge [139]. 

Plasma gasifiers employ plasma torches in the bottom of the gasifier, firing into a bed of carbon 

to melt inorganics, forming glass aggregate and metal nodules that emerge from the bottom of the 

unit [140]. Plasma gasification facilities require a large amount of electricity to operate the plasma 

torch. These electrical consumptions are on the order of 15–20% of the gross power output of the 

plant [140, 141]. 

1.2.2 Biological Applications 

One of the advantages of cold plasma is that it can be employed to interact with the 

biological surface with no thermal or electric damage to the cell [142]. This non-thermal character 

facilitates its broad biomedical applications, including cancer treatment, wound healing, blood 

coagulation, or tissue modification by electrosurgery [14, 85, 143]. 

 

 Cancer Treatment 

ACP could inactivate adhesion proteins of cancer cells, therefore, offering an innovative 

approach to plasma-assisted cancer therapy [85, 144]. Plasma was found to be able to initiated 

complex biochemical responses in cancer cells. Plasma killed melanoma skin cancer cell [14, 144]. 

ACP treatment induced the melanoma skin cancer cells to lose their shape and slowly cell activity, 

which indicated a cell suicide mechanism termed apoptosis [14]. Floating-Electrode DBD and 

kINPen jet were used to treat colon cancer cells under standardized conditions [145].  Hydrogen 

peroxide and reactive species generated by plasma served as a cell toxicity for colon cancer cells 

and inactive the cancer cells [146]. All these results strongly support the capability of ACP 

employing as a medical or therapeutic treatment in expanding its biomedical applications [14]. 

Although there are limited in vivo and clinical studies of plasma medicine, the growing findings 



40 

and applications of plasma-cell and plasma-therapeutic control will lead to innovative implications 

towards plasma medicine [146]. 

 Wound Healing 

ACP has been investigated for wound disinfection, as an alternative to antibiotic therapy, 

especially when antibiotic resistant bacteria are encountered [147]. Previous reports suggest that 

ACP on wound application is achieved by simultaneously disinfecting bacteria and promoting 

wound healing [148]. Plasma treatment can sterilize the wound, reducing microorganism 

infections without causing side effects for the patients [149, 150]. A previous study, exposing 

HaCaT keratinocytes directly to ACP generated by a DBD system, observed that ROS generated 

by plasma would case interact with the cell and affect its integrin expression [149, 150]. However, 

the precise mechanism of wound healing is still poorly understood. Therefore, it is important to 

explore the diffusivity and diffusion mechanism of RGS when applying ACP in skin treatment. 

With further investigations on the mechanisms of interactions between plasma and 

microorganisms, tissue/skin cells, and blood components, plasmas can be better applied to various 

clinical treatments [150]. 

 Blood Coagulation 

ACP can be introduced into stimulating coagulation of blood as a non-thermal approach, 

with low risk of bacterial cross-contamination and no negative effect on the treated tissues [146, 

148, 151]. The previous study reported that ACP stimulated platelet activation and aggregation, as 

well as fibrin formation [152]. In addition, plasma treatment may affect the blood clotting 

conditions, pH and ionic strength of the blood [148]. Based on the current study, the reported blood 

coagulation rate in ACP treated blood samples increased fifteen times than that of control samples 

[146]. Moreover, the blood sample characters will also affect the coagulation rate during ACP 

treatment. A study reported that the coagulation rates of the blood control, blood with sodium 

citrate anticoagulant and blood from a patient with Hemophilia A, subject to DBD treatment, were 

distinct from each other [152]. The proposed mechanism for stimulating blood coagulation by 

ACP is that plasma treatment may be able to bypass the normal blood coagulation cascade and 

interfere directly with the later stages of the process [153]. 
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 Plasma Transport and Interactions during ACP Treatment 

There are various research fields of ACP transfer and interactions with the solid and liquid 

matrix, such as electrodynamics, fluid dynamics, thermodynamics, atomic and molecular physics, 

interface science, which require a better understanding of the mechanisms and kinetics of 

physiochemical interactions between plasma with the matrix. This section reviews how plasma 

transfer into the treatment target and the physiochemical interactions at the interface:  plasma-solid, 

and plasma-liquid interactions. With regards to the application of ACP on liquid and semi-solid 

food in this study, plasma-liquid interaction is of practical interest in this section. 

1.3.1 Plasma-solid Interactions 

In general, the plasma generation process is initialized with producing primary plasma, 

including electrons and ions, followed by the formation of chemically active radicals and ions [33]. 

The subsequent transfer of these electrons, ions, free radicals and electromagnetic radiation in the 

UV/VIS spectrum to the plasma-solid interface will trigger a series physicochemical reactions, 

including etching, deposition, recombination, de-excitation, and secondary emission from solids 

[33], as summarized in Figure 1.8. 

Once the reactive species transport from the volume to the interface, plasma etching will be 

triggered by atomic oxygen species and generate derived volatile compounds [32]. These process 

will introduce the ablation of the first (atomic) layer of the surface, triggering a series of chemical 

modifications to the surface, such as removing bacteria, chemical residuals, as well as altering its 

affinity or hydrophobicity [154]. Modification of the surface polar groups by ACP can be 

employed to alter the surface with higher surface tension, adhesiveness, and wettability, which is 

beneficial for material manufacturing [32, 33]. Besides etching effect, active species are able to 

decompose or be absorbed into the surface and initialize reactions with the target. Some of the 

large nuclei of material and dust particle may be formed on the surface; desorbed species and 

activated species in the plasma derived from recombination can deposit on the surface [33].  

The distance between plasma and surface is critical, regarding the treatment efficiency. 

When ACP is close to the treatment target, short-living reactive species (such as photons, electrons, 

and radicals) play the predominant role in treatment efficacy. The analysis should focus on 

diagnostic and interpret short-living reactive species. In the case of long-distance or indirect ACP 
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treatment, reactive species that have long-living time (such as nitric oxide or ozone) is critical, 

where short-living species are unable to reach to the surface and no local current exists [33]. 

 

Figure 1.8  Schematic of proposed plasma-solid interface reactions. Active species with a kinetic 

rate constant Ka arrive at the surface and can be either absorbed (Kb), then initiate the 

consequent chemical reactions with the surface (Kc), or they can migrate into the surface (Kd). 

Reversibly, the surface species may also be removed by desorption (Ke) and migrate back into 

the gas phase (Kf). They may form larger nuclei of material and dust particles (Kg). Finally, the 

product resulting from the recombination between desorbed species and activated species in the 

plasma can fall back to the surface (Kh)  [33]. 

1.3.2 Plasma-liquid Interactions 

 Interfacial Reactions 

The dynamical reactions between plasma-liquid interfaces are highly complex and 

challenging to investigate. The understanding of plasma-liquid interactions and, especially, the 

transfer process from the gas to the liquid phase is critical for the control of ACP applications. 

Numerous studies have reported the state of the art and major challenges of plasma-liquid 

interactions [155]. However, most of these studies focus on aqueous solutions with limited distance 

(<1 cm) [3]. The previous report used 0D, 1D and 2D method modeling plasma species penetration 

into liquid and proposed a series of physiochemical interactions [156], demonstrated in Figure 1.9. 
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In the direct exposure model, diffusion, advection, local heating, surface tension, charge deposition 

and secondary emission are involved in the physical process. The chemical process includes 

surface electrolysis, charge transfer, hydrolysis, recombination, ionization, collisional relaxation 

and redox reactions. In the case of indirect exposure, there are limited physicochemical reactions 

at the plasma-liquid interface (Figure 1.9). Comparing with Figure 1.8, more physical and chemical 

processes are involved in the bulk plasma, the liquid, and the plasma-liquid interface. Once 

absorbed into the liquid interface, free electrons, the ions, radicals and derived species will trigger 

numerous physical and chemical reactions within the liquid [39]. 

 

Figure 1.9   Schematic of proposed plasma-liquid interface reactions, with a comparison of direct 

and indirect exposure model [156]. 

 

These physical and chemical reactions may vary based on the discharge types and 

configurations of the plasma setup. Generally, they can be simply classified as plasma over the 

liquid and plasma inside the liquid. Once the excited and ionized species are generated within the 

discharge, they will travel towards the cathode or to the treating target [157]. This transfer process 

of plasma from the volume to the liquid interface is determined by the characteristics of the species 

and the relevant transport limitations. Based on the diffusivity, stability, and solubility, reactive 

species are able to penetrate into the liquid-phase boundary layer at the solution surface. As it 

transferring and accumulating in the liquid, some of them may interact with the interior 

components and trigger additional reactions [157]. In the complex systems, additional factors and 

processes may occur, such as evaporation, sputtering of the liquid surface, or electrolysis [157]. 
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Properties of plasma (species population, density) are essential in plasma-surface 

interactions as it can predetermine the plasma processes and subsequent chemical reactions [39]. 

RGS generated by ACP is summarized in Table 1.4. However, previous reports indicated that the 

plasma-liquid interactions are very complex, including 53 species and 624 chemical reactions in 

the plasma region and more than 109 chemical reactions in the plasma-liquid boundary layer, as a 

function of treatment time and energy scale [158].  When generated in the liquid, RGS are able to 

interact on short time-scales with the medium that supports the discharge. Compared with reactions 

in the gas phase discharge, the reaction rates and reaction efficiencies are very different due to the 

complex synergetic effects (RGS dissolving, dissociation, reaction with the media or aqueous 

solutions) [156]. For instance, some of the reactive species, such as hydroxyl radicals and O3, are 

diffusion controlled, (the treatment efficiency is limited due to its diffusivity), which can only be 

detected in the region of a few micrometers beyond the interface boundary [156]. There are 

numerous reactive species generated in plasma regions, air gap region and liquid region, proposed 

in the list in Table 1.4. A model was developed based on the assumption of these species category, 

with a consideration of their stability (lifetimes (T1/2, s) is shown in Table 1.5) [157], solubility, 

and diffusivity (shown in Table 1.6), to predicts the plasma penetration mechanisms at the plasma-

liquid interface [39]. The key challenge for studying plasma diagnostic and model development is 

to understand the formation pathway of reactive species and their derived chemical compounds as 

the treatment proceeding [39]. 

Table 1.4 . Reactive gas species generated by air plasma [39, 156]. 

Region  Species 
Plasma/gas 

region 

 

Cations 

 

Anions 

 

Neutrals   

  

 

, 

 

Liquid region  
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Table 1.5  Typical lifetimes of selected reactive species that may be generated by ACP in the  

plasma-liquid interface (this is based on a model of half-lives in a 1 M linoleic acid solution at 

pH 7.4) [157]. 

Active species Lifetimes (T1/2, s) 
OH● <10-9 

O2
●- <10-6 

RO● ~10-6 

CO3
●- ~10-6 

NO2
● ~10-6 

ONOO●- 10-2 

NO● 1-10 
1O2 10 

RO2
● 5-20 

NO3
-, NO2

- stable 

H2O2, HOCl stable 

 

Table 1.6 Estimated effective diffusion distance (EDL) of ionic species [156].  

 

 Fluid Dynamics, Heat Transport, and Mass Transport 

Mechanisms of “fluid dynamics”, “heat transport”, and “mass transport” play an important 

role in in the process of plasma generation, plasma-liquid interface interactions [39]. 

Fluid dynamics. The previous report indicated that the general process followed 

conventional transport theory, adaptable in a system with laminar flows or turbulent flows of gas 



46 

or liquid system [39]. This indicates any mixing, physical agitation, surrounding factors, or the 

internal natures of the interface may affect the mass/energy transport process. The situations can 

be generally dived into:  

(i) “two phases separated by a mostly stable interface with a well-defined area”;  

(ii) “a continuous gas phase and discontinuous liquid phase”, such as the droplets of liquid 

is immersed in a gas flow; 

(iii) “a continuous liquid phase with the discontinuous gas phase”, where the bubbles of 

gas are immersed in liquid); 

(iv) “a completely turbulent phase”. 

Heat and Mass Transport. Besides the aforementioned factors, chemical reactions, phase 

change, and electric field operation, as this transfer process proceeding may affect the transport 

properties and introduce enthalpy alteration. Liquid evaporating, vapor condensing and dissolving 

are associated with the Joule heating of electric discharges in contact with liquids, which may 

affect the heat and mass transfer during ACP treatment. Therefore, the interfacial stability 

predetermined the interface reactions and mass transfer. Ions, photons, and radicals arrive and react 

with the interface through physical and chemical reactions, which is associated with the surface 

charging, electric fields and currents at the surface. In the HVACP system, a high electric fields 

(> 90 kV) driving current facilitates the transfer of ions and charged species from gas phase through 

the plasma-liquid interface. The following reaction rates, stabilities, diffusivities and solubilities 

of these species determine the concentration of transfer process. A long living-life and good 

solubility is preferable to facilitate the species penetrating into the interface and react with the bulk 

liquid. Monitoring the mass and heat transfer is challenging due to its dynamic and complex nature. 

It is important to resolve its mass conservation (such as reaction rate and boundary flux) and energy 

conservation (powder density) in the plasma-liquid interface model. Other aspects of plasma 

transfer, such as movement of neural species, periodic steady state of species, and setup 

configuration should also be included in the model assumptions when studying the plasma-liquid 

interface interactions [39, 156]. 
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 Interactions between Plasma and Macromolecules in Food System 

1.4.1 Plasma-proteins Interactions 

There are multiple proposed mechanisms for plasma-protein interactions. The predominant 

reason may be the alteration in protein conformation induced by plasma reactive species, including 

the cleaved peptide bonds, oxidized amino acid side residuals, and form the protein-protein cross-

linkages. The following section summarized the physicochemical reactions between plasma and 

proteins in the previous report and proposed the reaction mechanisms. The detailed mechanism 

is investigated in CHAPTER 4. 

Modification of amino acids by plasma. Oxidation of sulfhydryl groups was found by 

investigating cysteine under plasma discharge, reported by Ke et al. [159]. Plasma was generated 

by argon arc-discharge operating at 1–2 kV. Cysteine can be readily transformed to cystine, due 

to the direct and indirect interaction with oxygen radicals and hydroxyl radicals [159]. These 

radicals generated by argon arc-discharge caused the conversion of cysteine to cystine, confirmed 

by FTIR analysis. Misra et al. also reported that oxidation of protein sulfhydryl groups and 

subsequent disulphide bond formation between cysteine moieties was found in wheat flour treated 

by ACP under 60 and 70 kV for 10 min [160]. Oxidation of sulfhydryl groups contributed to an 

improvement in mixing time and dough strength after plasma treatment [160]. A direct plasma 

treatment using a DBD system lead to a permanent inactivation of RNase A within a few minutes. 

The mechanism of this efficient inactivation was proposed to the configuration change, 

investigated through circular dichroism spectroscopy. Moreover, the modification of methionine 

to the methionine sulfoxide was detected through mass spectrometry analysis, which corresponds 

to the enzyme inactivation [161]. In another study, radiolysis of a simple α-amino acid, such as 

glycine, was also found in plasma treated protein samples, which reported that deamination was a 

major chemical consequence in plasma treatment [162]. In plasma treated whey protein (DBD 

system under 70 kV using air for 60 min), an increase of carbonyl groups and the surface 

hydrophobicity that revealed the oxidation effect of plasma treatment on amino acid residues of 

the whey protein [163].  

The reactions between plasma species and amino acid have been investigated by exposing 

20 amino acid in solution by low-frequency cold plasma jet using helium gas at 5 kV with a 
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frequency of 13.9 kHz, at room temperature and humidity [164]. The side groups of 14 amino 

acids were modified, and sulfur-containing and aromatic amino acids were preferentially oxidized 

among the 20 amino acids. Analysis through high-resolution mass spectrometry revealed that 

chemical modifications of the amino acids included:  

(i) “hydroxylation and nitration of aromatic rings in tyrosine, phenylalanine, and 

tryptophan”;  

(ii) “sulfonation and disulfide linkage formation of thiol groups in cysteine;”  

(iii) “sulfoxidation of methionine”; 

(iv) “deamidation and ring-opening of five-membered rings in histidine and proline” 

[164].  

Zhou et al. [165] similarly reported  that the oxidation of amino acids side groups by 

plasma-generated species may be divided into four categories, including “hydroxylation, nitration, 

dehydrogenation, and dimerization”. Among these reactions, the relative reactivates of amino 

acids interact with plasma were also prosed, in descending order: “sulfur-containing carbon-chain 

amino acids > aromatic amino acids > five-membered ring amino acids > basic carbon-chain amino 

acids” [161, 164].  

Structural alteration. Cold plasma treatment may alter three-dimensional structure of 

proteins. Ji et al. [123] investigated the secondary structure and techno-functionalities of peanut 

protein isolate subjected DBD plasma treatment (using air at 35 V with 45% relative humidity for 

4 min). A reduced α-helix and β-turn content and an increased β-sheet and random coil content 

were observed in plasma treated protein samples, indicating the protein unfolding. Moreover, 

improved functionalities, including protein solubility, emulsion stability, and water holding 

capacity of protein gel, were achieved in peanut protein isolate subjected 8 min plasma treatment. 

The author proposed that this may be associated with the exposure of buried groups and active 

sites in the unfolded proteins [123]. Zein film was also investigated under ACP treatment (using 

air at 75 V with 45% relative humidity for 10 min), the secondary structures of zein changed as 

treat time proceeding. The content of β-sheets increased significantly for all treated samples, 

random coil and β-turn decreased with the increase of treatment time [122]. Whey protein isolate 

subject cold plasma treatment had structure modifications with a certain degree of protein 

unfolding, as confirmed by dynamic light scattering and HPLC, with improved foaming and 
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emulsifying capacity [163]. In plasma-treated sodium caseinate film, treated by DBD system at 60 

and 70 kV, 50 Hz with 53% relative humidity up for 5 min, a disruption in the inter-helical structure 

without losing its helical configuration of the protein molecules, confirmed by X-ray diffraction 

and fourier-transform infrared spectroscopy (FTIR) spectra [166].  A DBD system was also used 

to inactivate alkaline phosphatase (at 60 kV, 50 Hz with 53% relative humidity up for 5 min). A 

more than 90% enzyme activity reduction was observed after 300 s treatment. Circular dichroism 

and chemometric results indicated a loss of secondary structures (α-helix and β-sheet) of the 

plasma-treated alkaline phosphatase, which corresponded to the enzyme inactivation. These 

alterations of protein structure attribute to the modification of techno-functionalities in the food 

system [116]. 

Cleavage of protein. Cleavage of peptides bound was found by exposing protein under 

electron beam plasma treatment [167]. Vasilieva reported that a partial degradation of the peptide 

–CO-NH-bonds in protein primary structure was observed in protein samples treated by electric 

beam plasma using O2 and N2 at <50 °C, confirmed by IR spectroscopy [167]. The formation of 

low molecular weight peptides further confirmed the partial degradation of the peptide bonds. 

Previous studies show that ROS such as ozone and OH can lead to significant changes in protein 

structure finally cause the cleavage of proteins into peptides. The main pathway in sulfur-sulfur 

bond cleavage could be the addition of an oxygen and hydrogen atom (originated hydroxyl radical 

or other active species) to the sulfur-containing atoms to form R-SH and R-SO, leading to split-

off protein parts [116]. Segat et al. [163] reported an increase in the carbonyl content and an 

increase in the number of amino acid side chain groups which may be caused by peptide bond 

cleavages, in plasma treated whey protein isolate. However, Cleavage of peptide bound is not 

widely reported in plasma treated protein. This may due to the high energy of the covalent band, 

compared with hydrogen bound, electrostatic interactions, which stabilize the primary structure of 

proteins.  

Protein-protein interaction and aggregation. The major protein-protein crosslinking 

efficacy introduced by ACP treatment was the formation of disulfide bonds (S-S). Ji et al. [123] 

reported plasma treatment (using air at 35 V with 45% relative humidity for 4 min) of peanut 

protein isolate lead to a decrease in the total free sulfhydryl group content. This was caused by the 

oxidation of free -SH groups to form disulfide bonds (both intra- or inter-molecular). These protein 
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crosslinking, as well as protein-protein aggregation, lead to an increase in particle size from 996 

nm to 1208 nm. Dong et al. [121, 122]investigated the DBD plasma treatment efficacy on zein 

powers (using air at 75 V with 45% relative humidity for 10 min) and reported that ozone, 

generated by plasma, act a strong oxidizing agent, changed the thiol groups (SH) to disulfide bonds. 

