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ABSTRACT 

 

This research studied the effects of combined High Hydrostatic Pressure (HHP) and Dense-

Phase Carbon Dioxide (DPCD) treatment on inactivation of fruit enzymes: peroxidase (POD), 

polyphenoloxidase (PPO) and pectinmethylesterase (PME) of feijoa, inactivation of 

microorganisms in their growth media and sensory properties of treated feijoa products. The 

changes in pure PPO secondary structure, size and inactivation kinetics were studied.  

Feijoa puree, pure mushroom PPO (E.C.1.14.18.1) and microorganisms (Escherichia coli, 

Bacillus subtilis and Saccharomyces cerevisiae) in growth media, were treated with no CO2 

(HHP), or saturated with CO2 at 0.1 MPa (HHPcarb), or with 0.1 to 2.4%w/w of CO2 injected 

into the package (HHPcarb+CO2) and treated with HHP at 200-600MPa, 20oC, for 1-13min 

and stored at -20oC or 4oC for 1 month. Optimisation for feijoa enzyme activity reduction was 

performed using response surface methodology. Treated samples were analysed for colour, 

enzyme activity, secondary structure, size, microbial viability and sensory attributes. 

In feijoa, increasing CO2 decreased PME activity, pressure influenced PPO and POD activities 

and increasing time reduced all enzyme activities. The optimal process conditions of 13min, 

600MPa, pH=3, CO2 saturation, resulted in 74%,71% and 54% residual enzyme activity (REA) 

of POD, PPO and PME respectively. HHPcarb+CO2 significantly decreased REA of pure PPO 

to 30-12% after 1-9min, whereas HHP had no effect on activity. Alpha-helix fractions were 

reduced by 10-20% in HHP and 20-30% in HHPcarb+CO2. Protein sizes of HHPcarb+CO2 

were 5-6 folds larger than that of Control and HHP. Inactivation kinetics of HHPcarb+CO2 

followed Weibull, Peleg and 2-fractional models. No restoration in activity, structure and size 

were observed during storage. HHPcarb+CO2 had additional reduction of 2 logs in E.coli 

(400MPa, 4 min), >6.5 logs in B.subtilis (starting at 200 MPa, 4 min) and 1.5 logs in yeast 

(250MPa, 4 min) compared to HHP. HHPcarb+CO2 did not alter the appearance and colour, 

while affecting the texture and flavour of unsweetened feijoa samples, but that was masked by 

sucrose addition. There were no differences in preference between HHPcarb+CO2 and Fresh 

in sweetened products. Addition of CO2 in HHP has synergistic effects on enzyme and 

microbial inactivation, which can improve product quality. 
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2 Introduction and literature review 

1.1 Overview and motivation 

The global beverages market is undergoing a rapid change led by a consumer demand for 

healthy and high quality products.  It is essential for finding better ways of preserving these 

beverages to ensure long product shelf life while also maintaining their customer-demanded 

quality traits (Mellentin, 2013). Traditional pasteurisation systems in food processing use high 

temperature to eliminate harmful microorganisms and undesirable enzymes to ensure food 

safety and shelf life. However, high temperature causes significant changes in food 

compositions and may destroy food nutrients, which are important for human health and well-

being, especially for fruit and vegetable products (Nicoli et al., 1999).  

Fruit and vegetables contain high amounts of antioxidants (e.g. polyphenols, 

anthocyannins, carotenoids, glucosinolates and saponins), vitamins and essential fatty acids 

that have bioactive functions in helping prevent chronic diseases, cardiovascular diseases and 

cancers. However, they are heat sensitive and can be degraded after thermal processing 

(Argüelles & Watson, 2011; Sharma & Katz, 2011; Wang, 2007; Zeraik et al., 2011). Thermal 

processes also cause adverse effect on food sensory attributes, resulting in odd flavours and 

colours, which are undesirable for the consumers. Therefore, retaining the nutritional value and 

fresh-like quality of fruit and vegetable products are important for the food industry. That leads 

to an increase in the development and applications of non-thermal preservation processes, such 

as high hydrostatic pressure, dense phase carbon dioxide, ultrasound, irradiation, high-intensity 

light pulses, pulsed electric fields, oscillating magnetic fields and cold plasma. These 

technologies can avoid the negative impact on flavours, formation of undesirable by-products 

and organoleptic changes. 

High hydrostatic pressure (HHP) is one of the most common methods, which has been 

commercialised and used for large-scale treatment of guacamole, oyster and fruit juices (San 

Martín et al., 2002). However, some spoilage enzymes, such as peroxidases (POD), 

polyphenoloxidase (PPO) and pectinmethylesterase (PME) are highly pressure resistant (up to 

900 MPa) and in some cases, they are stabilised and functionally enhanced after HHP 

treatments (Eisenmenger & Reyes-De-Corcuera, 2009). Other non-thermal technologies listed 

above are not applicable for fruit juices and have shown insufficient effects on the fruit 

enzymes. Recently, dense phase carbon dioxide (DPCD) process, using CO2 gas under its 

supercritical or subcritical stage to pasteurise food products,  has gained increasing attention in 

food engineering and liquid food industry since it retains the fresh like sensory, nutritional and 
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physical properties of products (Balaban, 2012; Chen et al., 2010). However, this technology 

has not yet been commercialised.  

Some studies on the effects of the combination of HHP and DPCD on inactivation of 

polyphenoloxidase, lipoxygenase and pectinmethylesterase enzymes and microorganisms in 

orange and carrot juice demonstrated significant synergistic effects (Corwin & Shellhammer, 

2002; Park et al., 2002; Wang et al., 2010). These findings suggested that incorporation of 

dissolved or in-situ CO2 with HHP treatment would enhance the inactivation of pressure 

resistant enzymes and destruction of microorganisms. Therefore, addition of CO2 in HHP could 

increase the safety and shelf life of fruit and vegetable juices and reduce operation pressure of 

HHP. However, there are limited studies in this area and there are no studies found on the 

simultaneous application of DPCD and HHP treatments on enzymes. 

 

1.2 Enzymes and quality issues of fruit and vegetable products 

1.2.1 Nature of enzymes  

Enzymes play vital roles in life sciences and in the food processing. Their activities are 

responsible for many of the changes in sensory attributes (e.g. colour, texture and flavour) of 

food and the post-harvest and post-processing quality of food, particularly fruits and 

vegetables. Enzymes are complex proteins that act as catalysts for biochemical reactions. They 

accelerate the rate of the reaction without being consumed in that reaction (Bayındırlı, 2010).  

The protein structures of enzymes are composed of a series of L-alpha- amino acids with 

the exception of glycine, which is not chiral. There are four levels of protein structural 

arrangements: primary, secondary, tertiary and quaternary structures. The primary structure is 

the peptide chain composed of a sequence of different amino acids linked together, where the 

amino group of each amino acid is joined to the carboxyl group of the next amino acid by a 

covalent bond, also known as the peptide bond and each amino acid has a specific side chain 

group. The side-chain amino groups vary in terms of their properties, including polarity, charge 

and size. The polar amino acid groups tend to face outside of the protein where they interact 

with water molecules of the surrounding environment, while the hydrophobic groups tend to 

be in the protein interior.  There are 20 groups of amino acids in protein hydrolysates, which 

are classified into 3 main groups (Bott, 2003): 
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1. Amino acids with non-polar, uncharged side chains, such as glycine, alanine, 

valine, leucine, isoleucine, proline, phenylalanine, tryptopan and methionine. 

2. Amino acids with uncharged, polar side chains, such as serine, threonine, cysteine, 

tyrosine, asparagine and glutamine. 

3. Amino acids with charged side-chains, such as aspartic acid, glutamic acid, 

histidine, lysine and arginine. 