The protein-protein interaction may be enhanced due to the protein unfolding and pH 

decrease. The hydrophobicity of whey protein increased subject plasma treatment [163]. Plasma 

leads to a decrease of secondary structure, which may result in the exposure of buried hydrophobic 

groups, which enhanced hydrophobic interactions.  Xu et al. [1] reported the formation of nitric 

acid induced by RNS such as NO2, NO3 and N2O4, which leads to the acidification of aqueous 

solutions. The pH decrease may alter the electrostatic interaction between proteins, which 

increased protein-protein aggregation. 

Enzyme inactivation by cold plasma. Lackmann et al. [161] reported that RGS were 

generated through synergistic effects of emitted particles and photons owing to photochemical 

reactions in the gas phase during plasma jet treatment.  Among the RGS, ROS, predominantly 

atomic oxygen, ozone, and singlet delta O2 have a relatively high reactivity. ROS could trigger the 

observed bacterial reaction by oxidizing macromolecules either directly or indirectly. Enzyme 

GAPDH was used as a model protein to explore the inactivation mechanism of protein by plasma. 

The study reported that reactive photons and high concentrated ozone generated by plasma 

interacted with GAPDH and other cellular components that triggered the cell inactivation. Enzyme 

inactivation was observed in various studies [38, 93, 161, 168-170]. However, when applied 

atmospheric-pressure glow discharge plasma jet into the manipulation of lipase [168], the enzyme 

reactivity increased after exposing lipase to plasma. 

1.4.2 Plasma-lipid Interactions 

Lipids are an important component of food, it is crucial to protect them from deterioration 

when they are exposed to extreme food processing conditions. Reactions such as oxidation, 

polymerization or hydrolysis change physical and sensory properties by the formation of volatiles 

or other reaction products that change the quality of food products. The second scenario is an area 

that is rapidly growing, modifying chemical structures by exposing them to plasma RGS. ACP 

generates RGS that interact with food nutrients, changing the chemical structure by attaching 
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moieties, breaking bonds, or crosslinking molecules. Therefore, cold plasma has a potential as a 

food processing approach. This section will be focused on the analysis of the effect of RGS in 

lipids. First, ACP has been investigated as a tool to accelerate lipid oxidation. Besides, lipids are 

treated with cold plasma to manipulate its composition and obtain products with modified 

properties.   

Lipid oxidation. The mechanism of lipid oxidation has 3 stages: initiation, propagation, 

and termination [171]. ROS, formed by cold plasma, are superoxide anion (O-
2), hydroperoxyl 

radical (HO2), hydroxyl radical (OH), nitric oxide (NO), hydrogen peroxide (H2O2), most of them 

linked to lipid oxidation [172]. Linolenic acid (C18:3) get oxidized 2.4 times faster than linoleic 

acid (C18:2), and the latter 40 times faster than oleic acid (C18:1) [173, 174]. Atomic oxygen can 

have two orders of magnitude higher in oxidation rates than molecular oxygen, it reaches the 

double bonds of unsaturated fatty acids, which is the target to initiate lipid oxidation [175]. ACP 

treatment of beef and dairy products determine that the presence of oxygen increase oxidation rate 

[176]. Oxidation of food products is a parameter often used as a marker of shelf life. ACP has been 

studied as an accelerated method of analysis for lipid oxidation, using a plasma jet at 6-15 kV for 

60 min [177-180]. The authors identified specific aldehydes and ketones that can be used as 

markers of lipid oxidation. Another study using ACP treating fish oil revealed that nonanal content 

(a secondary oxidation product of unsaturated fatty acids with 18 carbons) in an 11-week natural 

ageing oxidation of fish oil is 16.8%, with an accelerated test (6 h/100°C) it reaches 381.9 µg/g. A 

60 min cold plasma treatment with air/O2, generate 28.1ug/g of nonanal [180]. Therefore, this 

correlation between natural ageing oxidation and cold plasma accelerated oxidation (by the 

formation of volatiles) can be used as markers to determine the shelf life of fish products.  

Hydrogenation. Cold plasma has been investigated as an approach to reduce the number 

of double bonds in lipid by a hydrogenation reaction [129]. Hydrogenation is an “oleochemical 

process”, intending to a conversion the state of lipid from a liquid into solid [78]. The conventional 

method to generate partially hydrogenated oil, commonly employs catalyst (nickel powder) at high 

temperature and pressure, with an incorporation of hydrogen into the hot liquid oil [78]. HVACP 

has been reported to be an alternative approach for producing partially hydrogenated oil without 

generation of trans fat [129]. A direct exposing of soybean oil to DBD system for 12 h, was able 

to decrease the iodine value from 131 to 92 with a 32.3% increase in saturated fatty acids content. 
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The treated samples had a decrease in polyunsaturated fatty acids and no generation of trans-fats, 

which is feasible with regards to the food quality [78]. Plasma was demonstrated to be adaptable 

to alter the chemical structure of substrates by deposition, cross-linking, etching, and the energy 

levels of hydrogen species increased over time [129]. Therefore, HVACP provides an alternative 

method with expediency treatment over conventional hydrogenation process at ambient 

temperature, atmospheric pressure, and absence of catalyst [78]. 

Polymerization. ACP has been studied as an alternative process to polymerize vegetable 

oil to obtain bio-lubricants from renewable sources. Nitrogen gas and air were used to treat soybean 

oil, in a DBD equipment with the oil flowing through the electrodes, for 0-9 h at 90 °C [129, 181, 

182]. Treatment conditions allow opening the double bond of unsaturated fatty acids, capture 

plasma species, forming nitrogen cyclic structures and polymers. After a 9 h treatment, the 

percentage of carbon/hydrogen reduced, and nitrogen/oxygen increased. The polymerized oil has 

a high viscosity and improved tribological characteristics. 

1.4.3 Plasma-carbohydrate Interactions 

According to recent scientific reports, starch can also be modified using the ACP 

processing. The plasma species will interact with starch can modify in three different possible 

mechanisms, including cross-linking, depolymerization and plasma etching [125]. 

Cross-Linking or Grafting. The cross-linking or grafting occurs between the polymeric 

chains of starch molecules, induced by free radicals and energetic electrons formed during plasma 

generation [183]. The hydroxyl radicals (OH) generated by ACP, could cleave the glycosidic 

bonds. Deeyai et al. [119] reported that after the plasma treatment of starch, they have observed 

an increase in the relative area of the peak at 924 cm−1 designated to the C-O-C linkage. The 

grafting degrees of the cellulose/chitin mixture which was estimated using X-ray photoelectron 

spectroscopy, varied from 31.1% to 58.7% after the ACP treatment. The RGS generated by the 

gas discharge plasma and the polymeric molecules interact with each other, leading to cross-

linking reaction [184]. 

Depolymerization. The bombardment of high energetic ions of plasma may cause 

depolymerization of amylose and amylopectin side chains of starch molecules, resulting in smaller 

fragments [125]. Bhat and Karim [185] reported that the major compounds after the radiolysis of 
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carbohydrates are formic acid, acetaldehyde, and formaldehyde. The formic acids formed to 

indicate a destruction of amylopectin chains of starch molecules. Lii et al. [186] have reported that 

plasma operation gas can be dived into two groups based on the capability of depolymerizing 

starches: 1) less active gas (hydrogen and air plasma) and 2) more active gas (ammonia and oxygen 

plasma). Misra et al. [187] reported that oxygen present during the plasma generation undergoes 

serious of reactions leads to the formation of hydroxyl radicals (OH) and ozone. Ozone cleaves 

the bond between the C2- C3 and also glycosidic bond can lead to depolymerization. Therefore, 

plasma operation gas category is critical in plasma-carbohydrate reactions. 

Plasma Etching. Thirumdas et al. [188] observed that due to plasma etching of rice, there 

is an increase in leach out of amylose molecules during cooking operations and a decrease in 

cooking time of rice. A similar effect of plasma etching was also reported by Chen et al. [189] in 

low-pressure cold plasma treated brown rice. The etched surface eases water into starch granules 

along with temperature due to this it may alter thermal, functional and rheological properties. 

 Research Hypothesis and Objectives 

To studying HVACP treatment on food processing, especially with focused applications in 

microbial inactivation and protein modification, we divide the study into parts: 

CHAPTER 2 and CHAPTER 3 evaluate the interactions between HVACP and 

microorganisms in liquid and semi-solid food; identify whether/how plasma transfer into semi-

solid food and what is the relationship between microbial inactivation and plasma transfer. The 

hypothesis is that 1) HVACP can inactivate microorganism in both liquid and semi-solid food. 2) 

The synergetic effects of between the plasma reactive species that penetrate into the sample and 

the products derived from interactions will inactive the microbes as this penetration proceeding.  

CHAPTER 4 explores the interactions between plasma and proteins in the food system. 

We hypothesize that HVACP can be applied to enzyme inactivation and protein modification, 

with a mechanism of introducing protein structural alteration, protein-protein aggregation, peptide-

bond cleavage and amino acid modifications.  
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 HIGH VOLTAGE ATMOSPHERIC COLD PLASMA 

INDUCED MICROBIAL INACTIVATION AND QUALITY CHANGE IN 

ORANGE JUICE 

 Abstract  

Although atmospheric cold plasma is well known for nonthermal microorganism 

inactivation on food surface surfaces, few studies examine its application to liquid food within a 

package. This chapter studies microbial (Salmonella enterica serovar Typhimurium, S. enterica) 

inactivation efficacy of HVACP and the physicochemical interactions between HVACP (up to 90 

kV) and biomolecules including an enzyme (pectin methylesterase-PME) and vitamin C in orange 

juice (OJ) under various processing conditions. Both direct and indirect HVACP treatment of 25 

mL OJ induced greater than a 5 log reduction in S. enterica following 30 s of treatment with air 

and MA65 gas with no storage. For 50 mL OJ, 120 s of direct HVACP treatment followed by 24 

hours storage induced a 2.9 log reduction of S. enterica in air and a 4.7 log reduction in MA65 gas; 

120 s of indirect HVACP treatment followed by 24 hours storage resulted in a 2.2 log reduction in 

air and a 3.8 log reduction in MA65. No significant (P < 0.05) Brix or pH change occurred 

following 120 s HVACP treatment. Applying 120 s HVACP direct treatment reduced vitamin C 

by 56% and pectin methylesterase activity by 74% in air and 82% in MA65. These results 

demonstrate that HVACP can effectively inactivate Salmonella in OJ. Plasma is also able to react 

with biomolecus in OJ which might affect its quality. 

 Introduction 

Foodborne pathogens are an increasing concern worldwide. The Center for Disease Control 

and Prevention (CDC) reports that 1.2 million illnesses and 450 deaths (31% of food-related deaths) 

occur in the United States annually due to Salmonella infections [190]. The 2013 Salmonella 

annual summary stated that Salmonella enterica serovar Typhimurium (S. enterica) was one of the 

most commonly isolated serotypes, causing 12.8% of all human salmonellosis illnesses [191], 

mostly in ready-to-drink (RTD) food.  

The risk of contamination by spoilage and pathogenic microorganisms in RTD food is of 

concern because these products are consumed raw without further preparation or cooking. Orange 
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juice (OJ), one of the most prevalent sources for bioactive compounds, is an RTD beverage that is 

usually pasteurized for safety. The current standard for OJ processing and preservation requires 

reducing microorganism concentration by 5-log cycles (USFDA, 2001). Thermal treatment of OJ 

at 90 °C for 1 min is currently used to prevent microbial spoilage and inactivate the pectin 

methylesterase (PME) more than 90-98% [192]. However, thermal pasteurization can adversely 

affect texture, destroy heat-sensitive nutritional components (such as vitamins), degrade bioactive 

compounds, and cause unfavorable flavor [193-195]. Vitamin C concentration has reduced by 50 % 

after pasteurization at 90 C° for 2 min [194]. Therefore, non-thermal techniques are attractive to 

industry because they can potentially maintain food safety with minimal quality loss [15, 25, 196].  

    Increasing consumer demand for safe, minimally processed foods has motivated the food 

industry to investigate new non-thermal processing techniques. Current commercial techniques, 

including high pressure processing (HPP) and pulsed electric fields (PEF), are expensive due to 

capital investment, increased labor, and product type [197]. High voltage atmospheric cold plasma 

(HVACP) treatment offers distinct advantages for food decontamination, including reduced capital 

and operational costs [2]. Plasma consists of highly energetic species, including photons, electrons, 

positive and negative ions, free radicals and excited or non-excited molecules and atoms [198]. In 

atmospheric cold plasma (ACP), the electron temperature is much higher than the ion and neutral 

temperatures. Therefore, ACP treatment is particularly attractive for food treatment since it does 

not require extreme process conditions compared to classical preservation methods, such as heat 

treatments, which adversely impact food texture and bioactive nutrients. While ACP has been 

commonly used in industrial processes, such as electronics cleaning, bonding plastics, or binding 

dye to textile fibers, its potential remains untapped in the food industry [149, 199, 200]. HVACP 

treatment can significantly reduce foodborne pathogens and spoilage microorganisms [16, 22, 95, 

97, 201]. 

The novel, in-package HVACP technology used in this study applies a high voltage (up to 

90 kV) to either dry air or modified atmospheric gas (65% oxygen and 30% nitrogen) with the 

packaging material as a dielectric barrier [46]. We generated the cold plasma by applying a high 

voltage with low average current (0.2-1.0 mA) through the gas inside the package.  This high 

voltage creates a strong electric field that generates free electrons that interact with nearby gas 

molecules (O2, N2, CO2, etc.) to form a quasi-stable charged gas species or plasma. The resulting 



56 

reactive gas species (RGS), such as NO, NO2, O, ozone (O3), and hydroxyl radicals (OH), have 

bactericidal, fungicidal, and sporicidal characteristics [202-204]. The HVACP process generates 

much higher concentrations of RGS than other plasma devices because of its higher voltages while 

the containment of RGS in the package enhances its effectiveness [41]. Many groups have studied 

the mechanism of bacterial inactivation by ACP [205-210]. The bactericidal effect arises due to 

breaking down or causing surface lesions on the bacterial cell wall, loss of membrane integrity or 

membrane permeabilization, or damaging membrane or intracellular proteins and nucleic acids 

[68, 97, 211, 212]. In the HVACP process, the RGS convert back to the original package gas (e.g., 

air) within a few hours, leaving no chemical residuals while significantly reducing microorganisms 

when present [2]. So far, few studies report ACP induced microbial decontamination in OJ for 

larger volumes (up to 50 mL compared to past studies at 50 l [46]  using high voltage (up to 90 

kV, rather than <50 kV [81]  using dielectric barrier discharges (DBDs) to generate ACP, nor for 

exploring HVACP induced physical and chemical effects in OJ. Therefore, this study provides one 

of the first feasibility analyses of using HVACP for microorganism inactivation in a relatively 

large scale (up to 50 mL) of OJ. 

The present study assesses the physicochemical interactions between high voltage 

atmospheric cold plasma (HVACP) and Salmonella enterica serovar Typhimurium (S. enterica), 

as well as biomolecules including enzyme, vitamin C and other components in orange juice (OJ) 

under different conditions, which result in changing OJ’s physical and chemical properties. 

HVACP was generated in a sealed bag, packed with air or modified air (MA65). The effects of 

plasma exposure model (direct or indirect), treatment time, and post-storage of HVACP were 

explored on S. enterica, pectin methylesterase, vitamin C and other components in orange juice. 

 Materials and Methods 

Sample Preparation and Bacterial Inoculation 

 Salmonella enterica serovar Typhimurium ATCC 14028 (S. enterica) was obtained from 

Department of Food Science, Purdue University. S. enterica. strains were grown overnight in 

Tryptic Soy Broth (TSB, DifcoTM, MD, USA) at 37 °C for 24 h, in a shaking bath. Samples of 

OJ was inoculated at 0.1% with the overnight culture to achieve an initial population of 

approximately 5 log CFU/mL. The initial cell concentration effect on S. enterica inactivation 
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was investigated and optimized to maximize S. enterica reduction and exclude cell concentration 

effects. The optimization procedure included inoculating OJ with an initial concentration of 5-8 

log CFU/mL of S. enterica, and comparing the inactivation rate after HVACP treatment at 90 kV 

for 2 min. Correlation between the D-value and initial cell concentration (log) is linear [213]. 

The Xylose lysine deoxycholate (XLD, DifcoTM, MD, USA) selective media was used to 

enumerate organisms in pre- and post-processed samples. We used peptone water (Bacto, MD, 

USA) to prepare ten-fold dilution series of samples and plated out 0.1 mL aliquots of relevant 

dilutions on solid media. Plates were incubated at 37 °C for 24 h and survivors (CFU/mL) were 

enumerated. We analyzed the duplicate plates for each dilution to determine the number of 

colony forming units (CFU) and report the counts as the average of three independent HVACP 

treatments. Treated and untreated samples were enumerated immediately and the following 

storage at 4 °C for 24 h and 48 h to assess the impact of post-treatment storage.  

Sample Packages 

Pasteurized orange juice (Tropicana, FL) free of any preservatives and fresh squeezed 

orange juice (Sunkist, CA) were purchased from a local grocery store. We only use fresh squeezed 

orange juice to study the enzyme inactivation; all other experiments were performed with 

pasteurized orange juice. We placed 25 mL and 50 mL OJ samples (control and inoculated with S. 

enterica) onto a Petri dish (diameter: 85 mm) in a storage box, flushed with filling gas for 3 min 

and sealed it with dry air (<5% relative humidity) or MA65 (65%O2 + 30%N2 + 5%CO2, <5% 

relative humidity) using a Cryovac® B2630T (Sealed Air, North Carolina, USA) high barrier film 

to retain the plasma and reactive gas species (RGS). The gas composition in the box has been 

tested using detector tubes (Dräger-Tubes®, Houston, TX) to confirm its purity of filling gas (air 

or MA65). 
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Figure 2.1  Schematic of the experimental setup employed for high voltage atmospheric cold 

plasma (HVACP) treatment of orange juice (OJ) (direct and indirect). (a) Optical emission 

spectroscopy (OES). (b) Optical absorption spectroscopy (OAS) 

 

The HVACP device (Figure 2.1) is an atmospheric low temperature plasma generator 

employed for in-package plasma treatment [129]. We applied up to 90 kV [41]. The HVACP 

system included a transformer (Phenix Technologies, MD, USA) with an electrical energy input 

voltage of 120 V (AC) at 60 Hz. A combination of dielectric barriers were assembled to achieve 

(a) 

(b) 



59 

maximum RGS generation for each gas-package combination. We placed the package between 

two 15.24 cm diameter aluminum electrodes with a gap of 4.44 cm, and the two 

Cuisinart® (Cuisinart, New Jersey, USA) polypropylene layers (355 × 272 × 2.20 mm) above and 

below the package as additional dielectric barriers. We, directly and indirectly, exposed 25 and 50 

mL of OJ to 90 kV for 30, 60, and 120 s. The treated samples were stored in a refrigerator at 4C 

for 24 h to study the dependence of microorganism population on post-treatment storage. XLD 

agar (Difco) was used to enumerate S. enterica. 

Optical Emission Spectroscopy (OES) and Optical Absorption Spectroscopy (OAS)  

We used optical emission spectroscopy (OES) to characterize the reactive gas species 

generated in the plasma during the treatment and optical absorption spectroscopy (OAS) to 

investigate the gas composition post-discharge [44, 214]. OES and OAS were measured using an 

HR2000+ Spectrometer and 400 mm optical fibers produced by Ocean Optics (FL, USA). The 

fibers had a numerical aperture of 0.22 and were optimized for use in the ultraviolet and visible 

portion of the spectrum with a wavelength range 190 nm to 1100 nm. The distance between the 

optical fiber and the plasma chamber was 140 mm. The OES spectra were corrected for 

background noise and recorded every 30 s during the HVACP treatment at 90 kV. The data was 

recorded and analyzed using OceanView Optics Software (Dunedin, FL). We identified the peaks 

by comparing them with the NIST Atomic Spectra Database [129]. 

We investigated the post-discharge gas composition using OAS. Using a UV-visible (UV-

Vis) deuterium-hydrogen lamp as light source, we measured the transmitted light with an Ocean 

Optics (HR2000+) spectrometer. The optical probes (insulated UV-Vis collimators) were aligned 

inside the sealed package for all experiments, with an optical path length of 2.4 cm between the 

probes. Based on Moiseev’s method, we used the Beer-Lambert law to calculate the concentrations 

of ozone (O3) and nitrogen oxides (NO2, NO3, N2O4 ) by averaging concentration along a 

wavelength interval where each species has an absorption cross-section maximum or values much 

higher than other absorbent species [44]. 