The secondary structure of protein denotes the interactions and arrangement of the 

primary structure in the form of alpha-helix, beta-pleated sheet and turns, which is important 

for protein conformation. The right-handed alpha-helix is a regular arrangement of polypeptide 

backbone by hydrogen bonding between the carbonyl oxygen of one amino acid residue and 

the nitrogenous proton of the next amino acid residue. The beta-pleated sheet is a folded form 

of polypeptide chains connected to each other through interamide hydrogen bonding between 

adjacent strands of the sheet. The tertiary structure is the three dimensional (3D) folding 

structure of its secondary structures, in which the protein conformation is generated and 

maintained by disulfide bridges, hydrogen bonding, ionic bonding, hydrophobic and van der 

Walls interactions (Bott, 2003; Bayındırlı, 2010). In this structural arrangement, the folding 

proteins bring in the side chain groups of different amino acids from different parts of the 

peptides to form the enzyme active site. The active site consists of a few amino acid residues 

and has a relatively small portion of the total enzyme volume. The rest of the protein’s function 

is mainly to hold the integrity of its 3D structure. The quaternary structure of a protein is formed 

when two or more folded polypeptide chain subunits are combined together.  

    Enzymes catalyse reactions by covalent, acidic or basic catalysis. They are 

characterized by their specificity and catalytic power (Table 1.1). Most enzymes can be very 

specific to their substrates and catalyse the reaction in mild conditions by lowering the energy 

requirement of the transition state without changing the overall equilibrium. The enzyme 

specificity depends on the conformation of the active site and the enzyme-substrate binding 

affinity. This is expressed by lock-and-key model (conformational perfect fit), or induced fit 

model (enzyme conformational change in contact with substrate, e.g. closing around the 

substrate). The binding phenomenon of the substrate to the enzyme causes an alteration of the 

substrate into the conformation of its transition state and the enzyme also undergoes a structural 

change to fit the substrate. Many enzymes have stereo-chemical specificity and catalyse the 

reaction of one conformation but not the other (Bayındırlı, 2010).  
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Catalytic power of the enzyme is increased by use of binding energy, induced-fit, 

proximity effect and stabilisation of charges in hydrophobic environment. The catalytic activity 

may also depend on the presence of co-factors. An enzyme with a cofactor is called a 

haloenzyme. The cofactors can be metal ions, such as Ca++, Cu++, Co++, Fe++, Fe+++, Mn++, 

Mg++, Mo++ and Zn++, or organic compounds. If the organic compound is loosely attached to 

the enzyme, it is called a coenzyme. When those organic compounds are attached firmly to the 

enzyme by covalent bond, they are referred as prosthetic group. The enzyme without a cofactor 

is called an apoenzyme (Bayındırlı, 2010).  

 

1.2.2 Enzyme classification 

Enzymes are classified into six groups based on their catalysed reactions and are given 

an Enzyme Commission (EC) number (Table 1.1). Each digit of the EC number represents a 

different information about the enzyme: the 1st digit– class of the enzyme, 2nd digit – type of 

bond involved in the reaction and 3rd – 4th digits the specificity of the bond. The systematic 

nomenclature is the addition of suffix –ase to the enzyme-catalysed reaction with the name of 

the substrate (Bayındırlı, 2010; Munoz & Barcelo, 2004).  

 

Table 1.1: Enzyme classification and their catalysed reactions (Bayındırlı, 2010) 

Enzyme Commission 

(EC) class 

Reaction catalysed Examples 

EC1: 

Oxidoreductases 
𝐴− + 𝐵 ⇄ 𝐴 +  𝐵− 

Catalase, Peroxidase, 

Polyphenoloxidase, Lipoxygenase 

EC2: Transferases 𝐴𝐵 + 𝐶 ⇄ 𝐴 + 𝐵𝐶 
Amylosucrase, Dextransucrase, 

Transglutaminase 

EC3: Hydrolases 𝐴𝐵 + 𝐻2𝑂 ⇄ 𝐴𝑂 + 𝐵𝑂𝐻 Amylase, Chlorophylase, Lipase 

EC4: Lyases 
  x     y 

𝐴 − 𝐵 ⇄ 𝐴 = 𝐵 + 𝑋 − 𝑌 

Pectin lyase, Pectin methyl-esterase 

Hydroperoxide lyase 

EC5: Isomerases 
x     y       y     x 

𝐴 − 𝐵 ⇄ 𝐴 − 𝐵 

Glucose isomerase, Carotenoid 

isomerase 

EC6: Ligases 𝐴 + 𝐵 ⇄ 𝐴𝐵 Hydrocyninnamate CoA ligase 
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There are public databases for enzyme information and structure: BRENDA – 

comprehensive enzyme information system, (www.brenda-enzymes.org); ExPASy, Expert 

Protein Analysis System enzyme nomenclature (www.expasy.org/enzyme/); and EBIPDB, 

European Bioinformatics Institute–Protein Data Bank enzyme structures database 

(www.ebi.ac.uk/thornton-srv/databases/enzymes). 