Color, pH and Brix measurement 

Juice color was measured using a HunterLab colorimeter (ColorFlex modelA60-1010-615, 

Hunter Associates Inc., Reston, VA) at 20 ± 1 °C. The instrument (65°/0°geometry, D25 optical 
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sensor, 10°observer) was calibrated using white (L = 92.8; a = -0.8, b = 0.1) and black reference 

tiles. Expressing color values as L* (whiteness/darkness), a* (redness/greenness), and b* 

(yellowness/ blueness) allows us to calculate the color difference (ΔE) in OJ after treatment by 

 ∆𝐸 = √(𝐿∗ − 𝐿0)2 + (𝑎∗ − 𝑎0)2 + (𝑏∗ − 𝑏0)2, (1) 

where L0, a0, and b0 are the color values of control juice samples. Depending on the 

magnitude of ΔE, one can characterize the development in color difference during storage time as 

not noticeable (0–0.5), slightly noticeable (0.5–1.5), noticeable (1.5–3.0), well visible (3.0–6.0) 

and great (6.0– 12.0) [215]. We performed the color measurement in triplicate.  

The pH of treated and untreated orange juice samples was measured using a digital pH-

meter (Orion model 420A, Allometrics Inc., Seabrook, TX). Continually stirred samples (10 mL) 

were measured at 20 °C. 

We measured Brix using an ATAGO™ refractometer (Digital Hand-Held Pocket 

Refractometer PAL-1) at 20 °C. The refractometer of the prism was cleaned with distilled water 

after each analysis. 

Vitamin C Determination  

We used a high-performance liquid chromatography (HPLC) system to measure the total 

vitamin C content, including ascorbic acid (AA) and dehydroascorbic acid (DHAA), based on 

Ayhan's  method [216]. A Hewlett-Packard liquid chromatograph (Wilmington, DE) equipped 

with an auto-sampler and a detector at 254 nm was used. We calculated the HPLC chromatograph 

peak area using a Hewlett-Packard integrator (HP3396 Series II). A reversed-phase C-18 column 

(5 µm particle size, 4.6 mm diameter, 250 mm length, Hewlett-Packard) and a Hewlett-Packard 

C-18 guard column separated the AA using methanol and acidified water (10:90, v/v) as a mobile 

phase. The water was acidified (0.01%, v/v) with phosphoric acid (90%). The mobile phase was 

filtered using a 0.45 µm membrane filter (Micron Separations Inc., Westboro, MA) and degassed 

using ultrasound before passing through the column at a flow rate of 0.5±0.01 mL/min. We 

observed a standard calibration curve by using L-ascorbic acid (Sigma Chemical Co., St. Louis, 

MO) in concentrations ranging from 5 to 80 mg/100 mL. The OJ was derivatized with dithiothreitol 

before analysis to reduce the DHAA to the AA. We centrifuged the OJ at 8000g for 10 min in a 
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Beckman Microfuge E (Beckman Instruments Inc., Palo Alto, CA) to remove pulp and coarse 

cloud particles. We injected 10 µL of the supernatant into the column using the HPLC auto-

sampler. We determined the reproducibility of six-time analyses per each orange juice sample 

based on a relative standard deviation ± 5%.  

Pectin Methyl esterase (PME)  

PME activity was determined by titrating the liberated carboxyl group at pH 7.5 (30 C) 

based on the methods reported by Rouse and Atkins [217]. After mixing the OJ sample (from 

freshly squeezed juice) well, we transferred 5 mL into 50 mL of a 1% pectin substrate solution in 

0.2 M sodium chloride. The sample was titrated to pH 7.5 with 0.2 N NaOH, which was maintained 

for 30 min by titrating 0.05 N NaOH to the sample. The volume of 0.05 N NaOH consumed during 

this time was recorded. We determined the PME activity, Pa in PME units (PMEu) per gram by  

 
𝑃𝑎 =

𝑉𝑁𝑁𝑁

𝑚 × (30 min)
, (2) 

where VN is the volume of NaOH in mL, NN is the normality of NaOH, and m is the mass of the 

sample in grams. 

Statistical Methods 

We used SAS Version 10.1 (Statistical Analysis Software, Cary, NC) to analyze all 

resultant gas concentrations and microbial populations.  Statistical analysis of results utilized a 

general linear model (GLM) for unbalanced datasets and Analysis of Variance (ANOVA) 

procedure for balanced data. We determined the mean differences by using Duncan’s LSD Test 

for separations of means showing significant differences (P < 0.05). The mean and standard 

deviation were calculated for the log reduction of microorganisms for each set of experiments. A 

95% confidence interval was used for all procedures. 

http://www.sciencedirect.com.ezproxy.lib.purdue.edu/science/article/pii/S1466856404000050#BIB44
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 Results 

2.4.1 Effect of HVACP on the Microbes in OJ 

 Effect of Gas Composition 

 

Figure 2.2  The survival of Salmonella enterica serovar Typhimurium (S. enterica) population 

(log10 CFU) is as a function of treatment time. (a) 50 mL OJ packed with air or MA65 are 

treated with HVACP at 90 kV. OJ subject direct HVACP treatment: () air packed; () MA65 

packed.  HVACP treated OJ after 24 h post-storage: () air packed; () MA65 packed. (b) 50 

mL OJ packed with MA65 are treated with HVACP at 90 kV directly or indirectly. OJ subject 

HVACP treatment:  () direct treatment; () indirect treatment. HVACP treated OJ after 24 h 

post-storage: () direct treatment; () indirect treatment. Values represent the mean and 

standard deviations of three replicates. 

 

Figure 2.2 shows the effect of the gas composition on the S. enterica inactivation.  A 2 min 

HVACP treatment with air or MA65 as the fill gas followed by 24 h of post-treatment storage 

resulted in S. enterica inactivation with only a 2 min HVACP treatment. In this study, we 

determine the inactivation of S. enterica by using XLD to enumerate the population difference 

before and after treatment. The sublethally injured cells, which can reproduce and form colonies 

on Tryptic Soy Agar (TSA) but not in XLD, were not counted as surviving/viable bacteria after 

HVACP treatment because they lost metabolic activity [218]. 

The population of S. enterica in OJ decreases with treatment time. Immediately after 

subjecting OJ to 2 min of HVACP direct treatment, decreased S. enterica population by 0.65 and 
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1.75 log in air and MA65, respectively. The population of S. enterica continued to decrease after 

24 h of post-treatment storage (incubation OJ without opening the package at 5°C). Following 24 

h of post-treatment storage, the population of S. enterica in 50 mL of OJ subjected to 2 min 

HVACP treatment decreased by 2.81 log (air) and approximately 5 log (MA65) without recovery. 

This indicates that HVACP generated RGS remain in the package and can inactivate S. enterica 

after removing the electricity. MA65 is more effective in inactivating S. enterica in OJ compared 

with air, which may correlate to the different RGS generated during HVACP treatment.  

 Direct vs. Indirect 

Figure 2.2 shows that both direct and indirect HVACP treatment can achieve microbial 

decontamination. Other studies [68, 212] demonstrated direct plasma treatment more efficiently 

inactivated S. enterica than indirect treatment. There is no significant difference (P < 0.05) 

between direct and indirect treatment for short (< 1 min) HVACP treatment time. A 2 min direct 

HVACP treatment of 50 mL OJ resulted in a 1.75 log (MA65) reduction immediately (0 h) after 

treatment while indirect treatment induced a 0.85 log (MA65) reduction (Figure 2.2 a). Applying 

a 24 h post-treatment storage after 2 min HVACP with MA65 reduced S. enterica population by 

3.78 log with indirect exposure and by greater than 5 log (under the population threshold for 

detection) with direct exposure (Figure 2.2 a).  In Figure 2.2 b, the high microbial inactivation in 

direct (MA65-D-24h) compared with indirect (MA65-IN-24h) exposure at 120s may arise due to 

undetectable RGS, UV light, electroporation [219] or other short-lived species (many of which are 

not available for OJ during indirect treatment) that may also have microbiocidal effect. This high 

inactivation effect in direct treatment has been reported previously [63, 212]. Stoffels et al. [63] 

reported that during direct treatment, the most reactive short-living species (such as charged 

species and certain radicals) have the highest probability of reaching the surface [63]. Also, the 

bombardment of charged RGS in direct treatment [146] may facilitate RGS diffusion into the 

liquid to generate microbiocidal compounds [220, 221]. An electric field will enhance the mass 

transfer by electroporation [219], which facilitates RGS diffusion. Dobrynin et al. [146] reported 

that the microbiocidal effect of plasma treatment in the liquid may be enhanced due to energetic 

ion bombardment [146]. In the 50 mL OJ sample, there is no significant difference between direct 

and indirect treatment for short treatment times. Differences detected following 24 h of post-

storage incubation (Figure 2b) indicate that the long-living RGS, including hydrogen peroxide, 
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and ozone, contribute to the microbiocidal effect of HVACP. Therefore, both direct and indirect 

treatment can achieve a 3.5-5 log S. enterica reduction in 50 mL OJ with 2 min HVACP treatment 

and 24 h post-storage. 

 Effect of Sample Height and Exposure Surface Area 

 

Figure 2.3  The survival of S. enterica population (log10 CFU) is influenced by exposure surface 

and sample height. 25 mL or 50 mL of OJ packed with MA65 treated directly with HVACP at 90 

kV. The survival of S. enterica population (log10 CFU) is as a function of treatment time. OJ 

subject HVACP treatment: (1) 50 mL OJ with double height (9 mm); (2) 50 mL OJ with double 

area (56 cm2×2); (3) 25 mL OJ with single height (4.5 mm). HVACP treated OJ after 24 h post-

storage: (4) 50 mL OJ with double height; (5) 50 mL OJ with double area; (6) 25 mL OJ with 

single area (56 cm2). Values represent the mean and standard deviations of three replicates test. 

 

        We next investigated the effect of sample height and exposure surface area on the S. enterica 

inactivation efficiency of HVACP treatment. With the same exposure surface area, the inactivation 
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of S. enterica in 25 mL OJ (sample a, Figure 2.3 a) is higher than 50 mL OJ (sample b, Figure 2.3 

b). Within 30 s, HVACP direct treatment achieved greater than 5 log reduction (detection limit) of 

S. enterica in sample (a); however, it required 120 s to achieve 5 log reduction in sample (b) with 

double height (10mm). With the same sample volume (50 mL), the inactivation of S. enterica with 

the double exposure surface (Figure 2.3 c) in OJ is higher than the single exposure surface of OJ 

(Figure 2.3 b). Within 60 s, HVACP achieved greater than 5 log reduction of S. enterica in sample 

(c). This indicates that for a certain volume of OJ, increased exposure surface and minimized 

sample thickness will achieve a high S. enterica inactivation efficiency, which may accelerate RGS 

diffusion into OJ. This agrees with other reports [222, 223]. Microbial inactivation efficiency of 

plasma is influenced by the sample depth, sample volume, and food composition [223]. Therefore, 

increasing the exposure surface and minimizing OJ sample thickness is critical for maximizing S. 

enterica decontamination using HVACP. 
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 Optical Emission Spectroscopy 

 

Figure 2.4  Optical emission spectroscopy results of MA65 (a) and air (b) packed OJ during 

HVACP treatment (direct) at 90 kV for 2 min. (c) Optical emission spectroscopy of control. 

 

 

Table 2.1 The major peaks in the spectra correspond to the emissions of excited species. 

 

       We used OES to characterize the different main emissions of the RGS generated by air and 

MA65 during direct and indirect treatment. Figure 2.4 and Table 2.1 show that the recorded 

spectrum consists of various molecular and atomic nitrogen and/or oxygen species. During 

treatment, both direct and indirect treatment can generate RGS, which have microbiocidal effects. 
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The major peaks in the spectra correspond to the emissions of excited species of atomic nitrogen 

and atomic oxygen, including the nitrogen second positive system N2(C-B) [224], the first 

negative system N2+ (B-X) (at 336, 357, 380, 390, 405, 426 nm) and optical transitions of the O 

atom, including 616 nm and 777 nm [225, 226]. The OH peak around 309 nm was also identified. 

Figure 2. 4 indicates that using MA65 as the fill gas generates primarily reactive oxygen species 

(ROS) while air generates reactive nitrogen species (RNS), which may contribute to the different 

microbial decontamination efficiency. At the same time, the different active ions and free radicals 

reach the liquid phase and produce various biologically active reactive species (PRS) in the liquid 

phase [146, 209], including long-lived PRS, such as hydrogen peroxide (H2O2), ozone (O3), and 

nitrate ion (NO3
−), and short-lived PRS, such as hydroxyl radical (OH−), superoxide (O2

−), and 

singlet oxygen [227]. The signal will disappear after removing the field from the sample due to 

the short-living life of the atomic species and will either generate long-living species through 

complicated reactions or react with the liquid phase. There are more than 75 species generated 

among 500 reactions as a function of treatment time and energy scale [158], which have 

microbiocidal effects and are undetected by OES.  
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 Optical Absorption Spectroscopy 

 

Figure 2.5  (a) Optical absorption spectroscopy (OAS) signals of MA65 packed OJ during 

HVACP treatment (direct) at 90 kV for 2 min. (b) (air) and (c) (MA65), Concentration of 

reactive gas species (O3-black, NO2-blue, NO3-green, N2O4-red) of MA65 packed OJ during 

HVACP treatment (direct) were calculated from OAS signals of Figure 2.5 a, based on the Beer–

Lambert law by averaging concentration along a wavelength interval. (d) O3 concentrations in 

air (straight line) and MA65 () packed OJ (50 mL) during HVACP treatment (direct) at 90 kV 

for 2 min, (d) O3 concentrations during post-treatment storage.   
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Figure 2. 5a shows the typical absorbance during HVACP treatment with the intensity 

increased with increasing treatment time. The concentration of O3 and nitrogen oxides (NO2, NO3, 

N2O4) was calculated based on their optical absorbance [44, 228], as shown in Figure 2. 5b. Within 

2 min of HVACP direct treatment, O3 concentrations were 1660 ppmv in MA65 and 990 ppmv in 

dry air (5% humidity) packed samples. These high concentrations of O3, as well as NO2, NO3, and 

N2O4 generated by MA65 may contribute to its higher microbial inactivation rate than air. 

Therefore, using MA65 which has a higher concentration of O2, as the plasma generation gas 

enhances its microbial inactivation effectiveness, as observed in other studies [45, 204, 229]. Upon 

turning off the HVACP, the OAS signal slowly decreased (fitting second order polynomial model- 

MA65: y = 0.3315x2 - 42.692x + 1891.9, R² = 0.9977; air: y = 0.2821x2 - 28.278x + 902.32, R² = 

0.9627) indicating the correlated RGS do not disappear immediately and can continue inactivating 

bacteria during post-treatment. This is consistent with the extra reduction during the post-treatment 

(Figure 2.2 and 2.3). However, HVACP generates numerous additional species that could 

contribute to the observed mechanisms and should be considered, such as HONO, HO2NO2, and 

HNO3 [214], which currently are not measurable with OAS. 

 

Figure 2.6  Scanning electron microscope image of S. enterica cells in the control and OJ 

subjected HVACP treatment (direct) at 90 kV for 120 s. S. enterica were isolated from OJ by 

centrifugation and washed with phosphate buffer saline. (a) Control, (b) air packed, (c) MA65 

packed OJ. 

 Structure Analysis Using Scanning Electron Microscope 

Figure 2.6 shows an SEM image of S. enterica cells in the control and in OJ subjected to 

HVACP treatment for 120s. S. enterica in the control have relatively smooth bacterial cell walls 
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(Figure 2.6 a), while the cell surface wrinkles and the cell lyses for HVACP treated S. enterica in 

both air and MA65 packed OJ samples (Figure 2.6 b, c). This is consistent with other reports [97, 

212, 230]. Cell morphology has changed compared to the control. In Figure 2.6c and its 

replications, SEM showed cell alterations in HVACP-treated bacteria surface morphology and loss 

of integrity. Severe physical damage, including etching and irregular surfaces on the S. enterica 

cells, also occurred. Han et al. [165] reported that HVACP induced microorganism inactivation 

occurred due to RGS either reacting with the cell membrane or damaging intracellular components 

(e.g., nucleic acids, proteins/enzymes) [165]. The mechanism of various RGS on the bacteria could 

be investigated by checking the effect on cell membrane integrity: absorbance of intracellular 

components is at 260 nm for nucleic acid, at 280 nm for protein. 



71 

2.4.2 Effect of HVACP on the Enzyme, Vitamin C and other components of OJ 

 Pectin Methylesterase 

  

Figure 2.7  (a) Pectin methylesterase (PME) activity. (b) pH of OJ packed with air and MA65 

subjected HVACP treatment (direct) at 90 kV for 120 s. (c) Color observation and (d) The color 

difference (ΔE) of OJ packed with air and MA65 subjected HVACP treatment (direct) at 90 kV 

up to 120 s. Color OJ subjected HVACP treated at 0 h and after 24 h post-storage were 

compared. 

 

       Figure 2.7a shows the residual activity of the PME as a function of treatment time. The activity 

of PME decreased with increasing HVACP treatment time using either air or MA65 as the fill gas. 

24 h post-treatment storage further inactivates PME by 73-76% compared to its activity in fresh 
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OJ. A 16% residual PME activity was observed after OJ pasteurization at 66C for 60 s and 99% 

PME was inactivated at 90C for 60 s [231]. Therefore, a higher PME inactivation may be achieved 

by increasing HVACP treatment intensity. The inactivation of PME may relate to its structural 

modification, which was caused by RGS, and the PRS generated in the liquid phase. The 

mechanism of PME inactivation by HVACP treatment has not been reported before. It is estimated 

that ROS initiated structure modification of PME by oxidative attack leads to loss of enzyme 

functionality, which is consistent with other reports [93, 232-234] confirmed that hydroxyl radicals 

(OH), superoxide anion radicals (O2
−), hydroperoxy radicals (HOO) and nitric oxide (NO) 

generated from plasma sources may modify reactive side-chains of the amino acids, such as 

cysteine, and aromatic rings of phenylalanine, tyrosine, and tryptophan, leading to loss of enzyme 

activity. Figure 2.7a also indicates that using MA65 as the fill gas more efficiently inactivate PME, 

for which may relate to its higher ROS species concentration. For instance, the concentration of 

O3 in MA65 (1810 ppm) is higher than air (930 ppm) at 120 s, indicating a higher oxidative 

capacity. However, the generation of hydroxyl radicals and nitrous/nitric acid in the liquid phase 

[208, 220, 235] may also accelerate the PME inactivation. The PRS transported from the gas phase 

into the liquid transform via successive reactions into products that inactivate enzymes [236]. 

Therefore, RGS and PRS generated in the liquid inactivate PME in OJ during HVACP treatment. 

 Vitamin C Content 

      Vitamin C content is an important parameter to evaluate the nutritional quality of OJ [196, 

237]. Vitamin C is heat-labile and easily destabilized during thermal processing or post-storage 

[238, 239].  In this study, vitamin C content is the total concentration of AA and DHAA, which is 

consistent with industry requirements and other studies [238, 240].  Figure 2.8 shows the vitamin 

C content after HVACP treatment compared with untreated OJ. The vitamin C concentration 

decreases as a function of increasing treatment time: from 53 mg/100mg (control) to 41 mg/100mg 

(in air) and 24 mg/100mg (in MA65), after 2 min HVACP treatment subject 24 h post-storage. A 

minimum of 30 mg of vitamin C per 100 mL of juice is required to meet the commercial standard 

(US Food and Drug Administration, 2016). This loss of vitamin C may arise due to the high 

concentration of ROS and RNS in the RGS generated by HVACP. AA is sensitive to O3 and easily 

degraded by other free radicals [241, 242]. Traditional thermal processing frequently uses a higher 

temperature to establish more excessive PME inactivation but inevitably induces vitamin C 
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breakdown. The previous report indicated that OJ subject conventional thermal treatment at 90 C° 

for 2 min [194], the retention of vitamin C was less than 50 %. Since HVACP is a non-thermal 

processing technology, it may better preserve vitamin C by using a different fill gas to generate 

RGS and may inactivate PME while preserving vitamin C concentration. 

 pH, Brix, and Color 

      HVACP treatment reduced pH from 3.86 to 3.80 (Figure 2.7b); ºBrix did not change 

significantly (P < 0.05) in OJ after HVACP treatment (data not are shown).  The pH decrease 

might be due to the formation of nitric acid (HNO3) and nitrous acid (HNO2) in the liquid phase 

[220]. Helmke et al. (2011) reported that pH following plasma treatment depended strongly on 

treatment time [243] which is consistent with the results in Figure 2.7b. Further analysis of the 

acid profile may better explain the mechanism of the pH shift since OJ has its own buffering 

capacity, consisting of citric acid, malic acid, and ascorbic acid. 

      Figure 2.7c shows pictures of OJ with air/MA65 before and after post-storage, demonstrating 

the color of OJ subject to HVACP treatment. The United States Department of Agriculture (USDA) 

assigned 40 points out of a scale of 100 points for color for the commercial classification of OJ. 

Grade A OJ must have a color number between 36 and 40 points, while grade B OJ has color 

numbers ranging from 32 to 35 points [244, 245]. However, according to Cserhalmi et al.'s report 

that it is more valuable to compare the color difference (ΔE) values of OJ [215]. Figure 2.7d shows 

ΔE, which is the sum of the square of the changes in L*, a*, and b*.  We consider ΔE because the 

consumer will more likely perceive the total change in color than the individual L*, a* or b* values. 

Treating OJ with HVACP for 120 s yielded ΔE of 0.51 (air) and 0.54 (MA65), which were 

classified as slightly noticeable (0.5-1.5). The largest ΔE for HVACP treated OJ was 1.08, which 

is still within the range of slightly noticeable (0.5-1.5), following 24 h of post treated-storage of 

OJ packed with MA65 [215]. Although some color parameters presented statistical difference (P 

> 0.05), the characteristic juice color remained in the expected ranges for OJ with a slight increase 

in ΔE. Different plasma gas resources (e.g., helium) or reduced treatment time may mitigate the 

slight color change. 

http://www.sciencedirect.com.ezproxy.lib.purdue.edu/science/article/pii/S1466856411000701#f0010
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2.4.3 Discussion 

     The effect of HVACP on S. enterica inactivation depends on the mode of plasma exposure, gas 

type, exposure surface area, and treatment time. It is hypothesized that HVACP primarily 

inactivate microorganisms in liquid food by creating RGS and subsequent PRS (generated by RGS 

in the liquid phase through chemical reactions), which induce DNA/protein alteration, integrity 

loss and cell lysis [208, 209, 246]. Charged species were identified as the major contributors to the 

microbiocidal effect. ROS, including hydroxyl radicals (OH), hydrogen peroxide (H2O2), and the 

superoxide anion (O2
−), induce DNA breakdown inside the cells [146]. A combination of plasma 

induced membrane pore formation and peroxidation may lead to cell damage/apoptosis and loss 

of bioactivity and functionality [146, 207]. Various CAP-microorganism inactivation models have 

been proposed, including direct destruction of microbial genetic material by UV irradiation, cell 

surface etching induced by RGS, volatilization of compounds and intrinsic photodesorption of UV 

photons [22]; and that is followed by PRS formation in the liquid phase [46, 247, 248]  reported 

that ROS and RNS played dominant roles in microbial inactivation by reacting with various 

macromolecules on the microorganisms’ outer surfaces (such as membrane lipids), or inside the 

microorganisms (protein and nucleic acids) to induce microbial death or injury in OJ. Therefore, 

the higher concentrations of ROS and RNS generated by HVACP, characterized by OES and OAS 

(Figure 2.5), may enhance microbial inactivation. In this study, treatment factors, such as using 

MA65 with high O2 concentration to generate effective RGS (Figure 2.4) or using direct treatment 

with a large surface exposure combined with sufficient treatment time, may facilitate interactions 

between RGS and S. enterica to optimize microbial inactivation (Figure 2.2 and Figure 2.3).  

The quality of OJ, including PME activity, pH, color and vitamin C content, depends on 

HVACP treatment time, fill gas, exposure model, and post-storage time. This is primarily related 

to the specific RGS formed and their concentrations under various conditions. ROS and RNS 

initiate multiple chain reactions, resulting in numerous chemical reactions and species, including 

the following [33]:  

 OH + NO → NO2
- + H+ (1) 

 O + H2O → 2OH- 
(2) 

 2OH → H2O2 (3) 
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 OH + H2O2→ OOH + H2 (4) 

 OH + NO2
-→ OH- + NO2 (5) 

 

Surowsky et al. [33] reported the following chemical reactions occur at the gas-liquid interface: 

(1) acid-base reactions, (2) oxidation reactions, (3) reduction reactions caused by reductive species 

(e.g., H and HO radicals) and (4) photochemical reactions initiated by UV radiation from the 

plasma [33]. The pH decrease in Figure 7.2b occurred due to the formation of nitrous and nitric 

acids, excited nitrogen species, and their products (NO2
-, NO3

-), as well as singlet oxygen during 

plasma treatment, which is more predominant in non-buffered solutions [15]. Oxidation reactions 

initiated by ROS and RNS are the most important plasma-related reactions which may inactivate 

microorganisms and degrade organic compounds. This may be responsible for the vitamin C loss 

and color alteration [242]. In this study, using MA65 as process gas combined with a longer 

treatment time is preferred for inactivating PME and S. enterica in OJ. However, color retention 

was greatly reduced during subsequent storage using MA65 as a process gas, whereas the color 

was less affected by the use of ambient air, which was consistent with previous studies [249]. 

Therefore, adjusting the gas composition to control the gas RGS formation can minimize both 

color alteration and vitamin C loss. Therefore, elucidating the inactivation mechanism and reaction 

rate between HVACP to PME, vitamin C, and other chemical compounds will enable the 

development of an efficient HVACP system for decontaminating S. enterica in OJ without quality 

alteration. 

 Summary 

      This study examined the physicochemical interactions between high voltage atmospheric cold 

plasma (HVACP) and biomolecules including Salmonella enterica serovar Typhimurium (S. 

enterica), enzyme, vitamin C and other components in orange juice (OJ) under different conditions. 

Efficient S. enterica inactivation has been achieved by using either air or MA65 as the fill gas in 

HVACP treatment of OJ. We achieved more than 5 log reduction of S. enterica in 25 mL OJ within 

30 s of direct or indirect HVACP treatment using either air or MA65 as fill gas. For 50 mL OJ, 

120 s of direct HVACP treatment and 24 h storage induced a 2.9 log reduction of S. enterica in 

the air and a 4.7 log reduction in MA65 gas. Therefore, MA65 more effectively inactivates S. 
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enterica in OJ compared to air, likely due to the different RGS generated during HVACP treatment. 

Using MA65 as the fill gas, extending treatment time, and expanding exposure surface can 

maximize inactivation of S. enterica population and PME activity of HVACP treatment. The 

concentration of vitamin C decreased by 56% after 120 s HVACP direct treatment in 25 mL air 

packed OJ compared with untreated OJ.  No significant color, brix, nor pH change occurred 

following 120 s HVACP treatment. Therefore, we conclude that HVACP treatment can be an 

effective non-thermal technology to control, or potentially eliminate Salmonella in OJ without 

quality alteration. The mechanisms of the physicochemical interactions between HVACP and 

bacteria will be examed in next Chapter. 
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 PENETRATION AND MICROBIAL INACTIVATION BY 

HIGH VOLTAGE ATMOSPHERIC COLD PLASMA IN SEMI-SOLID 

FOOD 

 Abstract 

Multiple studies have demonstrated atmospheric cold plasma as an effective non-thermal 

technology for eliminating bacteria, spores and other microbial contaminants from food and non-

food surfaces. However, few studies have applied this technique to semi-solid food within a 

package. This study evaluates the efficacy and the interaction mechanism of high voltage 

atmospheric cold plasma (HVACP) on Salmonella enterica serovar Typhi (S. enterica) 

decontamination in agar gel with different compositions. HVACP was generated by a dielectric 

barrier discharge in air and a modified atmosphere (MA65: 65% O2) in sealed bags. Agar gels of 

various densities with a pH indicator were inoculated with S. enterica (107>CFU) and exposed 

directly (between the electrode) or indirectly (adjacent to the electrode) to 90 kV at 60 Hz for up 

to 1.5 hours.  HVACP induced greater than 6 log10 (CFU) reduction (both with air and MA65) in 

the plasma penetrated zone with a pH change. Inactivation of bioluminescence cells in the plasma 

penetrated zone confirmed that the plasma, and its generated reactive species, inactivates microbes 

as it penetrates into the gel. A two-minute HVACP treatment induced greater than 5 log10 (CFU) 

S. enterica reduction in applesauce. In summary, these results demonstrate that HVACP can be an 

effective non-thermal technology to control or even eliminate bacteria populations in semi-solid 

food. 

 Introduction  

Atmospheric cold plasma (ACP) has been applied as a novel non-thermal technology in 

multiple biological, medical, and agricultural fields, including waste treatment, surface 

modification, nanomaterial synthesis, food processing, cancer treatment, and wound healing [14, 

84, 90, 96, 250, 251]. The advantages of ACP include reduced capital and operational costs [2] 

[197], flexible application to both liquid and solid matrices [78], and easier handling and 

maintenance [1]. A major limitation for applying ACP in these applications is its limited 
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penetration depth through liquids and solids [87, 252, 253]. Therefore, quantifying the penetration 

capacity of ACP species and the impact of this penetration on ACP efficacy will benefit future 

experimental design and broaden the application of this non-thermal technique. 

 Many previous studies assess ACP for treating the surface of solids or liquids for surface 

modification [254-258], sterilization [16, 22, 42, 86, 259, 260], and chemical catalysis [1, 83, 129, 

163]. Industrial applications include food processing [16], waste treatment [138], biomedical 

applications [261, 262], material processing, and chemical engineering [263, 264]. However, the 

mechanism of the plasma and its reactive gas species (RGS) diffusion into the matrix, penetration 

capacity, or the relationship between this penetration and its modification/sterilization efficacy, is 

not fully understand. Previous reports indicated that the plasma-liquid interactions are very 

complex, including 53 species and 624 chemical reactions in the plasma region and more than 109 

chemical reactions in the plasma-liquid boundary layer [156]. This increases the challenge of 

modeling and understanding the mass transfer across the gas-liquid boundary due to the complex 

and multi-disciplinary nature of the wide range of chemical species and physical effects, including 

radical and RGS, ions, electrons, (V)UV emission, electric fields, heat and neutral gas flows across 

the gas-liquid interface [265]. Yang [266] used a one-dimensional diffusion-drift model to simulate 

the transfer of plasma from the gas phase into liquid phase. The density of the plasma and its 

generated RGS and its diffusivity into tissue was highly related to the electric field. Another study 

investigated the mass transfer of the RGS in the gas-liquid layer by using a one dimensional drift-

diffusion model [267]. Beyond the five main RGS (OH, H2O2, HO2, O2
-, and O3), some of the RGS 

generated in high electric fields are short-lived, therefore losing their density as it penetrated [267].  

While many studies have investigated the impact of ACP on the bulk solid/liquid matrix 

[16, 163], few studies have explored the penetration capacity of plasma-generated reactive species 

(PRS) into semi-solid materials, such as tomato sauce or toothpaste, or the relationship of PRS 

penetration on treatment efficacy. The semi-sold material is an important component in many 

biological, pharmaceutical, and environmental applications [270]. Penetration depth is also critical 

for wound healing and biofilm removal either applications require treating multiple layers with 

thicknesses of several µm to cm [271, 272]. Previous studies in plasma chemical or physiochemical 

mechanisms and its penetration capacity were usually performed using water and a limited 

timescale of 1ns ~ 100s, with a limited penetration depth from 10-4 cm~10-1 cm [155, 156, 273]. 

https://www.google.com/search?q=chemical+catalysis&sa=X&ved=0ahUKEwjkh9DeqcvXAhUY7mMKHeEzCCQQ7xYIJSgA
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Therefore, penetration capacity at an increased time scale, coupled with the physiochemical 

efficacy as the PRS penetrate during ACP treatment, is particularly interesting and will facilitate 

the expansion of the application of ACP to other matrixes. 

This study investigates the penetration capacity of plasma/PRS generated by direct or 

indirect high voltage atmospheric cold plasma (HVACP) into a semi-solid material or food matrix 

and its impact on microbial inactivation. It specifically considers agar (agarose) gel as a model 

system to be treated by various durations of HVACP at 90 kV with air or modified gas (MA65: 

65% O2, 30% N2, 5% CO2) as the packing gas. Adding pH indicator into the gel enabled the 

tracking of the depth of pH change, which corresponds to the perpetration depth of PRS generated 

by HVACP. We propose a one-dimensional diffusion-drift-reaction model to analyze the distance 

and mechanism of PRS penetration. The penetration of PRS and its relationship with microbial 

reduction of Salmonella/bikyyoluminescent cell in the agar gel was investigated, followed by a 

validation in a food sample:  Salmonella enterica serovar Typhi (S. enterica) inactivation in 

applesauce by HVACP treatment. 

 Materials and methods  

Sample Preparation and Bacterial Inoculation 

Salmonella enterica serovar Typhimurium ATCC 14028 (S. enterica) was obtained from 

ATCC. S. enterica was grown overnight in Tryptic Soy Broth (TSB, DifcoTM, MD, USA) at 37 °C 

for 24 h, in a shaking bath.  

 This study uses agar gels with various concentrations of agarose because they have stable 

physiochemical properties and have been broadly utilized as a standard model to mimic skin/brain 

tissue in biomedical studies and meats or sauces in food processing, Agar (Agarose) gel (Bacto, 

MD, USA) with concentrations of 0.25%, 0.5% 1%, 2% (w agarose/w distilled water) were 

dissolved into deionized water with pH adjusted to 6.5. The solution was heated to 80 °C in a 

boiling water bath under continuous mechanical agitation for 10 min, then cooled at room 

temperature to reach 30°C. Adding the pH indicator-methyl purple induced a color change from 

bright green to purple at a pH of 4 in the agar solution. S. enterica was added into the agar solution 

to achieve an initial population of approximately 7 log CFU/mL. The mixture was cooled in 4 °C 
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to achieve a gel state within 2 min (to avoid an uneven distribution of S. enterica caused by gravity) 

and stored at 4°C.  

Sample Packages 

The 25 mL agar gel samples (inoculated with S. enterica) in jars (diameter: 3.5 cm) were 

placed in a storage box and flushed with either dry air (<5% relative humidity) or MA65 (65% O2 

+ 30% N2 + 5% CO2, <5% relative humidity) for 3 min using a Cryovac® B2630T (Sealed Air, 

North Carolina, USA) high barrier film to retain the plasma and reactive gas species (RGS). The 

gas composition in the box was analyzed using detector tubes (Dräger-Tubes®, Houston, TX) to 

confirm the purity of the fill gas (air or MA65).  

High Voltage Atmospheric Cold Plasma (HVACP) Treatment 

The HVACP device (Figure 3.1) is an atmospheric low temperature plasma generator 

employed for in-package plasma treatment [1, 129]. The HVACP system included a transformer 

(Phenix Technologies, MD, USA) to deliver a maximum output voltage of 120 kV (AC) at 60 Hz.  

We typically applied voltages up to 90 kV [41].  A combination of dielectric barriers were 

assembled to achieve maximum PRS generation for each gas-package combination. The package 

was placed between two 15.24 cm diameter aluminum electrodes with a gap of 6 cm, and the two 

Cuisinart® (Cuisinart, New Jersey, USA) polypropylene layers (355 × 272 × 2.20 mm) above and 

below the package as additional dielectric barriers. Agar gel with concentrations of 0.25%, 0.5% 

1%, 2% were exposed directly and indirectly to 90 kV for 0.5, 1.0, and 1.5 hours.  
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Figure 3.1  Schematic of the experimental setup employed for high voltage atmospheric cold 

plasma (HVACP) treatment of an agar sample (a glass bottle with top-side open) with both direct 

and indirect exposure: (a) Optical emission spectroscopy (OES); (b) Optical absorption 

spectroscopy (OAS). 

 

Measurements of Penetration Depth and Microbial Inoculation 

HVACP induced the gel color to change from bright green to purple (Figure 3.1.) due to 

the pH change [274]. The treated gel was sliced into five zones from the surface to the bottom: gel 

surface, color changed area, critical line, 0.25 cm beyond the critical line, and non-color-changed 

area (Figure 3.2a). The depth of the PRS penetration was measured as the distance between the gel 
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surface and the line where the color first changed to purple (shown in Figure 3.2a). The penetration 

depth for each sample was an average of three measurements. 

In each zone, a 1g gel sample was recovered in sterilized 0.1% peptone water (Bacto, MD, 

USA), vortexed, serial diluted and 100 uL of each dilution was plated on Xylose lysine 

deoxycholate (XLD, DifcoTM, MD, USA) selective media. Plates were incubated at 37 °C for 24 h 

and survivors (CFU/mL) were enumerated. Analyzing duplicate plates for each dilution yielded 

the number of colony forming units (CFU) with the counts reported as the average of three 

independent HVACP treatments (detection limit is 101 CFU/mL).  

Optical Emission Spectroscopy (OES) and Optical Absorption Spectroscopy (OAS)  

Optical emission spectroscopy (OES) and optical absorption spectroscopy (OAS) was 

performed to characterize the RGS generated in the plasma during the treatment [44, 214]. OES 

and OAS were measured using an HR2000+ Spectrometer and 400 mm optical fibers produced by 

Ocean Optics (FL, USA). The fibers had a numerical aperture of 0.22 and were optimized for use 

in the ultraviolet and visible portion of the spectrum with a wavelength range between 190 nm and 

1100 nm. The distance between the optical fiber and the plasma chamber was 140 mm. The OES 

spectra were corrected for background noise and recorded every 30 s during HVACP treatment at 

90 kV. The data was recorded and analyzed using OceanView Optics Software (Dunedin, FL). 

The peaks were identified using the NIST Atomic Spectra Database [275]. 

The post-discharge gas composition was measured by OAS, using a UV-visible (UV-Vis) 

deuterium-hydrogen lamp as the light source. The transmitted light was measured with an Ocean 

Optics (HR2000+) spectrometer. The optical probes (insulated UV-Vis collimators) were aligned 

inside the sealed package for all experiments, with an optical path length of 2.4 cm between the 

probes. The Beer-Lambert law was used to calculate the concentrations of nitrogen oxides (NO2, 

NO3, N2O4) by averaging concentrations along a wavelength interval where each species has an 

absorption cross-section maximum or values much higher than other absorbent species [44]. 

Ozone and NOX Concentration  

We measured the concentration of ozone and NOX following HVACP treatment in 

accordance with RGS [46], which gave rapid and straightforward results. Detector tubes (Dräger-
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Tubes®, Houston, TX) were used to characterize the concentration of ozone (Dragger, CH21001) 

and NOX (Dragger, CH31001) immediately after HVACP treatment.  We collected 5 or 20 mL gas 

samples by syringes and analyzed by detector tube using an Accuro Gas detect Pump (Draeger 

Safety AG & Co. KgaA, Germany). Each tube contained colorimetric indicators, so the length of 

the color changed area is proportional to the concentration of specific gas. All samples were 

recorded as an average three measurements.  

Preparation of Agar Gel with Bioluminescent Cell and its Bioluminescent Imaging 

Bioluminescent E. coli K12-lux was obtained from the Applegate culture collection (West 

Lafayette, IN USA). This luminescent strain contained the luxCDABE gene cassette from 

Photorhabdus luminescens cloned into pCRII (Invitrogen, Carlsbad, CA), resulting in constitutive 

luminescence at 490 nm [276]. Bioluminescence is an energy-dependent process requiring ATP 

and reducing power from NADPH and FMNH2, which therefore physiologically stresses the cell 

and may reduce the amount of light that is produced [276]. 

A 2% agar (solution) was inoculated with E. coli K12-lux to achieve an initial population 

of approximately 7.5 log CFU/mL. A 7×4 cm gel cassette was prepared by pouring the agar 

between two glass plates that were sealed with rubber on the sides and one end. Once solidified, 

we placed the resulting gel cassette horizontally into a storage box (vertical to the electric field), 

flushed it with filling gas (dry air) for 3 min, and sealed it with a high barrier film, as shown in 

Figure 3.6a. It is 2.important to note the PRS can only penetrate from side I (4 cm2) into the gel. 

The agar plate was treated directly using HVACP at 90 kV for 1 h. 

Spatial and in situ determination of bioluminescence in the treated gel plate on surfaces was 

determined using an Andor iXon low light imaging CCD camera (Andor Technology Plc, Belfast, 

Northern Ireland). Image software (Caliper Life Sciences, Hopkinton, MA, USA) was used to 

detect and quantify total photon emission (number of photons/s/cm2) from defined regions of 

interest within each image. 