 

1.2.3 Quality issues of fruit and vegetable beverages  

 Fruit and vegetables are good sources of fibre, minerals, vitamins, antioxidants, 

phytochemicals and bioactive compounds (e.g phenolics, anthocyannins, carotenoids and 

sterols) and essential fatty acids (Sharma & Katz, 2011; Wang, 2007). They can be consumed 

as fresh or processed to different types of products. Some of the natural enzymes in fruit and 

vegetables cause undesirable effects on the colour, texture, flavour and nutrients of the 

products. In particular, peroxidase and lipase enzymes cause oxidation of antioxidants 

compounds and changes in flavour and odour; polyphenol oxidase enzymes cause changes in 

colour, formation of browning pigments and impacts on the taste and overall quality; pectin 

esterases cause cloud loss and fibre sediment  in juices (Jolie et al., 2010; Klabunde et al., 

1998).  

In fruit and vegetable products or beverages, nutritional content, bioactivity, colour, 

texture or cloudiness and flavour are important quality parameters. The inactivation of enzymes 

that deteriorate quality is important and essential. The properties of enzymes (amino acid 

sequence, 3D structure, pH and temperature optima) depend on their origins (Christensen et 

al., 1998; Hsu, 2008; Terefe et al., 2014). Thus, processing requirements depend on the types 

of product (eg. single fruit juice or mixed juices of different fruits). Enzyme inactivation can 

be an indicator of the effectiveness of a process. For instance, polyphenoloxidase inactivation 

is an indicator for a sufficient process, either by heat treatment through blanching, or non-

thermal high pressure process, for avocado and guacamole products (Munoz & Barcelo, 2004).  

 

1.3 High hydrostatic pressure process  

1.3.1 Overview 

High hydrostatic pressure (HHP) process was adopted from the isostatic pressure 

process in ceramic industry. The process parameters depend on the product properties, 

http://www.ebi.ac.uk/thornton-srv/databases/enzymes
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temperatures, pressures and transmitting medium. In food industry, high pressure process is a 

non-thermal treatment which applies high pressure to inactivate pathogenic and spoilage 

microorganisms, or enzymes while retaining the fresh quality of foods. Recently, HHP has 

been applied in a wide range of food processes, including pasteurisation/sterilisation, freezing, 

enzyme inactivation, protein unfolding, shucking of shellfish, cell-wall opening and cold 

gelatinisation of starch (Considine et al., 2008; Norton & Sun, 2008). 

 

1.3.2 Operation parameters 

HHP can be carried out in batch or semi-batch process. The food is treated under a 

pressure from 100 MPa to 900 MPa (Fig. 1.1) (Considine et al., 2008; San Martín et al., 2002). 

High hydrostatic pressure can be generated by an external pump, a moving piston or by heating 

of the medium in a closed chamber. Pressure is equally applied in all directions in the vessel 

isostatically, which allows the solid food to retain its shape.  

The pressure is held during treatment time and then released. The treatment time and 

depressurisation time depend on specific food types and expected final outcomes. Once the 

desired pressure is achieved, no additional energy is required and pressure is maintained. The 

temperature of treatment chamber can be controlled externally or internally and HHP is usually 

carried out at room temperature (25-30 °C). HHP treatment is independent of food geometry 

or size (Considine et al., 2008). This process has many advantages over conventional thermal 

processes. HHP has also been applied to increase the tenderness in meat, modify starch, alter 

milk proteins, denature the allergenic compounds and inactivate enzymes in fruit juices. 