HVACP Treatment of Apple Sauce 

After purchasing applesauce (organic, unsweetened) from a local grocery store, we placed 

30 g samples (control and inoculated with S. enterica) onto a Petri dish (diameter: 85 mm) in a 

https://www.google.com/search?q=horizontally&spell=1&sa=X&ved=0ahUKEwiah8mhj9LUAhVq7oMKHV3oBtYQvwUIJSgA
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storage box, flushed with filling gas for 3 min, and sealed it with dry air or MA65 using a high 

barrier film to retain the plasma and RGS. Applesauce samples were treated with HVACP at 90 

kV for 2, 4, 6 and 8 min with direct exposure.  The treated samples were stored in a refrigerator at 

4 °C for 24 h to study the dependence of microorganism population on post-treatment storage. 

XLD agar (Difco) was used to enumerate S. enterica. The morphology of S. enterica in the control 

and HVACP treated applesauce, was characterized using scanning electron microscopy (SEM) 

based on Ref. [[277]]. 

 Results  

3.4.1 PRS Penetration and Physiochemical Reactions 

 

Figure 3.2  (a) Scheme of 5 divided penetration zone in HVACP treated agar gel before analysis; 

purple shows the PRS penetration as a consequence of a pH change from 7 to 3.2. (b) Penetration 

depth and its microbial population (CFU) as a function of treatment time. (c) Gel with various 

agar percent composition with pH indicator (methyl purple), packed with MA65 and treated with 

HVACP for 1 h. Agar: (1) 0.25%, (2) 0.5%, (3) 1%, (4) 2%. 

https://serc.carleton.edu/research_education/geochemsheets/techniques/SEM.html
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HVACP treatment can generate plasma/PRS that will penetrate into the semi-solid material 

and generate a series of physiochemical reactions, including a pH decrease and microbial 

inactivation. Figure 3.2c shows that gels with various agar percent composition and pH indicator 

(methyl purple) with HVACP for 1 h caused the PRS penetrated zone to change color from green 

to purple. Color change corresponded to pH decreases from 7 (initial) to 3.2 (critical line (Figure 

3.2a)), primarily due to the generation of nitrate and nitrite as confirmed by nitrate/nitrite acid test 

strips (data not shown). This mechanism was previously described [278, 279]: the nitrogen oxides 

(NO and NO2) formed by gas-phase reactions of dissociated N2 and O2, can dissolve in water 

rapidly, forming nitrite NO2
-, and nitrate NO3

- by the reactions summarized as follows:  

 NO + O+ M* → NO2 + M* (3.1) 

 NO2 + OH+ M* → HNO3 + M* (3.2) 

 NO + OH+ M* → HNO2 + M* (3.3) 

 NO2 (aq) + NO2 (aq) + H2O(l) → NO2
- + NO3

- + 2H+              (3.4) 

 NO (aq) + NO2 (aq) + H2O(l) → 2NO2
- + 2H+                          (3.5) 

 2NO2 · + H2O(l) → NO2
- + NO3

- + 2H+                                    (3.6) 

 4NO · + O2 + 2H2O(l) → 4NO2
- + 4H+                                      (3.7) 

 NO2 (aq) + OH →   NO3
- + H+                                                 (3.8) 

 NO2
- + H2O2 → O=NOO- + H2O                                              (3.9) 

where M* is a third body collision partner [280]. The reactions between NO2 and OH radical may 

also generate peroxinitrous acid (ONOOH) or its conjugate base peroxynitrite (O=NOO-) 

(subsequently decay into NO3
-) in the aqueous phase. Peroxynitrite may also be generated by the 

reaction of nitrite anion with H2O2 [75, 279].  

Previous studies detected these acid products and their penetration capacity [156, 208]. 

Formed nitrogen radicals NO  and NO2  possess strong cell toxic properties and were the major 

cause of the cytotoxicity of nitrites under acidic conditions (known as acidified nitrites) 

[281]. Covering the gel with lids and applying HVACP treatment for one hour induced no color 

change in the gel, indicating the pH decrease (color change) was primarily caused by the PRS 

generated by HVACP and transported from the gas phase into the gel. 
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Enumerating the residual S. enterica population in each zone of the gel after HVACP 

treatment demonstrated the microbial inactivation by HVACP in the semi-solid material.  Figure 

3.2b showed more than 6 log10 microbial inactivations between the gel surface and the critical line. 

A 1-2 log10 reduction of S. enterica population occurred in the zone 0.25cm beyond the critical 

line, while the color did not change. No microbial reduction was detected in the bottom (opposite 

to the open side) non-color changed zone. This indicated the close relationship between microbial 

inactivation efficacy and PRS penetration into the gel.  

When laying the gel perpendicular to the electric field (only one opening on the side of the 

gel accessible for PRS to transport horizontally into the gel and electric field applied vertically to 

the gel, shown in Figure 3.5), > 6 log10 microbial inactivation occurred in the zone where the color 

changed and no microbial inactivation occurred in the non-color changed zone (data not shown). 

This confirmed that the predominant reason for pH decrease and microbial inactivation was the 

penetration of PRS generated by HVACP. 

The penetration rate of PRS in the semi-solid material was affected by properties of the 

semi-solid material, including concentration/density, porosity, temperature, chemical composition, 

and HVACP treatment parameters, such as electric field, exposure model, fill gas and treatment 

time. This study evaluates the effect of gel concentration, plasma treatment time, exposure model, 

fill gas. 

3.4.2 Penetration Depth in Agar Gel with Air and MA65 as Packing Gas 

The penetration capacity of PRS was evaluated by measuring the depth of color change in 

the gel with various agar concentrations after HVACP treatment. The agar was treated at 90 kV 

for 1 h. The penetration depth (a purple region in Figure 3.2b) increased with increasing treatment 

time. This penetration was induced by the molecular motion caused by a concentration gradient 

and electric field. The reactions between PRS and media may reduce the concentration of PRS and 

generate its derivatives (see discussion). The penetration depth of PRS in  gels containing 0.25%, 

0.5%, 1% and 2% agar, were 1.31cm, 1.06cm, 0.95cm, and 0.69cm, respectively (Figure 3.2c); 

therefore, the penetration depth was greater for a lower agar concentration for a given treatment 

time, which is consistent with previous report [282]. This is primarily because the concentration 

of agarose in the gel will highly affect the intrinsic three dimensional structure of the gel, which is 
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often described as a mesh. Within this homogenous structure, based on Fick’s law and free volume 

theory [283], the void in the gel of lower concentration agarose is bigger, hence is easier for the 

solute molecule to transport, corresponding to a higher PRS penetration depth within the same 

treatment time. 

Efficacy of filling gas (air and MA65) on PRS penetration into the gel was investigated by 

treating the gel at 90 kV and measuring the penetration depth at each time point. Using air or 

MA65 as packaging gas generated different RGS (ROS and RNS) in the plasma state, and this 

may lead to a variance in PRS penetration. However, the penetration depth of PRS was no the 

statistical difference (P>0.51) with air or MA65 (Figure 3.3a, 3b). This may be due to the 

concentrations of PRS generated by air and MA65 were both very high (>7500 ppm), which had 

reached the maximum solubility of the PRS, based on Henry’s law [156]. It was reported that the 

H2O2aq and O3aq concentrations follow very similar spatial profiles, both reaching their peak values 

at the gas-liquid surface and then following a very similar parabolic decay into the liquid bulk 

[156]. These two species have high chemical stability in the aqueous phase and their distributions 

were diffusion-limited [39]. Therefore, in this study, using air or MA65 as filling gas to generate 

plasma by HVACP will penetrate at a similar rate (depth/time) in agarose gel. 
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Figure 3.3  Gel with various agar percent composition (0.25%, 0.5%, 1%, and 2%) with pH 

indicator (methyl purple), packed with air (a) (c) (d), and MA65 (b). The gel was treated at 90 

kV with HVACP up to 1.5 h directly for (a) and (b). (c) A comparison of penetration depth in the 

gel of various agar concentration at direct and indirect exposure model. (d) a comparison of 

penetration depth in 0.5% gel of direct, indirect, gel with 0.5 direct treatment followed by post-

storage. 
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3.4.3 Direct/Indirect Exposure and Post-storage 

PRS under direct exposure during HVACP treatment has a larger penetration depth than 

indirect exposure (Figure 3.3c). After 1.5 h HVACP treatment, the penetration depths for gel 

concentrations of 0.25%, 0.5%, 1.0%, 2.0% were 1.61, 1.35, 1.20, 0.90 cm under direct exposure, 

and 0.99, 0.95, 0.85, 0.64 cm under indirect exposure, respectively (Figure 3.3c). This high 

penetration depth under direct exposure may be related to the high concentrations of plasma/PRS 

within the electric field as well as the drift effect established by the electrostatic field. Plasma 

category and concentrations were characterized by OES and OAS (see below). Both direct and 

indirect exposure of HVACP treatment can generate PRS that can penetrate into agar gel, 

indicating HVACP treatment can be applied indirectly by transporting the PRS to the target media 

without exposing to the electric field. However, HVACP treatment under direct exposure had a 

larger penetration rate within the same treatment time, due to the combined efficacy of electrostatic 

field and high concentration of PRS. The drift motion in indirect treatment had been significantly 

reduced. During indirect treatment, only long-lived species reached the targeted surface, because 

recombination events took place inside the effluent in which most metastables and ions recombine 

to neutral species. The density of ions, electrons, and metastable species were much lower (close 

to zero) outside of the electric field. Therefore, direct exposure is preferred to achieve fast 

penetration into the gel. 

A comparison between direct and indirect (continuous treatment), and post-storage (0.5 h 

direct + post-storage/no treatment) of HVACP treated gel (0.5%) was shown in Figure 3.3d. For 

the first 0.5 h, the penetration depths for direct exposure (samples 1 and 2) were higher than 

indirect (sample 3). Removing the electric field and leaving the box for post-storage (sample 2) 

resulting in a reduced penetration capacity compared to continuous treatment (sample 1, 3), which 

is consistent with our proposed model.  
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3.4.4 OES, OAS and RGS Concentration 

 

Figure 3.4  (a) Optical emission spectroscopy results of Air (a1) and MA65 (a2) packed agar gel 

during HVACP treatment (direct) at 90 kV for 10 min. (a3) Optical emission spectroscopy of 

control. (b) Optical absorption spectroscopy signal of MA65 packed agar gel and its calculated 

concentration of NO2, N2O4, NO3. (c) O3 concentration (d) NOX concentration results from 

text strip. 

The different main emissions of the RGS generated by air and MA65 during HVACP 

treatment and its concentration were characterized by OES, OAS, and gas detector tubes. The 

recorded spectra consist of various molecular and atomic nitrogen and/or oxygen species during 

HVACP treatment (Figure 3.4). The major peaks in the spectra corresponded to the emissions of 

excited species of atomic nitrogen and atomic oxygen, including the nitrogen second positive 

system N2(C-B) [224, 280], the first negative system N2+ (B-X) (at 336, 357, 380, 390, 405, 426 

nm), and optical transitions of the O atom, including 616 nm, 777 nm and 844.6 nm [225, 226]. 

MA65 plasmas (line 2) contain primarily reactive oxygen species (ROS: such as OH, O, H2O2) 

while air plasmas (line 1) consist primarily reactive nitrogen species (RNS, such as NO˙, ONOO−, 
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and NO2
−) (Figure 3.4a), which corresponding to different RGS concentration during and after the 

treatment. The concentrations of each nitrogen oxide (NO2, NO3, N2O4) were calculated from the 

OAS signal (Figure 3.4b) [44].  

MA65 generated more ROS species than air, as confirmed by strip test. Ozone 

concentrations increased up to 17 500 ppm in MA65 and 5000 ppm in the air with 10 min HVACP 

treatment and remained at saturation concentrations for up to 1 h (Figure 3.4c and 3.4d). The ozone 

concentrations decreased less than 12%, which may arise due to the transport into the gel phase, 

self-decomposition or reaction with the media afterward. Then the same trend arose for the 

concentration of NOX, which reached saturation when the generation rate equaled the 

decomposition rate, then decreased approximately 15.8% after 1.5 h. The nitrogen oxides (NO and 

NO2) formed by gas-phase reactions can dissolve in water rapidly, forming nitrous acid, nitric acid, 

or peroxynitrous acid.  This induced the pH decrease and other physicochemical effects in the gel phase 

and the concentration decrease of NOX in the gas phase. Both the concentrations of ozone and NOX 

were higher in the MA65 packaged sample than in air. This may relate to the 3.1× higher concentration 

of oxygen in MA65 than air, which generates more ROS, confirmed by OES (Figure 3.4b). 
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3.4.5  Plasma Penetration on Microbial Inactivation 

 

Figure 3.5  (a) Schematic of the agar gel preparation (with bioluminescent cell). The gel was 

sealed in a glass box, with only ‘I’ side open to PRS. The gel was laid down horizontally to make 

the PRS penetration perpendicular to the electric field. (b) Images of HVACP treated agar gel (at 

90 kV for 2 h with air as filling gas): (1) visible light image, (2) Charge-coupled device (CCD) 

image, to view of the gel after exposing to HVACP treatment. (c) Proposed mechanism for PRS 

penetrating into a gel with the bioluminescent cell. 

 

Tracking the residual microbial population as the PRS penetrated into the agar elucidates 

the impact of PRS penetration on microbiocidal efficacy.  Figure 3.5b shows images of the gel 

with bioluminescent cells after HVACP treatment (prepared based on Figure 3.5a) with the 

brightness intensity proportional to the bioluminescent cell population.  Comparing Figure 3.5b-1 

with the luminescent image Figure 3.5b-2 (collected by luminometer) showed that the brightness 

intensity decreased significantly in the color/pH changed zone, indicating that the penetration of 

PRS into the gel inactivated the microbial population.  

Figure 3.5c demonstrates the proposed mechanism of this process. As PRS penetrate into 

the semi-solid material, they and their physiochemical reaction products, including H2O2, O3, 

nitrous acid, nitric acid, or peroxynitrous acid, will reduce pH and inactivate the bioluminescent cells. 
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The drift effect was weak in this situation since the only open side of the gel (the side I in Figure 3.5a) 

was perpendicular to the electric field. Therefore, the predominantly driven motion for PRS, in this case, 

was molecular diffusion, which corresponds to the major microbiocidal impact in the gel. Non-pH 

related PRS, predominantly H2O2 (confirmed by H2O2 strip, QUANTOFIX®), induced a 2-3 log10 

microbial reduction in the zone 0.25 cm beyond the critical line. The penetration capacity of H2O2 was 

higher than nitrous/nitric acid and O3(aq), reported by Liu et al., [156]. Although in the gas phase, O3 is 

chemically stable with a much lower concentration than H2O2 due to its small Henry’s coefficient of 

~0.23 [284]. The concentration of H2O2(aq) is always threefold to fivefold higher than those of O3(aq), 

and NO−3(aq), NO−2(aq), HNO2(aq) in the aqueous phase [156].  Acidic pH contributed partially to the 

microbiocidal effect, but acidification alone is not sufficient for bacterial inactivation in this case [1, 40, 

208]. After recovering pH by soaking the HVACP treated gel (pH=3) in a phosphate buffer (pH=7), the 

photon intensity distribution was consistent with Figure 5b2 and the living bioluminescent cells cannot 

be recovered after adjusting the pH back to 7. This confirmed the proposed mechanism that PRS 

penetrate into the semi-solid material and induce a complicated set of physiochemical 

reactions/products that synergistically decrease pH and inactivate microorganisms. Hence, pH/color 

alteration in the semi-solid material may be used to track the concurrent microbial inactivation during 

HVACP treatment. 
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3.4.6 Inactivation of S. enterica in Applesauce 

 

 

Figure 3.6  (a) The survival of Salmonella enterica serovar Typhimurium (S. enterica) population 

(log10 CFU) in air and MA65 packed applesauce is as a function of treatment time during 

HVACP treatment. (b) SEM image of S. enterica in control (1), HVACP treated sample packed 

with air (2) and MA65 (3) with direct exposure. 

 

Inactivation of S. enterica by HVACP in semi-solid food was investigated, using applesauce 

as an example food. The population of S. enterica in applesauce decreased with increasing 

treatment time. Approximately 1 log10 reduction occurred for both air and MA65 packed 

applesauce within 4 min HVACP treatment at 90 kV. However, after a subsequent 24-h storage 
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(incubating applesauce at 5 °C without opening the package) of these HVACP treated samples, a 

more than 6 log reduction was observed (Figure 3.6c). This indicates that HVACP-generated RGS 

remain in the package and can inactivate S. enterica after removing the electric field, which is 

consistent with a previous report [1]. The more effective inactivation of S. enterica by MA65 

plasma than air plasma may correspond to the high concentration of RGS generated by MA65 

during HVACP (Figure 3.4). 

The SEM images of S. enterica collected from filtered from applesauce (Figure 3.6b and 

3.6c) show that HVACP treatment changes the morphology of the S. enterica. Rather than having 

smooth bacterial cell walls (Figure 3.6b), HVACP treated S. enterica (Figure 3.7c) had cell 

surface wrinkles, perforation and cell lyses.  

 Discussion  

3.5.1 Proposed Model for Plasma/PRS Penetration into Semi-solid Material 

 

Figure 3.7  (a) Proposed mechanism for PRS penetrating into semi-solid material with a 

diffusion-drift-reaction model.  

 

The plasma-gel interaction during HVACP treatment is consists of three regions, including 

the gaseous plasma generation region (gas region), the gas-gel interface region, and the gel region, 
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shown in Figure 3.7a. Regarding a long-time scale (up to 1.5 h) of this study, the efficacy of short-

living species was neglected in this model.  The penetration of PRS in the semi-solid material was 

driven by the molecular motion created by the concentration gradient-diffusion effect, and by the 

electrical static motion-drift effect. The PRS can also react with the media, including the 

microorganisms and the agarose, as it traveled in the gel. By including the interaction of the plasma 

species with the microorganisms, one can modify the drift-diffusion-reaction model based on 

Chen et al. and Jiang et al.’s model [267, 269] to obtain  

 
Γ𝑖,𝑗 = Γ𝑖,𝑑𝑖𝑓𝑓 + Γ𝑖,𝑑𝑟𝑖𝑓𝑡 − Γ𝑖,𝑟𝑒𝑎𝑐 = −𝐷𝑖,𝑗

𝜕𝐶𝑖,𝑗

𝜕𝑥
+ 𝑧𝑖𝜇𝑖,𝑗𝐶𝑖,𝑗𝐸 − 𝑘𝑖𝐶𝑖,𝑗𝐶𝑥 (3.10) 

 

where the subscripts i and j denote the element (species) and gel, respectively, Ci,j is the 

concentration of the PRS in the gel region, Di,j is the diffusion coefficient. The flux Гi,j of the 

element i is given by  

 
Γ𝑖,𝑗 = −𝐷𝑖,𝑔

𝜕𝐶𝑖, 𝑗

𝜕𝑥
. (3.11) 

 

The electric field set up by all the charged elements in the gel region is given by   

 Гi,drift =  zi,µi,j Ci,j E (3.12) 

where zi is the ion charge number, µi,j is the drift mobility of a charged species, and E is the 

electrostatic field established by the charged elements. One can calculate µi,j using the Nernst-

Einstein equation and E from the Poisson’s equation [267].  The reaction between PRS and gel 

phase is given by 

 −Γ𝑖,𝑟𝑒𝑎𝑐 = −𝑘𝑖𝐶𝑖,𝑗𝐶𝑥 (3.13) 

 

where Cx represents the concentration of reactant that might react with PRS in the gel phase, 

including H2O, agarose, microorganism, and/or PRS derivatives.  One of the major challenges 

with applying this model to the current study is that the reactions within the gel phase are not 

understood.  For instance, when plasma interacts with a liquid, it induces 83 liquid phase species 

and 448 liquid reactions, which increase the challenge to predict ki. Furthermore, PRS react with 

the microorganism at some reaction rate, which further modifies the differential equations as 

studied elsewhere for liquid [285].  
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While we currently cannot fully address the model proposed directly above, it does provide 

some insight into critical operating and device parameters that will likely impact plasma generation 

and, ultimately, treatment efficacy, including electric field, exposure model (direct/indirect), fill 

gas (air, MA65 or argon), and treatment time [9]. A high density/concentration of PRS (Ci,g) is 

preferable for its following penetration progress. Based on the model in equation (1), an increased 

electric field (voltage) - E can generate higher density/concentration of PRS due to the increase in 

power deposition, which the high E also facilitates the ionized species penetration into the gel 

through drift effect [266, 267, 286]. Lietz and Kushner reported that the densities of ROS and RNS 

increased roughly linearly with an increasing voltage over a certain voltage range [273]. A direct 

exposure system is preferable for PRS to penetrate into the gel to achieve fast penetration and an 

efficient microbial inactivation, shown in Figure 3.3d, which is consistent with previous reports 

[1, 43, 63]. Direct exposure to electric field will facilitate the reactive short-lived species (such as 

charge species, radicals, metastable, and electrons) to transfer into the gas-gel interface by 

bombardment [146]. The density of PRS (Ci,g) and E are both higher for direct exposure, which 

corresponds to an efficient penetration process. The penetration is very similar to electrophoresis: 

electrophoretic velocity (𝑣𝑒𝑝) of migration of charged molecules is proportional to the applied 

electric field 𝐸,  𝑣𝑒𝑝 =  𝜇𝑒𝑝𝐸,  where 𝜇𝑒𝑝 is the solute’s electrophoretic mobility [287]. However， 

for PRS penetration, both neutral and charged species traveled into the gel, meaning that both 

diffusion and drift motion drive PRS migration in the gel.  

The penetration capacity of PRS generated by HVACP into the semisolid material is also 

related to characters of semi-solid materials, including concentration/density, porosity, 

temperature, and chemical composition [288, 289]. PRS generated by HVACP traveled faster in 

low-density gel, shown in Figs. 2 and 3. Based on Smoluchowski’s theory [290], 𝜇𝑒𝑝 =  𝜀𝑟𝜀0𝜁/𝜂  , 

where 𝜀𝑟  is the  permittivity of the dispersion medium, 𝜀0  is the permittivity of free 

space (C² N−1 m−2), 𝜂 is dynamic viscosity of the dispersion medium (Pa s), and 𝜁 is zeta potential, 

𝜀𝑟 in gel of 0.5% agathe rose is higher than  𝜀𝑟 of  2% agarose. In other words, more free/void 

space was available for PRS to travel in 0.5% gel. This might correspond to a high [𝐷𝑖,𝑗] in Eq. 1, 

hence a high Гi,diff  diffusion motion. Temperature is another important parameter for Гi,diff  (by 

affecting [𝐷𝑖,𝑗]) as well as Гi,reac (by affecting 𝑘i). A long treatment time (1.5 h) caused a 5~10 °C 

increase of sample temperature. Therefore, the proposed penetration model can be further 

https://en.wikipedia.org/wiki/Dispersion_medium
https://en.wikipedia.org/wiki/Vacuum_permittivity
https://en.wikipedia.org/wiki/Vacuum_permittivity
https://en.wikipedia.org/wiki/Dynamic_viscosity
https://en.wikipedia.org/wiki/Zeta_potential
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modified by adding a ∆H to correct the matrix temperature fluctuation. Within the electric field 

there was also a temperature gradient [156] and this relationship between the electron 

temperature and the electric field can be characterized using Boltzmann equation. The 

temperature dependence of liquid phase diffusion coefficients was constructed using the Stokes-

Einstein equation [155] and the reaction rate coefficients (𝑘i) and their temperature dependence 

was analyzed by Lindsay et al.,[155]. PRS will also react with the media and its solute substance 

as it penetrates. In this study, agarose was chosen due to its inert and stable property, but PRS 

will undergo a series reactions under aqueous conditions (109 chemical reactions among 33 

species) [156, 273] while also inactivating the microorganism (S. enterica, and biolumencent 

cells) [1, 208]. 

3.5.2 PRS Penetration and Microbial Inactivation in Semi-solid Material 

The synergy between the PRS that penetrate the sample and the products derived from 

interactions with the sample play the key role in microbial inactivation during HVACP treatment 

[208, 273, 282]. The plasma complex consists of electrons, ions, radicals, metastables, and 

photons. Among all the PRS, the final concentration and its microbiocidal efficacy in gel region 

were determined by its generated concentration, stability, solubility/dissolution, and diffusivity, 

both in gas and gel phase [156]. During treatment, the most short-lived species, such as NO, OH, 

O, HO2, and O2(a1Δ), could not survive with adequate concentrations much more than 5 × 10−3 

m and the diffusion reach reduces progressively with increasing time suggesting strong loss 

mechanisms through plasma chemistry in the air gap [156]. The reactions and their respective 

reaction rates can be found from the NDRL/NIST Solution Kinetics Database [51]. After a series 

of physiochemical reactions, the most prevalent plasma produced species in the aqueous region 

are H2O2, O3aq, HNO3aq and HNO2aq [155, 156, 273]. The concentrations of long-lived ROS/RNS 

are in general comparable to those reported and are known to have strong biological effects [208]. 

Several antibacterial mechanisms related to long-lived reactive species have been proposed [44, 

268, 273, 282]. The concentration of H2O2aq is always threefold to fivefold higher than that of O3aq, 

and this concentration ratio is similar to the experimental results reported by Shibata et al [208]. 

A 2-3 log microbial reduction was observed in the zone of 0.25 cm beyond critical line (Figure 6), which 

was caused by non-pH related PRS, primarily H2O2.  This was due to the high solubility of H2O2aq 

(Henry’s coefficient at 25°C, 2.1 × 106 HCC) [291],  and a high diffusivity in water (1.0×10−9 m2s-
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1) [292]. Figure 3.4d and 3.4e showed that concentration of O3 and NOX in MA65 was much higher 

than air. However, we did not observe a faster microbial inactivation as PRS penetrates into the 

gel. This indicates the penetration of PRS is diffusion limited during HVACP treatment of semi-

solid food rather than solubility or concentration limited. As the PRS penetrate into the gel, the 

generated RNS, primarily nitric acid and nitrous acid, cause the pH to decrease from 7 to 3. The 

resulting nitrogen radicals NO• and NO2
• possess strong cytotoxic properties [75]. PRS and its 

derived species will interact with bacterial cell membranes, interior DNA, RNA, and proteins to 

cause cell lysis [1, 281]. This provides a promising method for the biomedical industry.  Compared 

with previous studies [265, 293, 294] investigating the penetration capacity of ACP using agarose 

as a model for wound healing, our study assesses longer treatment times (up to 1.5 h) with an 

increased penetration depth of up to 1.6 cm. This offers a promising model for PRS penetration 

into semi-solid material. 

 Conclusion 

This study investigated the penetration of plasma/PRS generated by HVACP into the semi-solid 

material and the resulting microbial inactivation efficacy during this penetration. Using agarose 

gel of various concentrations to represent semi-solid material, the results indicate the impact of 

using air and MA65 as fill gas for HVACP treatment. A one-dimensional drift-diffusion-reaction 

model proposed in this study may ultimately be expanded to account for diffusion motion, drift 

motion, and the interaction between PRS and microorganisms/agar gel. The PRS has a faster 

penetration in the gel of low agarose concentration, with direct exposure, and approximately 

equal penetration rate with air or MA65 as the fill gas. A complete microbial inactivation has 

been achieved in the color/pH-changed zone, which corresponds to the penetration of PRS into 

the gel. This indicates that PRS generated by HVACP can penetrate into the semi-solid material 

and it can inactivate microbes as it penetrating. Our approach can be readily adapted to other 

plasma sources; it can accommodate more complex biological materials, and may potentially 

provide new insights into plasma-induced phenomena for medical treatment or in semi-solid 

food. 
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 PHYSIOCHEMICAL INTERACTIONS BETWEEN HIGH 

VOLTAGE ATMOSPHERIC COLD PLASMA AND PROTEINS 

 Abstract 

Atmospheric cold plasma as a novel, non-thermal, and highly efficient approach has been 

successfully used to inactivate biohazardous proteinaceous molecules (enzyme, prions, and 

allergen), or modify proteins with improved functionalities. Few studies have elucidated the 

mechanism of plasma-protein interactions. This study investigates the physicochemical 

interactions and structural alteration of bovine serum albumin (BSA) and its reaction mechanism 

when subjected to high voltage atmospheric cold plasma (HVACP) treatment. HVACP was 

generated by dielectric barrier discharge in sealed bags packed with air or modified air (MA65, 

with 65% O2, 30% N2, 5% CO2). After treating 10 mL of BSA solution (50 mg/mL) at 90 kV for 

20, 40, or 60 min, we characterized its structural alterations and side-group modifications. Treating 

BSA solution with HVACP for 60 min changed the sample color from transparent to yellow and 

induced protein precipitation. FTIR spectroscopy, Raman spectroscopy, and circular dichroism 

analysis demonstrated protein unfolding and decreased secondary structure (27% loss of α-helix) 

and increased disorder structure (10% increase of random coil) in HVACP treated BSA. The 

average particle size of treated protein increased from 10 nm to 113 µm, with a broader distribution 

after 60 min HVACP treatment. SDS-PAGE and mass spectrometer analysis observed a formation 

of new peptides from 1 to 10 kDa, indicating plasma-triggered peptide bond cleavage. Chemical 

analysis and mass spectrometry results demonstrated side-group modifications, predominantly 

oxidation and deamidation in plasma tread samples. This study illustrates that HVACP treatment 

may effectively introduce structural alteration, peptide cleavage, and side-group modification to 

proteins in aqueous conditions, through numerous physicochemical interactions between plasma 

reactive species and proteins. 

 Introduction 

Atmospheric cold plasma (ACP) had been broadly investigated with various biological 

applications in clinical studies [152, 295], including wound healing [296], bleeding cessation 

[261], cancer treatment, as well as food processing [13], such as sterilization [1, 16], seed 
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germination [297, 298], enzyme inactivation [209]. The advantages of ACP in energy saving, 

flexible operation, and production of highly reactive species, promote ACP to a broader application 

as a non-thermal technique to substitute conventional treatment [261].  

The recent studies illuminate that ACP treatment efficacy on biological, biomedical 

relevant applications, corresponds to the plasma modifications on protein [299, 300], DNA [301, 

302], and amino acids [164], which can stimulate cell proliferation or death [303-305], or alter its 

biological functionality (enzyme activity, techno-functional property) [234, 306, 307]. Among 

various macromolecules, interactions between plasma and protein are notably important to 

elucidate when applying plasma as a biomedical tool, due to its biological functionalities and 

prevalence [294]. Protein structure (primary, secondary, tertiary, and quaternary structure) and its 

molecular mechanism play an important role in biological processes. Lackmann et al. [308] 

reported that ACP inactivated DNA nucleobases and modified protein in cellular milieu to 

stimulate the bacteria inactivation. ACP has also successfully inactivated prion proteins [309], 

surface proteins in bacteria [310], or enzymes, such as lactate dehydrogenase [209], alkaline 

phosphatase [311], or peroxidase [38]. 

Results from CHAPTER 2 illustrated that HVACP can be applied into enzyme inactivation 

of Pectin Methylesterase (PME) for orange juice. A recent study used HVACP to  inactivate Pectin 

Methylesterase (PME) during orange juice processing [1]. A 2 min HVACP treatment at 90 kV 

using modified air (MA65) reduced PME enzyme activity by up to 85%. The mechanism for this 

high enzyme inactivation effectiveness of MA65 compared to air is unclear. Previous reports 

illustrated that plasma generated by low-frequency plasma jet (13.9 kHz, at 5 kV), using helium 

gas as operation gas, can interact with 14 amino acids and cause hydroxylation and nitration of 

aromatic rings in Tyr, Phe and Try; sulfonation and disulfide linkage formation of thiol groups in 

Cys; sulfoxidation of Met; and amidation and ring-opening of His and Pro [164]. Zhou et al., [165] 

claimed that plasma may introduce a series of oxidation of amino acid side chains, including 

hydroxylation, nitration, dehydrogenation, and dimerization. Applying microwave plasma to 

Arginine Vasotocin with microwave plasma [312, 313] altered the conformation and destroyed the 

disulfide bond (S-S) of the peptides. However, few studies have assessed the mechanism of ACP 

treatment on protein structure or physicochemical reactions between plasma reactive species (RS) 

and proteins in aqueous condition.  Therefore, understanding the modification efficacy and 
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mechanism of ACP on protein is critically important for optimizing ACP for medicine and 

facilitate its broad application in other areas [14]. 

In this study, bovine serum albumin (BSA) is selected as a model protein, which has been 

well studied and applied in research of food, medicine, nutrition and other areas [314-316]. BSA 

consists 607 amino acids (AAs), with seventeen S-S bounds and 1 free thiol group (SH). The 

objective of this study is using BSA as a model protein, to study the modification mechanisms 

using high voltage atmospheric cold plasma (HVACP) in aqueous condition. BSA solution (in a 

phosphate buffer) was treated by various durations of HVACP at 90 kV, packed with air or MA65 

(65% O2, 30% N2, 5% CO2) in sealed bags. The modification of HVACP on BSA was evaluated 

by characterizing its conformational and chemical alterations.  

 Materials and methods  

Sample Preparation and Packages 

BSA (Sigma-Aldrich, US), solutions (50 mg/mL) were prepared in 10 mM phosphate-

buffered saline (PBS) solution with Milli-Q water, with an initial pH of 7. Protein concentrations 

were verified by Lowry method [317]. All BSA solutions were stirred thoroughly to ensure proper 

hydration of proteins and stored at 4 °C.  

The 10 mL BSA solution in a Petri dish (diameter: 3.5 cm) was placed in a storage box and 

flushed with either dry air (<5% relative humidity) or MA65 (65% O2, 30% N2, 5% CO2, <5% 

relative humidity) for 3 min using a Cryovac® B2630T (Sealed Air, North Carolina, USA) high 

barrier film to retain the plasma and reactive gas species (RGS). The gas composition in the box 

was analyzed using detector tubes (Dräger-Tubes®, Houston, TX) to confirm the purity of the fill 

gas (air or MA65).  

High Voltage Atmospheric Cold Plasma (HVACP) Treatment 

The HVACP device (Figure 4.1) is an ACP generator employed for in-package plasma 

treatment [16]. The HVACP system used a transformer (Phenix Technologies, MD, USA) to 

deliver a maximum output voltage of 120 kV (AC) at 60 Hz.  A combination of dielectric barriers 

was assembled to achieve maximum PRS generation for each gas-package combination. The 
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package was placed in between two 15.24 cm diameter aluminum electrodes (with a gap of 4 cm), 

and the two acrylic layers (315 x 380 x 6 mm) above and below the package as additional dielectric 

barriers. BSA solutions were exposed directly and indirectly to 90 kV for 20, 40, and 60 min, 

respectively.  

 

Figure 4.1  Schematic of the experimental setup employed for high voltage atmospheric cold 

plasma (HVACP) treatment of bovine serum albumin (BSA) solution samples (in Petri dishes) 

with both direct and indirect exposure, in a sealed polyethylene (PE) bag captaining air or 

MA65. 

 

Characterization of Color, pH, and Temperature 

Solution color was measured using a HunterLab colorimeter (ColorFlex model A60-1010-

615, Hunter Associates Inc., Reston, VA) at 20 ± 1 °C. The instrument (65°/0° geometry, D25 

optical sensor, 10° observer) was calibrated using white (L = 92.8; a = −0.8, b = 0.1) and black 

reference tiles. The b* (yellowness/blueness) value was recorded. 

The pH values of BSA solutions were recorded by a digital pH meter (Orion model 420A, 

Allometrics Inc., Seabrook, TX). Continually stirred samples (10 mL) were measured right after 

the plasma treatment (0 h) and after 24 h post-storage. Upon complete the plasma treatment, we 
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measured the temperature of each plasma-treated solution and compared it to the nontreated 

samples. 

Particle Size Determination 

The particle size distribution of samples was determined using Static Light Scattering 

Mastersizer 2000 equipped with a Hydro 2000 MU dispersion unit (Malvern Instruments Ltd., 

Worcestershire, UK) and Dynamic Light Scattering Zeta-sizer (Nano ZS, Malvern Instruments Ltd., 

Worcestershire, UK) [318]. We set the refractive index (RI) of the fluid phase (1.33), disperse phase 

(1.45) and absorption parameter (0.001) [315]. The particle sizes are reported as the average of six 

measurements of cycles of 10 s [319].  

Far-UV-Circular Dichroism (CD) 

The far-UV CD spectrum (190-250 nm) of the BSA (control and HVACP treated), 

measured by the Jasco Model J-810 spectropolarimeter (Japan Spectroscopic Company, Tokyo, 

Japan) was characterized to analyze the secondary structure of proteins [320]. The samples were 

measured at room temperature in a 1.0 mm optical path length quartz cell with a continuous flow 

of nitrogen. The BSA solutions were analyzed in 0.1mg/mL dilutions. Each CD spectrum was the 

accumulation of five scans at 50 nm/min with a 0.5 nm slit width. Using phosphate buffer as a 

blank, the spectrum was subtracted from the average of three spectra to obtain a corrected spectrum 

expressed as CD (mdeg) for each sample. We recorded the spectra in triplicate and analyzed them 

using Spectra Manager (JASCO Co., Ltd). The percentages of α-helix, β-sheet, β-turn and random 

coil structures were determined using the protein secondary structure estimation program (Yang’s 

method [321]) provided by the Jasco J-810 spectropolarimeter [320].  

Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis (SDS-PAGE) 

SDS-PAGE was performed on native and HVACP treated BSA to characterize molecular 

weight (Mw) distributions. SDS-PAGE analyses were carried out on a mini-Protein 3 cell from 

BioRad Laboratories (Hercules, CA) based on the method of Laemmli [322]. The samples were 

diluted with Laemmli sample buffer (1:2) containing 5% (v/v) β-mercaptoethanol (in reducing gel) 

and heated at 100 °C for 3 min. The samples were loaded onto 10 well Mini-PROTEAN TGX 

Precast Gel (Tris-HCl, 4-15%) with a loading concentration of 3 mg/mL (on a protein basis) and 
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loading volume of 15 mL. The running buffer (25 M Tris-HCl buffer pH 8.3) included 0.192 M 

glycine and 0.1% w/w SDS. Gels were stained for protein with Coomassie Brilliant Blue G-250 

(Bio-Red Laboratories). The gels were destained with 10% acetic acid (v/v), washed with Milli-Q 

water, and then quantified using a gel analyzer (Syngene Europe, Cambridge, United Kingdom). 

Fourier-transform infrared (FTIR) spectroscopy 

FTIR spectra were collected to characterize the structure of untreated and plasma treated 

BSA [323]. FTIR spectroscopy (Travel IR, SensIR Technologies, United States) equipped with a 

temperature-stabilized deuterated triglycine sulfate detector was used to collect spectra of 

lyophilized powder of untreated and plasma treated BSA, with 4 cm-1 resolution over a 

wavenumber range of 4000-650 cm-1,accumulating 256 scans per spectrum. The cell was cleaned 

after each sample measurement with water and detergent. A blank spectrum was registered to avoid 

any cross-contamination. The data were analyzed by OMNIC (Thermo Fisher Scientific, Waltham, 

MA), normalized at 1645 cm-1 (Amide I band). Bands were assigned based on a previous report 

[324]. 

FT-Raman 

The FT-Raman spectrum of BSA was obtained using a Bruker IFS 66 spectrophotometer 

equipped with the FRA-106 Raman module and a cooled Ge-diode detector (Bruker Optic Inc., 

Billerica, MA, United States). The lyophilized sample was placed into the tiny hole of a stainless 

steel holder for the Raman measurement. Spectra were collected for each sample over a 

wavenumber range of 600–2000 cm−1. The Raman had a spectral resolution of 4 cm-1 with 4000 

scans. The spectral data processing included smoothing, baseline correction, and normalization to 

the intensity of 1450 cm−1. The following bands were analyzed within spectral ranges: disulfide 

bridges (500-550 cm-1), Amide I (1620-1720 cm-1), Amide III (1230-1350cm-1) and Phe (1003-

1005 cm-1) [325]. 

Sulfhydryl (S-H) Groups and Disulfide Bonds (S-S) 

The total and reactive SH were characterized by the colorimetric method based on Ellman’s 

method [326]. A 40 mg of 5, 5’-dithio-bis-2-nitrobenzoic acid (Sigma Aldrich, MO, USA) and 20 

mL of 0.05 M Tris-Glycine buffer were mixed to prepare Ellman’s reagent. Protein samples (0.4 
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mL) were diluted in buffer (2 mL) containing 85 mM Tris Base, 100 mM Glycine, 4 mM EDTA 

with or without 8 M Urea to determine free SH group or total SH group. Prepared solutions were 

incubated at room temperature for 30 min followed by adding 240 µL of Ellman’s reagent. After 

incubating for another 1 h at room temperature (darkness), the subsequent absorbance was 

measured at 412 nm by a UV-visible spectrophotometer (Beckman, CA, USA). Sample blanks 

contained 2.4 mL buffer with or without urea in 240 µL Ellman’s reagent for free or total SH group. 