However, HHP has some disadvantages when treating fresh and porous products, such as fruit 

and vegetables. The mechanical force of applied pressure can modify or deform the integrity 

of solids in food, especially porous products (e.g. fresh melon and marshmallows), because of 

the movement of gas from the infiltration of liquids. HHP also may disrupt fruit and vegetable 

tissues through compression, expansion and during pressure holding of the process, causing 

denaturation of membrane protein, product deformations and activation of spoilage enzymes 

(Guerrero-Beltran et al., 2004). 
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Figure 1.1: Comparison of different pressure levels between living environment and the 

pressure applied in high pressure processing (Considine et al., 2008)  

(Note: Marine trench or Mariana trench is the deepest part of the world’s oceans) 

 

1.3.3 Effects of HHP on microorganisms 

HHP has been found to inactivate a number of microorganisms due to its impacts on 

the biological membranes, causing changes in the shape and size of microbial cells and 

leakages of intracellular substances. These changes are reversible at the 100-300 MPa range 

but irreversible at pressures above 300 MPa, causing cell death (Spilimbergo et al., 2002; 

Torres & Velazquez, 2005). HHP can damage the virus envelop to prevent virus particles 

binding to cells and this damage can be reversible or irreversible (Considine et al., 2008).  

Microbial effects of HHP depend on the pressure, compression time, pressurisation rate, 

temperature, pH, water activity, food ingredients and state of cell growth and some baroduric 

bacteria can withstand high pressure (Matser et al., 2004). For examples, Yersinia 

enterocolitica could be reduced by 5 logs at 275 MPa for 15 min, whereas Salmonella 

typhimurium and Listeria monocytogenes, required pressure treatment at 375 MPa and 450 

MPa, respectively, to achieve the same reduction. The fat and protein in milk and cream can 

protect the microorganisms from pressure treatment. At lower pH, microorganisms become 

more susceptible to HHP inactivation, whereas the decrease of water activity tends to protect 

them. HHP treatment at room temperature cannot sufficiently inactivate bacterial spores, which 

are highly pressure resistant (Torres & Velazquez, 2005). A combination of high pressure with 
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other treatments, such as heating, is required. A treatment of 621 MPa at 98 °C for 5 min was 

required to inactivate Clostridium sporogenes and Bacillus subtilus spores (Matser et al., 2004). 

Overall, the success of HHP process depends on the selection of pressure, temperature, 

treatment duration and microorganisms present on particular products.  

 

1.3.4 Effect of HHP on enzymes 

The effects of HHP on enzymes depend on the origin of the enzymes and substrates and 

the processing conditions: time, pressure and temperature.   Many enzymes are highly pressure 

resistant and high pressure application can lead to enzyme stability and activation (Fig. 1.2) 

(Eisenmenger & Reyes-De-Corcuera, 2009).  

 

 

 

Figure 1.2: Hypothetical generic elliptical pressure-temperature effects on the native/active 

and denatured/ Inactive forms of enzyme proteins, which was separated by a zone (dark grey) 

of reversible denaturisation. Increases in temperature and pressure can have both, stabilizing 

or denaturing effects on enzymes depending on the initial conditions, as represented by points 

A–D and the magnitude of the increase. A moderate increase in temperature and pressure from 

point A stabilizes the enzyme. However, in point D, increases in both, temperature or pressure 

destabilizes the enzyme. At point B, an increase in pressure denatures the enzyme but an 

increase in temperature stabilizes it and vice-versa for point C (Eisenmenger & Reyes-De-

Corcuera, 2009). 

 

 



 

 

 

10 Introduction and literature review 

HHP can activate spoilage enzymes in fruit juices, such as peroxidases (POD), 

polyphenoloxidase (PPO) and pectinmethylesterases (PME), that cause loss of phenolic 

compounds, browning and cloud loss in beverages, respectively (Bayındırlı, 2010).  This 

reduces the product quality and appearance, resulting in short shelf-life of HHP treated juices. 

A summary of literature on enzymatic effect of HHP in foods is given in Table 1.2. For 

example, a treatment of 400 MPa for 5 and 10 min on strawberry increased its POD activity by 

13 % and 1 % respectively (Garcia-Palazon et al., 2004). In apple and carrot, a pressure 

treatment between 300-500 MPa caused activation of POD and PPO and a very high pressure 

level of 900 MPa was required to inactivate those enzymes (Anese et al., 1995).  