We also characterized the S-S bonds content [327, 328]. A 2-nitro-5-thiosulfobenzoate 

(NTSB) solution was prepared by adding 5, 5’-dithio-bis-2-nitrobenzoic acid (Sigma Aldrich, MO, 

USA) (0.1 g) into Na2CO3 buffer solution (10 mL, 1M, pH 7.5) followed by continually flowing 

O2 into the solution at 38 °C until it turned orange. The stock solution (1 mL) was diluted 100-fold 

with buffer containing 0.2 M Tris, 0.1 M sodium sulfite, 3 mM EDTA and 3 M guanidine 

thiocyanate and then adjusted pH  to 9.5 (assay solution). BSA samples (200 µL) were added into 

the assay solution (1.5 mL) and incubated in darkness for 25 min. The sample blank contained 200 

µL assay solution and 1.5 mL buffer. The absorbance of the mixture was then determined at 412 

nm by the UV-visible spectrophotometer. Amount of SH groups and S-S bonds were calculated as 

M/M protein µmol/g protein using the molar absorptivity of 13, 600 M-1 cm-1 [329]. 

Mass Spectrometry (MS) 

MALDI-TOF Mass Spectrometry (MALDI). The samples were diluted with dH2O to a 

protein concentration of 1 mg/mL. An aliquot (0.5 μL) of diluted sample and 0.5 μL of matrix (10 

mg/mL a-cyano-4-hydroxycinnamic acid in 50% acetonitrile and 0.1% trifluoroacetic acid) were 

successively placed onto a MALDI-TOF sample plate. The mass spectra were acquired using an 

Applied Biosystems 4700 Proteomics Analyzer (Framingham, MA, USA), in the linear mode with 

an acceleration voltage of 25 kV. Mass-to-charge ratio (m/z) of control and HVACP treated BSA 

was obtained.  

Side group modification was performed by analyzing tryptic digested samples using MS 

and tandem mass spectrometry (MS/MS) [164]. Native and HVACP treated BSA samples were 

dissolved in the assay of 6 M guanidine HCl, 50mM Tris-HCl (pH=8.0), 4mM DTT, to reach a 

final concentration of 0.5 mg/mL, and incubated at 37 °C for 60 min, before adding trypsin (20:1, 

w/w) [330]. After incubating at 37 °C overnight, samples were quenched by freezing. The 
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lyophilized samples were characterized by MS and MS/MS. The collected peptide mass spectra 

were analyzed by Mascot (Matrix Science) software and GPS Explorer software (Applied 

Biosystems, Framingham, MA) to match their peptide mass fingerprints. For the setup parameters, 

we included up to two missed cleavage sites, and oxidative-related modifications and we excluded 

peaks corresponding to the matrix and trypsin [331]. 

 Results 

4.4.1 Plasma Characterization  

We used OES [214] and gas detector tubes (ozone-Dragger, CH21001 and NOX-Dragger, 

CH31001) to characterize plasma species and its concentration during HVACP treatment . Figure 

4.2 shows that the recorded HVACP spectra consist of various molecular and atomic nitrogen 

and/or oxygen species during HVACP treatment. The major peaks in the spectra corresponded to 

the emissions of excited species of atomic nitrogen and atomic oxygen, including the nitrogen 

second positive system N2(C-B) [224, 280], the first negative system N2
+ (B-X) (at 336, 357, 380, 

390, 405, 426 nm), and optical transitions of the O atom, including 616 nm, 777 nm and 844.6 nm. 

MA65 plasmas (line 2) contain primarily reactive oxygen species (ROS: such as OH˙, O˙¯, O2˙¯, 

H2O2) while air plasmas (line 1) consist primarily reactive nitrogen species (RNS, such as NO˙, 

ONOO−, and NO2
−) (Figure 4.2a), which predetermines the RGS categories, indicates their distinct 

reactions rate and treatment effeteness on treated targets [1], will be discussed in the later section.  
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Figure 4.2  (a) Optical emission spectroscopy spectra for Air (a1) and MA65 (a2) packed BSA 

samples during (the steady state) HVACP treatment (direct) at 90 kV for 10 min. (a3) Optical 

emission spectroscopy of initial state. (c) O3 concentration (d) NOX concentration results from 

text strips analysis. 

MA65 is feasible to generate a highly concentrated ROS species than air, as confirmed by 

strip test. Ozone concentrations increased up to 17,500 ppm in MA65 and 5000 ppm in air within 

10 min HVACP treatment and remained at saturation concentrations for up to 60 min (Figure 4.2b 

and 2c), consistent with previous report [46]. Both the concentrations of ozone and NOX were higher 

in the MA65 packaged sample than in air. This may be associated with the 3.1× higher concentration 

of oxygen in MA65 than air, which generates more ROS, confirmed by OES (Figure 4.2b). The 

nitrogen oxides (NO and NO2) formed by gas-phase reactions can dissolve in water rapidly, 
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forming nitrous acid (HNO2), nitric acid (HNO3), or peroxynitrous acid (ONOOH), which induced the 

pH decrease and other physicochemical effects in the aqueous phase [332]. The decrease of pH may 

highly affect the surrounding environment of proteins and hinder its electrostatic balance, which will be 

discussed in the following section. 

4.4.2 Protein-protein Interaction and Aggregation 

HVACP treatment of BSA solution induced protein precipitation and change the sample 

color from transparent to yellow, shown in Figure 3a. The b* value increased from 0.5 to 2.7 for 

air, and 3.1 for MA65 after 60 min treatment. This yellow color formation may primarily arise due 

to the protein oxidation, consistent with previous reports [333]. Protein aggregation and 

precipitation were first observed after BSA subject 40 min treatment (Figure 4.3a). More 

precipitation was generated in 60 min samples (60-D and 60-IN), which may be primarily triggered 

by the decrease of pH (associated with RNS) along with the protein unfolding. The pH decreased 

from 7 to 4.49 (MA-D-40) and 4.26 (MA-D-60), which was below the isoelectric point (PI) 4.75 

of BSA control. This decrease of pH was predominantly due to the generation of nitrate and nitrite 

as confirmed by nitrate/nitrite acid test strips (data not shown). This mechanism was previously 

described [278, 279]. The nitrogen oxides (NOx) formed by the gas-phase reactions (Figure 4.2c) 

of dissociated N2 and O2, can dissolve rapidly in water, to form nitrite NO2- and nitrate NO3- by 

the following reactions [280, 332]: 

 NO (aq) + NO2 (aq)            2 HNO2 (4.1) 

 HNO2 + H2O               H3O+ + NO2
¯ (4.2) 

 2HNO2               H2O + N2O3 (4.3) 

 2NO2 + H2O             HNO2 +  HNO3 (4.4) 

 The decreased pH consequently lowered the electrostatic repulsion between protein 

molecules, due to the reduction of net charge [334]. The subsequent attractive forces exceeded the 

repulsive forces, leading to an increased protein precipitation as time proceeding. Additionally, 

conformation alteration of BSA may be another reason for protein precipitation. The unfolding of 

BSA globular proteins prompted the hydrophobic group exposure to the surface, which facilitated 

protein-protein interaction and aggregation. Therefore, the synergetic effect of pH decrease and 

protein unfolding caused the disruption of some Van der Waals interactions, hydrogen bonds, and 
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electrostatic interactions, which may correspond to increased protein-protein interaction and 

derived aggregation [335].  

Consequently, the average partial size in BSA solution/suspension increased from 10 nm 

(control) to 50 µm (MA-40min) and 113 µm (MA-60min), as shown in Figure 4.2d and 4.2e. The 

result is consistent with the observation in Figure 2a which confirmed that particle size of proteins 

increased as HVACP treatment time proceeding, accelerating the protein-protein 

interaction/aggregation and deriving protein precipitation. 
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Figure 4.3  (a) Color and precipitation captures of BSA samples packed with MA65 and air 

subjected to direct and indirect HVACP treatment (with 24-h post-storage). (b) and (c) are pH of 

control and BSA sample subjected to 20, 40 and 60 min direct/indirect HVACP treatments (with 

24-h post-storage) packed with MA65 (b) and Air (c). The pink line is the PI value (4.75) of 

native BSA. The different letters (a-f) represent statistically significant differences (p < 0.05). (d) 

Particle size distributions of control and HVACP treated BSA packed with MA65 subjected to 

20, 40, 60 min direct HVACP treatments after 24-h post-storage. (e) The average particle size of 

control and HVACP treated BSA packed with MA65 and air subjected to 20, 40, 60 min direct 

HVACP treatments after 24-h post-storage.     
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4.4.3 Protein Unfolding and Secondary Structural Alteration 

In general, protein unfolding and secondary structural alteration of BSA subjected HVACP 

treatment were characterized by CD (in solution), FTIR and Raman (solid). 

CD. HVACP treatment induced BSA unfolding and a loss of secondary structure. Far-UV 

CD results characterized the secondary structure alteration of plasma treated BSA samples at 

various time with direct and indirect exposure model, shown in Figure 4.4. Table 4.1 summarized 

the results of α-helix, β-sheet, β-turn and random coil. Compared with the untreated sample of 46% 

α-helix, plasma treated BSA sample has a decreased α-helix 19% (MA-D-60min-24h) and 

increased disorder structure (β-turn and random coil). Figure 4.4b and Table 4.1 demonstrated that 

BSA underwent sever unfolding and structure alteration as HVACP treatment proceeded. 

Moreover, a loss of α-helix from 38% (D-60min -0h) to 19% (D-60min -24h) indicated that plasma 

RGS would continue interacting with proteins during the post-storage stage, which may cause 

additional modifications. This was primarily attributed to that the physiochemical reactions 

between reactive gas species (ROS and RNS) and BSA molecules. RGS and its derived species 

may interact with BSA directly (gas phase) and indirectly (liquid phase) [163, 234, 336], which 

leads to a conformational alteration of protein (mechanism will be discussed later).   
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Figure 4.4  Circular dichroism spectra results. (a) Circular dichroism spectra of BSA control 

(red), and BSA samples packed with MA65 subjected to 20 min (blue), 40 min (yellow) and 60 

min (green) of direct HVACP treatment, with 24 h post storage. (b) Circular dichroism spectra of 

BSA control (red), and BSA samples packed with MA65 subjected to 60 min HVACP treatment: 

with direct exposure at 0 h (black) and 24 h post-storage (green) storage, with indirect exposure 

at 0 h (orange) and 24 hours (purple). 
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Table 4.1  Calculated secondary structure (α-helix, β-sheet, β-turn and Random coil) based on 

circular dichroism spectra results in Figure 4.4, with D=direct and IN=indirect of 20, 40 or 60 

min treatment  at 0 h or 24 h post-storage. 

 

FTIR. Figure 4.5 shows the structural change characterized by FTIR. The spectra of BSA 

was collected from 900 to 4000 cm-1. The FTIR spectrum of natural BSA is dominated by bands 

of amide I (mainly C=O stretching vibration), amide II (coupling of the N-H bending and C-N 

stretching modes) and 3300 cm−1 (N–H stretch) [337, 338].A comparison between the native and 

plasma treated BSA samples showed that the maximum of the amide II band shifted from 1518 

cm-1 to 1532 cm-1in air/MA65 packed samples, indicating a conformational change (Figure 4.4a-

I). The S2O3
2− group had two characteristic peaks at about 995 cm−1 and 1115 cm−1, whereas the 

SO4
2−group had one characteristic peak at about 1100 cm−1 [339, 340]. The generation of a new 

peak at 1046 cm−1 and loss of the peak at 1103 cm−1 in the region of 950-1125 cm−1 indicate the 

diversification of sulfur-containing groups (Figure 4.4a-II).  The single thiol, Cys34, is vulnerable 

for oxidization into intermediate sulfenic acid [341]. Additionally, the sulfenic acid may be able 

to further react with thiols to form mixed disulfides, or is further oxidation to sulfinic and sulfonic 

acids [341], leading to a shift/differential of characteristic peaks in the region of 950-1125 cm−1 

[342]. All these changes of amide II, III, and sulfur-containing groups were observed in both air 

and MA65 packed samples (Figure 4.6a), as well as in direct and indirect exposure samples 

(Figure 4.6b), which confirmed our former hypothesis of plasma modification on protein structure. 
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Figure 4.5   Fourier-transform infrared spectroscopy (FTIR) spectra of BSA control and HVACP 

treated samples. Panel (a) corresponds to FTIR spectra measured in the spectra range from 650 to 

4000 cm-1. BSA control (red), and BSA samples subject to 60 min direct treatment and 24 hours 

storage in MA65 (olive) and normal air (blue). Panel (a-I) shows Amide I and Amide II in the 

spectral range from 1400 to 1800 cm-1. Panel (a-II) shows Amide III in the spectra range from 

950 to 1350 cm-1. Panel (b) corresponds to BSA control (red), and BSA samples subject 40 min 

direct treatment (gray) and indirect treatment (magenta) and 24 h storage in normal air. Panel (b-

I) shows Amide I and Amide II in the spectral range from 1400 to 1800 cm-1. Panel (b-II) 

illustrates Amide III in the spectral range from 950 to 1350 cm-1. 
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Figure 4.5 continued

 

 

RAMAN. The secondary structure change was also characterized by FT-Raman 

spectroscopy, show in Figure 4.6. The Raman spectrum is dominated by bands correspond to the 

amide I (around 1650 cm−1, mainly by υ-C=O vibration), C–H3 and C–H2 deformation vibration 

from side chains of different amino acids (in the range of 1440–1480 cm−1), the symmetry 

stretching of –COO− group (around 1420 cm−1), and amide III band from in-plane δ-NH group 

and υ-C–N (1230–1350 cm−1), the contribution from different amino acids; Phe (1003 cm−1), 

cysteine (505 cm−1) [324]. In the zoomed spectra (Figure 4.6b), dual peak of 1300-1350 cm−1 

(corresponds to α-helix) loss its shape, and spectra of 1250±5 cm−1 (corresponds to random coil) 

has increased signal, indicating a shift of α-helix towards disordered structure in plasma treated 

BSA. The shift of amide I from 1651 cm−1 to 1660cm−1 in Figure 4.6c, Phe peak from 1003 cm−1 

to 1005 cm−1 in Figure 4.6d, Cys peak from 505 cm−1 to 513 cm−1 in Figure 4.6e, highly exhibited 

the structure alteration in plasma treated BSA samples, which is consistent with CD and FTIR 

results. 
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Figure 4.6  Raman spectra of BSA control (red) and BSA samples subject direct treatment in air 

for 40 min (gray) and 60 min (blue), indirect treatment in air for 40 min (magenta) and 60 min 

(green). (a) Raman spectra are shown in the whole range from 600 to 2000 cm-1. Raman spectra 

are shown in various ranges, corresponding (b) Amide III (1228 to 1340 cm-1). (c) Amide I 

(1649 to 1700 cm-1). (d) Phenylalanine (1003 cm-1). (e) Disulfide bond (500 to 550 cm-1). 
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4.4.4 Peptide-bond Cleavage 

HVACP treatment can cleave the peptide-bond of BSA. Protein Mw distributions of native 

and plasma treated BSA were characterized by SDS-PAGE and MALDI, shown in Figure 4.7. 

The major protein in BSA has an Mw of 66 kDa. After HVACP treatment, smear bands appeared 

in the gel region corresponding to a lower Mw (10-50 kDa) in the gel running under non-reducing 

and reducing conditions. The formation of new bands suggested that plasma treatment caused 

peptide-bond cleavage to BSA, generating new peptides with a smaller Mw shown in the SDS-

PAGE gel. Figure 4.7 shows the application of MALDI mass spectrometry to characterize the 

molecular distributions to further confirm the peptide-bond cleavage of plasma treated BSA. The 

major peaks in the control (Figure 4.7b) correspond to singly charged (66.56 km/z) and doubly 

charged (33.28 km/z) BSA. The new peaks with m/z of 8.1. 9.6, 10.5 ×103 in Figure 4.7c validated 

that new peptides (in a lower mass range, less than 66 kDa) were generated in plasma treated 

BSA samples, which is consistent with the observation in SDS-PAGE. Furthermore, the peak 

pattern of the MS spectra broadened and shifted to higher m/z, which may indicate the protein 

crosslinking or side-group modifications.   
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Figure 4.7  (a) SDS-PAGE electrophoresis image (non-reducing/reducing) of BSA control, and 

BSA samples (MA65) subjected to 40, 60 min HVACP treatments with direct exposure.  (b) 

MALDI-TOF mass spectrometry analysis of BSA control (blue), BSA protein packed with 

modified air subjected to direct HVACP treatments after 24-h post-storage (red) in the range of 

10~90 (x103). (c) MALDI-TOF mass spectrometry analysis of BSA control (blue), and BSA 

samples packed with MA65 subjected to direct HVACP treatments after 24-h post-storage (red) 

in the range of 6~20 (x103); (d) hydrolyzed BSA control (red), hydrolyzed BSA protein packed 

with MA65 (red) subjected to direct HVACP treatments after 24-h post-storage.    
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Figure 4.7 continued 

 

This peptides cleavage may be caused by the electric field (photochemical and 

photophysical reactions) during plasma treatment, as well as by RGS (oxidation cleavage) [312]. 

HVACP contains numerous radicals, including superoxide (O2
•-) and hydroxyl radicals (•OH), 

atomic oxygen (O), nitric oxide (•NO). Throughout the plasma-liquid interactions, several 

moderately long lifetime PRS are generated, including nitrites (NO2
- ), nitrates (NO3

- ), ozone (O3) 

and hydrogen peroxide (H2O2) [343]. The photochemical, photophysical, and electrochemical 

oxidation may have synergetic efficacy on proteins, including cleavage of a covalent bond, 

interaction with amino acid/modification of side group. Motrescu et al. [312] reported that plasma 

will generate ions with high energy that can cleave disulfide bonds more efficiently than the ion 

kinetic energy [312].  
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4.4.5 Amino Acid Modification 

           Plasma can introduce side chain modification of amino acids during HVACP treatment, 

demonstrated by mass spectrometry. The physicochemical reactions were activated by the plasma 

and its derived PRS that can oxidize amino acids side chains, including sulfur-containing and 

aromatic amino acids. Results of Raman spectra shift of Cys (from 505 cm−1 to 513 cm−1) in 

Figure 4.6e, and peak alteration in FTIR results in Figure 4.5 (generation of a new peak at 1046 

cm−1, loss of a peak at 1103 cm−1 in the region from 950 to 1125 cm−1), highly demonstrated the 

modification of sulfur-containing groups in plasma treated BSA samples. The native BSA 

contains 35 half-cysteines, comprised 17 disulfide bridges and 1 free sulfhydryl group [316]. 

Chemical analysis in Figure 4.8a characterized that the free sulfhydryl group content for native 

BSA was 0.93 M/M protein. Less free sulfhydryl groups in BSA was found with increasing 

HVACP treatment time; 0.41, 0.32, 0.21 M/M protein after 20, 40, 60 min treatment, respectively, 

with direct exposure packed with air. Up to 96% reduction of free sulfhydryl group was observed 

in MA65-Direct exposure for 60 min, indicating the majority of free sulfhydryl group has reacted 

with PRS and transfer to sulfinic/sulfonic acids. Plasma may preferentially react with sulfur-

containing amino acids [344], which are associated with the highly reactive thiol group in Cys and 

Met. The thiol groups can oxidize to sulfonic acid (R-SO2-OH) via the intermediates sulfenic acid 

(R-S-OH) and sulfinic acid (R-SO-OH) [342, 345].  

 

Figure 4.8  Free SH group contents of control BSA protein, BSA samples packed with air (a) 

MA65 (b) subjected to 20 min, 40 min, and 60 min direct/indirect HVACP treatments followed 

by a 24-h post-storage. 
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A combined analysis using MALDI and MS/MS, shown in Figure 4.8 (c) and (d), validated 

that the plasma treatment triggered multiple modifications of BSA samples, predominantly 

oxidation. In addition to oxidation, hydroxylation and deamination also occured in both air and 

MA65 packed samples (Figure 4.9a, 4.9b), which is consistent with previous studies [164, 165]. 

A mass spectrometry analysis identified methionine sulfoxide as the first and most abundant 

modification in RNase A subjected to plasma treatment [161]. Moreover, the observed 

modifications of amino acids corresponded to the chemical reactions with the plasma reactive 

species, rather than chemical degradation by acidic pH [344]. Figure 4.10 summarized all the 

modified spot on the whole BSA sequence, which served as a reference for future studies of 

plasma-protein interactions. 

 

Figure 4.9  (a) Mass spectrum analysis of control BSA protein (black) and BSA proteins packed 

with MA65 (red) subjected to direct HVACP treatment; (b) Mass spectrum of control BSA 

protein (black) and BSA proteins packed with air (red) subjected to direct HVACP treatment. 
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Figure 4.9 continued
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Figure 4.10  Summary of ACP modified amino acid (color) and peptide sequence (identified 

through MS/MS). 

 

In addition to the oxidation of methionine and cysteine, several other modifications were 

characterized by the mass spectrometry data (Figure 4.8). A mass spectrometry analysis identified 

methionine sulfoxide as the first and most abundant modification in RNase A [161]. The amino 

acid observed chemical modification in this study resulted from the chemical reaction with the 

active species generated by APCP, rather than chemical degradation by acidic pH [344]. 

 Discussion 

In this study, HVACP has caused protein-protein aggregation, protein unfolding, and 

secondary structural alteration, peptide-bond cleavage, as well as amino acid modification, shown 

in Figure 4.11. The proposed mechanism for these changes is that plasma and its derived PRS will 

interact with protein through physiochemical reactions (photochemical, photophysical, 
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electrochemical reactions) directly and indirectly. The ions, neutrals, UV radiation, electrons, 

photons, and other reactive species have synergetic effects on proteins and its surrounding 

environment (pH). PRS plays a primary role in these modifications.  Previous studies reported that 

plasma can generate various chemically-active species, especially in discharges with high oxygen 

or nitrogen content [161]. OES and chemical analysis verified that HVACP  treatment creates ROS 

and RNS, which have biological reactivity and can interact with DNA, proteinase, other bioactive 

components [308]. In this study, the interactions between the PRS and proteins initiated protein 

denaturation, which changed its surrounding environment that led to a loss of secondary and 

tertiary structure (Figure 4.4, 4.5 and 4.6). Additionally, protein unfolding accelerated the protein-

protein interaction and aggregation (Figure 4.3). Oxidative stress from ROS can also yield side-

chain and backbone fragmentation (Figure 4.7), aggregation via covalent cross-linking or 

hydrophobic interactions, protein unfolding and altered conformation [346]. This is consistent with 

previous reports that plasma treatment may alter the protein physical (Mw) and chemical properties 

(the primary and the secondary structure), which has been prevalently applied for surface cleaning 

or enzyme inactivation [234, 347]. 

 

Figure 4.11  Schematic of the proposed mechanism for plasma-protein interactions. 
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The modification efficacy of HVACP treatment on BSA is primarily affected by the 

treatment parameters, including treatment time, plasma generation gas (air/MA65), and exposure 

model (direct/indirect exposure). A substantial denaturation occurred with increasing HVACP 

treatment time, which was associated with the high concentration of PRS in the long-time treated 

BSA samples (Figure 4.2). Consequently, using MA65 as plasma generation gas was more 

effective in introducing protein aggregation and oxidation (Figure 4.3), which was associated with 

the high concentrations of ROS (Figure 4.2b) [346]. Subjecting a series of physiochemical 

reactions, the most prevalent plasma derived species in the aqueous region include H2O2, O3aq, 

HNO3aq and HNO2aq [155, 156, 273], which obtaining strong biological reactivity [208] and is 

feasible to interact directly or indirectly with proteins. From an energy perspective, though 

peptides bond (330-380 KJ/mol) is relatively stable, compared with hydrogen bond (4-12 KJ/mol) 

or electrostatic interaction (42-84 KJ/mol), which has a high energy barrier for chemical or 

physical reactions [335], HVACP is capable to modify protein, altering its structure, modifying 

side chain of amino acid and even triggering peptide bond cleavage through physiochemical 

reactions, which is rarely found in non-thermal processing. Therefore, various degrees of 

physicochemical modifications to proteins can be achieved by plasma with adjusting the HVACP 

treatment parameters.  

 Conclusion  

In summary, this study investigated the modifications of HVACP on BSA in aqueous 

solution. We used air and MA65 as plasma generation gas, treating BSA at 90 kV up to 60 min. 

The treated samples were characterized by FTIR, Raman, CD, and MALDI to evaluate its physical 

and chemical alterations. The observed loss of α-helix (19%), and increased disorder structure (β-

turn and random coil) revealed the protein unfolding. The derived particle size increased from 10 

nm (control) to 50 µm (MA-40-min) and 113 µm (MA-60-min). The synergetic effects of electric 

filed and PRS generated by plasma led to peptide bond cleavage and side-group modifications of 

BSA, which was rarely reported in other non-thermal treatment (high pressure, UV light, 

ultrasound, and irradiation) [116]. The novelty of this study addressed using a high voltage (up to 

90 kV) cold plasma to treat protein, which provides an effective way to modify protein by 

physicochemical reactions, introducing protein structural alteration, peptide-bond cleavage and 

side-group modifications by plasma treatment. The results and proposed mechanism may be 
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readily applied into explaining the observed phenomena of plasma-medicinal treatment, 

sterilization, and enzyme inactivation, as well as expanding its application into thermal sensitive 

surface.   
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 SUMMARY AND PERSPECTIVES 

 Summary 

This dissertation has investigated the interactions of HVACP with microorganism and protein in 

the food system. CHAPTER 1 has reviewed the roadmap of ACP development and its applications 

in agriculture (microbial inactivation, food modifications, and waste management) and biology. 

Numerous studies of ACP in food system have been reported, especially with its effectiveness in 

food decontamination and food modifications. With respect to these broad applications and limited 

understanding of the reaction mechanism with the food system, this study has: 

1) evaluated the interactions between HVACP and microorganism in liquid and semi-solid food;  

2) identified plasma penetration and mechanism of microbial inactivation in semi-solid food;  

3) explored the interactions and its mechanism between plasma and proteins. 

Results from CHAPTER 2 indicated that both direct and indirect HVACP treatment of 25 

mL OJ induce greater than a 5 log reduction of S. enterica, demonstrating that HVACP can 

effectively inactivate Salmonella in OJ. Food qualities, for instance, color, vitamin C, pH, Brix 

were also evaluated in OJ subjected HVACP treatment. Additional enzyme inactivation (>82% 

PME) was achieved by HVACP treatment, revealing its potential applications in enzyme 

inactivation and protein modification. 

CHAPTER 3 initialized the study of HVACP treatment in semi-solid food. The study 

examined penetration capacity and plasma transport mechanism in the semi-solid material; 

identified the close relationship between plasma penetration and microbial inactivation in semi-

solid food. A complete microbial inactivation has been achieved in the color/pH-changed zone, 

which corresponds to the penetration of plasma reactive species into the gel. This indicates that 

plasma reactive species generated by HVACP can penetrate into the semi-solid material and it can 

inactivate microbes as the penetrating proceeding. 

With regards to the observation of enzyme inactivation by HVACP in CHAPTER 2 and 

previous reports of ACP treatment on proteins, CHAPTER 4 investigated the interactions between 

plasma and proteins, using BSA as a model protein. This study illustrates that HVACP treatment 

may effectively introduce structural alteration, peptide cleavage, and side-group modification to 
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proteins in aqueous conditions, through numerous physicochemical interactions between plasma 

reactive species and proteins.  

 Proposed Mechanism 

5.2.1 Plasma-Microorganism Interactions 

Plasma-cell surface interactions. Firstly, RGS may interact with the cell surface, both 

physically and chemically, as well as directly and indirectly, leading to the disruption of cell walls. 

The physical process includes electroporation, etching, charge deposition, UV radiation, etc., and 

the chemical process refers to the oxidation, surface electrolysis, hydrolysis, and other interactions 

between RGS and cell membrane. For example, the surface of E. Coli is formed by 

lipopolysaccharide, proteins and lipoproteins on the outer membrane. Using air as plasma 

generation gas, ACP treatment will generates numerous RGS, such as ROS (e.g. hydrogen 

peroxide, ozone, superoxide anion, hydroperoxyl, alkoxyl, peroxyl, singlet oxygen, hydroxyl 

radical, and carbonate anion radical) and RNS (e.g. nitric oxide, nitrogen dioxide radical, 

peroxynitrite, peroxynitrous acid , and alkylperoxynitrite). These RGS may interact with 

lipopolysaccharide, proteins and lipoproteins directly, by breaking of the chemical bond, etching 

due to bombardment by radicals, causing cell lesions and perforations on the membrane. At the 

same time, the negatively charged surface can also be neutralized by the H+ ions, which is 

generated after RGS diffused into water, resulting in simultaneous disturbance in bacterial 

physiological system and molecular changes [230]. This indirect interactions between RGS and 

microorganism membrane result in the perturbation in membrane potential, causing either the change 

of membrane tension or the production of ROS inside the cell.  Both these direct and indirect interactions 

between RGS and cell surface lead to the loss of cell integrity, which facilitate the diffusion of PRS 

into the cell and cause the subsequent damage interior the cell, DNA/RNA damage and protein 

inactivation. 

Plasma cause DNA and protein degradation inside the cell. Singh et al. reported that 

generated plasma caused oxidative damage of bacterial DNA and proteins. The ROS and RNS 

interacted with DNA and damage its backbone structure, by the single or double strand break and 

directly affecting the sugar and base moiety [230]. RGS will also interact with side groups of the proteins, 

such as sulfhydryl groups, reducing the number of disulphides. These oxidation of the amino acid side 
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group on the protein will also lead to the structure of the proteins, as well as it functionalities. Plasma 

can even breakdown the peptide bound, hence reducing the molecular weight of the proteins. Smaller 

peptides are easier to be leaked out of the cell and facilitate this apoptosis process. 

The mechanism of plasma-cell interactions has been proposed in numerous studies [110], 

demonstrated in Figure 5.2. Charged species generated by ACP are identified as playing the 

predominant biological efficacy on the cells. Revealing the mechanism of plasma-cell interactions 

is critical for employing ACP into food pathogen inactivation, cancer treatment and wound healing 

(Figure 5.2). Results from CHAPTER 2, HVACP operation parameters on microbial inactivation, 

and CHAPTER 3, the close relationship between plasma transfer and microbiocidal effect, 

facilitate the understanding of plasma-cell interactions and broaden its applications as an advance 

non-thermal treatment techniques. 
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Figure 5.1  Schematic diagram of the plasma-cell interaction and its applications. 
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 Implications 

5.3.1 Plasma Generation, Transfer, and Interactions 

 

Figure 5.2  Schematic diagram of the relationship between plasma generation, transfer, and 

interactions in food processing. 

 

In general, treatment efficacy of ACP into food processing (solid, liquid and semi-solid 

foods), is closely associated with plasma generation, plasma transfer, and plasma interactions with 

food components, shown in Figure 5.1. Plasma and its derived species, along with other 

physicochemical reactions, play the dominant role during HVACP treatment. Plasma generation 

process has been demonstrated to be associated with the HVACP operation parameters, such as 

operation voltage, treatment time, packaging gas, direct/indirect exposure model, demonstrated in 

Figure 5.1. A substantially microbial/enzyme inactivation (CHAPTER 2, 3) and protein 

modification (CHAPTER 4) were observed as HVACP treatment time proceeding, which was 

closely associated with the high concentration of PRS in the long-time treated samples. Lietz and 

Kushner reported that the densities of ROS and RNS increased roughly linearly with an increasing 

voltage over a certain voltage range [273]. Packaging gas will predetermine the reactions when 



133 

employing HVACP into food processing. Observed results in this study, using MA65 as plasma 

generation gas was more effective in introducing microbial inactivation, or protein aggregation 

and oxidation, which was associated with the high concentrations of ROS and RNS generated in 

MA65. Compared with indirect exposure, direct exposure is feasible to generate additional reactive 

species (such as charge species, radicals, metastable, and electrons) which has higher biological 

reactivity. Additionally, the treatment efficacy of HVACP is also related to characters of the 

treatment target, including chemical compositions/concentrations, surface topography/structure, 

temperature, and other factors, which will be interesting to investigate in the future studies. 

In addition, CHAPTER 3 has illustrated that the penetration of plasma in semi-solid is 

driven by the molecular motion created by the concentration gradient-diffusion effect, and by the 

electrical static motion-drift effect. Therefore, a direct exposure system is preferable for plasma 

penetrating into treatment target to achieve fast penetration and an efficient microbial inactivation. 

Plasma transfer has been invested in CHAPTER 3 with a proposed model including drift, diffusion 

and reaction effect. This model can be readily applied adapted to other plasma sources; it can 

accommodate more complex biological materials, and may potentially provide new insights into 

plasma-induced phenomena for medical treatment or in semi-solid food, such as cookie dough, or 

baby foods (Figure 5.1).  

5.3.2 Microbial Inactivation, Food Quality, and Food Nutrition Retention 

Applying ACP treatment into inactivation of foodborne pathogens provides an alternative 

non-thermal technique for food processing. On the other hand, food qualities, such as viscosity, 

color/appearance, flavor, and texture, as well as food nutrition are critical for food consumers, 

which are less investigated in food subjected plasma treatment. In this study, CHAPTER 2 

evaluated both microbial inactivation and quality alterations in HVACP treated OJ, providing a 

reference for future studies that combined microbes and quality evaluations are necessary to 

achieve an optimized food processing condition. The food processing conditions are 

predominantly determined by the achievement of food pathogen or enzyme inactivation [348]. In 

the typical thermal processing, the extended treatment time or increased processing temperature 

may affect food qualities and cause undesirable quality loss. The plasma treatment may also 

introduce quality alterations to food through interactions between plasma and food components, 

proteins, lipids, carbohydrates, and vitamins. In CHAPTER 2, we investigated the color, vitamin 
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C, PEM activity, and pH in OJ subjected HVACP treatment, providing necessary information for 

the future industrial production of HVACP commercialization in fruits juice processing. The 

optimum plasma processing condition need to balance the operation conditions (treatment time, 

voltage, operation gas, etc.) to achieve a desirable foodborne pathogen lethality as well as 

maximum quality and nutrient retention. Therefore, the future studies are suggested to verify the 

microbial, enzymatic, nutritional, and sensory quality and stability of food during the ACP process 

control. 

5.3.3 Selective Modification by ACP  

RGS plays a primary role in protein modification during HVACP treatment.  CHAPTER 

4 has investigated that using a high voltage (up to 90 kV) cold plasma to treat protein, which 

provides an effective way to modify protein by physicochemical reactions, introducing protein 

structural alteration, peptide-bond cleavage and side-group modifications by plasma treatment. 

The ions, neutrals, UV radiation, electrons, photons, and other reactive species have synergetic 

effects on proteins and its surrounding environment (pH). OES and chemical analysis verified that 

both ROS and RNS was generated during HVACP treatment, of which have biological reactivity 

and can interact with DNA, proteinase, other bioactive components [308]. The interactions 

between the RGS and proteins, initiated protein denaturation and the change of its surround 

environment, leading a loss of secondary and tertiary structure. Oxidative stress from ROS can 

also yield side-chain and backbone fragmentation, aggregation via covalent cross-linking or 

hydrophobic interactions, protein unfolding and altered conformation [346]. The results and 

proposed mechanism may be readily applied into explaining the observed phenomena of plasma-

medicinal treatment, sterilization, and enzyme inactivation, as well as expanding its application 

into the thermal sensitive surface. 

Regarding the predominant role of RGS during plasma-protein interactions, ACP operation 

process should be further investigated to elucidate the reactions between specific species and 

proteins. This will facilitate the development of a selective modification by ACP treatment. This 

requires a better understanding of controlling plasma generation, plasma transfer, and plasma-

target interactions. The treatment efficiency will be tremendously increased by generating a 

controlled specific RGS of selective reactions with the treatment media. In addition to the 

generation control, employing modelling techniques to track and estimate plasma transfer process 
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will also increase the selectivity of modifications. CHAPTER 3 tracks the plasma transfer process 

by adding pH indicator into the gel to provide a reference for future studies of modelling plasma 

transfer process. A better understanding of the transfer rate, transfer capacity and limitations of 

RGS in liquid and the semi-solid material is necessary for estimating the treatment efficiency as 

well as increasing the treatment selectivity. Therefore, ACP can be applied to the broader area by 

generating a controlled RGS with selective reactions/modifications with the treating target. 

 Suggestion for future works 

Table 5.1 summarizes the application prospects for ACP in the food industry. Results of 

this work can be readily applied into various studies of plasma processing, for instance, in beverage 

processing, shelf-life extensions of ready to eat food, allergen cleaning or modifications, and 

combining with other exiting food process (plasma-drying process). 
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Table 5.1   Summary of the application prospects on ACP in the food industry. 

Applications Applications Potential applications 

Food 

processing 

Beverage processing 

 

Microorganism, enzyme inactivation in 

fruits/vegetable juices;  

Milk/protein rich sports beverages; 

Shelf-life extensions  Ready to eat meats/seafood/cheese;  

Dipping sauce, 

Food Allergy  Allergen modification in foods 

Combined with other 

food processing 

Plasma-drying process: 

powder foods/ingredients (milk powder, spices, 

carbohydrate powder) 

Environmental 

sterilization/cleaning 

Equipment; 

Packaging; 

Residual cleaning; 

Ingredient modifications  

Challenges 

(i) Interactions with vitamins and other phenolic compounds in fruits and 

vegetables; 

(ii) Lipid oxidation/hydrogenation of meats; 

(iii) Penetration limitation; 

(iv)  Scale-up factors; 

(v) Incomplete understanding of plasma-food interactions 

(vi)  Limited studies on sensory profile of plasma treated foods 

(vii) Lack of nutritional analysis, etc. 

 

 

Further investigation should analyze of the interaction between plasma and vitamins and 

other phenolic compounds that would benefit from its application and operation control in fruits 

and vegetable products. It remains challenging to maintain the products quality and nutritional 

value, operation optimization of plasma treatment. ACP, its non-thermal nature, provides its 

privilege in processing thermal sensitive foods (fresh-cut products, ready to eat foods) to extend 

their shelf-life by microbial decontamination or enzyme inactivation. However, few studies 
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evaluated the browning reactions (plasma-carbohydrate), polymerization (plasma-lipid), and 

discoloration (plasma-phenolic) reactions that plasma may introduce to the food system. 

Besides chemistry issues (plasma-food interaction), engineering aspects, such as scale-up 

factors, equipment adaptability, processing design, ACP discharge configurations/capacity, and 

operation efficiency should also be evaluated and optimized before adapting ACP into industry 

scale of food processing. Though ACP may offer an operation of improved suitability by reducing 

input energy, or adding value to the byproducts, along with extending shelf-life of ended products, 

the capital of switching exiting equipment and adapting new ACP system is another concern. 

Therefore, a subsequent model analysis on processing capacity and operation cost will complement 

the integrity this area and promote the integration of ACP into existing pilot plant.  

Beyond a scaled-up processing design, a portable plasma sterilizer for home or office 

would of great interest for costumers, demonstrated in Figure 5.3. The design consists combined 

applications in food preservation, air purification, and peroneal care products serializations. The 

portable plasma-sterilizer idea is inspired by microwave, with convincing in carrying and operation. 

The design includes a tray by putting foods into the chamber for direct sterilization. An extended 

tube on the side of the chamber is designed for treating foods in a package, by flowing plasma 

species into the package and sealing the bag during the storage. The species in the sealed bags will 

continue to react with the food to inactivate the foodborne pathogens during the post-storage, 

demonstrated in CHAPTER 2. On the top of the design is a control panel (time, temperature and 

flow) and a fan for air purification (similar to an air purifier). 
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Figure 5.3  Schematic diagram of portable plasma-sterilizer for home or office. 

 

Regulation of ACP into food system is another concern. Authorizations of introducing new 

technology into food processing require a few reviews and approvals from federal agencies, Food 

and Drug Administration (FDA), United States Department of Agriculture (USDA) and 

Environmental Protection Agency (EPA). Application of ACP in food and food packages is 

associated with the regulations of the US EPA as a pesticide and then US FDA, as a food contact 

substance (FCS), additionally, US Department of Agriculture’s Food Safety Inspection Service 

(USDA-FSIS) for poultry, and egg products [88]. The approval requires substantial evaluations 

and documents to justify the safety, quality, nutrition, chemical residual/ food additive, or other 

marketable benefit of the new technology compared with the controlled studies  [88]. 

Applications of plasma in the food system are rapidly expanding and create many interdisciplinary 

research areas to investigate, along with providing an innovative technique to substitute 

conventional food process, which maintains or improves the qualities or functionalities of foods.
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