High pressure treatment at 400 MPa led to the activation of mushroom PPO and a 

pressure of 800 MPa for 10 min was required to achieve a reduction of activity to 60 % residual 

enzyme activity (REA) (Gomes & Ledward, 1996). Asaka and Hayashi (1991) found that there 

was an increase in activity of purified pear PPO by 5 folds after treatment at 600 MPa, 20 oC 

for 6 h. Some isomers of PME are resistant to pressure up to 1 GPa (Dirix et al., 2005).  

 

Table 1.2: Summary of studies demonstrating enzyme activation by HHP in food products  

Enzyme 

 

Source Medium Activation 

Conditions 

Reference 

Peroxidase  

 

Raspberry, 

strawberry 

Aqueous 400 MPa Garcia-Palazon et al., 

2004 

Lipoxygenase  Soybean Aqueous >200MPa, < 60 oC Indrawati et al., 2001 

Green pea Aqueous  200 MPa, 55 oC Tedjo et al., 2000 

Polyphenol 

oxidase 

Avocado 

 

Aqueous < 250 MPa,  

> 62.5 oC 

Weemaes et al., 1998 

Onion Aqueous 500 MPa Butz et al., 1994 

Mushroom Aqueous 400 MPa Gomes & Ledward, 

1996 

Tomato 

 

Aqueous 300-600 MPa,  

70 oC 

Crelier et al., 2001 

 

Apple Aqueous 300 MPa Anese et al., 1995 

Grape must Aqueous <200 MPa, >60 oC Rapeanu et al., 2005 
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Red Raspberry, 

Strawberry 

Aqueous 400, 800 MPa 

 

Garcia-Palazon et al., 

2004 

Pectin methyl 

esterase  

Orange Aqueous <600 MPa,  

20-65 oC 

Van den Broeck et al., 

2000 

Carrot Aqueous 300-500 MPa,  

>50 oC 

Sila et al., 2007 

Carrot Aqueous <300 MPa, >50 oC Ly-Nguyen et al., 

2003 

Tomato Aqueous 300 MPa, 50 oC Hsu, 2008 

Poly-

galacturonase  

Tomato  Aqueous  Fachin et al., 2002 

alpha-

Amylase  

Barley malt Aqueous 152 MPa, 64 oC Buckow et al., 2007 

beta-Amylase  Barley malt Aqueous 106 MPa, 63 oC Heinz et al., 2005 

beta-

Glucanase  

Barley malt Aqueous 400 MPa Buckow et al., 2005 

beta-

Glucosidase  

Red raspberry, 

strawberry 

Aqueous 400 MPa Garcia-Palazon et al., 

2004 

Myrosinase  Broccoli Aqueous 350 MPa, 35 oC Ludikhuyze et al., 

1999 

Broccoli Aqueous 200 MPa, >50 oC Eylen et al., 2007 

 

 

Food ingredients can have protective effects on enzymes and influence their baro-

tolerance. For instance, sucrose could protect PME in juices and phosphatase and 

lactoperoxidase were more baroresistant in bovine milk compared with buffer (Seyderhelm et 

al., 1996). Peroxidase and catalase inactivation required alkaline pH and increase of 

temperature. Lowering the pH of the immersion medium could lead to increasing inactivation. 

There is a need to investigate the relationship between the structure of enzymes with their 

barostability and storage stability (Terefe et al., 2014). 
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1.4 Dense phase carbon dioxide process 

1.4.1 Overview 

Dense Phase Carbon Dioxide (DPCD) is a collective term for liquid carbon dioxide 

(CO2), supercritical fluid CO2 and high pressure CO2 (HPCD). This technology was first 

introduced by Fraser (1951) and then by Foster et al. (1962), who suggested bacterial cell 

inactivation by pressurised CO2 at 3.45 MPa and 20 oC (Ferrentino & Balaban, 2012). 

However, the inhibitory effects of this technology on undesirable microorganism were only 

systematically studied after the publication of Kamihira et al. (1987), who examined the 

sterilising effects of CO2 in its supercritical, liquid and gaseous phases. DPCD process uses 

CO2 at mild pressure levels (usually below 30 MPa) to inactivate pathogenic and spoilage 

microorganisms, moulds, yeasts and enzymes through molecular effect of CO2 penetrating into 

the food matrix (Damar & Balaban, 2006). The inactivation mechanism of food enzymes by 

DPCD is not fully explained. It has been proven that DPCD method is a cold-pasteurisation 

process that affects microorganisms and enzymes using supercritical or subcritical CO2 while 

retaining the fresh-like physical, nutritional and sensory qualities of food. 

 

1.4.2 Operation parameters 

In DPCD process, foods are exposed to pressurised CO2 at its subcritical or supercritical 

stage for a certain amount of time in batch, semi-batch or continuous systems. The DPCD 

method has some advantages over HHP technology due to milder pressures levels and its 

substantially lower capital expenditure (Ferrentino & Balaban, 2012). The DPCD system and 

equipment for pasteurisation of liquid food is operational and almost ready to be used in 

commercial scale.  



 

 

 

13 Introduction and literature review 

 

Figure 1.3: The Dense Phase Carbon Dioxide pilot equipment (Praxair Inc., Danbury, USA) 

 

There are pilot and industrial-scale units for continuous systems that can process about 

1.5 L/ min and 150 L/ min of liquid food respectively, built by Praxair Inc. (Danbury, 

Connecticut, United States of America), based on the technology and licensed from the 

University of Florida (Ferrentino & Balaban, 2012). In the continuous system, the equipment 

consist of 2 separate pumps for the CO2 and liquid food, which are simultaneously pumped 

into a  main system pipe for mixing (Fig. 1.3). The ratio of mixed CO2 in the liquid food can 

be controlled by monitoring and changing their flow rates. Studies in DPCD are continuously 

conducted and there is extensive potential of combing DPCD techniques with other non-

thermal technologies, such as ultrasound, pulse electric field, ultra-high pressure, to increase 

their benefits and applications in food processing (Ortuño et al., 2012b; Ortuño et al., 2013a; 

Pataro et al., 2010; Spilimbergo et al., 2003a, Corwin and Shellhammer, 2002). 

 

1.4.3 Carbon dioxide and its solubility 

Carbon dioxide is widely used in food and medical applications because it is inert, non-

flammable, non-corrosive, inexpensive, odourless, tasteless, available and Generally 

Recognised As Safe (GRAS). It has the critical point at 31.1 oC (304.2 oK) and 7.3 MPa (72.8 
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bar) (Fig. 1.4 A), allowing the process to operate near room temperature and mild pressure, 

which is ideal for thermolabile and easily oxidisable natural food products such as those 

containing polyunsaturated fatty acids and phenolic compounds (Chen et al., 1992; Moure et 

al., 2010). At the subcritical or supercritical fluid phase, CO2 is liquid-like in density and has 

physiochemical properties intermediate between liquids and gases (Fig. 1.4 B).  

 

 

Figure 1.4: A typical pressure-temperature phase diagram of CO2 (A); The physical properties 

of SCF (density ρ, viscosity μ and diffusivity D) in comparison to those of gases (G) and liquids 

(L) (B) (Moure et al., 2010)  

 

The physiochemical properties, which are density, diffusivity, viscosity and dielectric 

constant, can be modified by alteration of temperature and/or pressure. In the phase equlibrium 

between liquid and gas, the partition of the liquid phase increases with the increase of pressure 

and decreases with the increase of temperature. When pressure and temperature simultaneously 

increase, the transport porperties of both liquid and gas phases increase and lead to a 

convergence at the critical point. Knowledge of carbon dioxide (CO2) solubility and its phase 

behaviour in different solutions under the effect of pressure and temperature is important in 

food process applications and the design of process parameters (Ferrentino et al., 2012b). The 

solubility of CO2 in water has been used as the basic guideline to predict its solubility changes 

and phase behaviours in more complex liquid systems. 

 

A B 

(mPa.s) 
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Figure 1.5: Solubility of carbon dioxide in water as a function of pressure and temperature 

(Dodds et al., 1956) 

 

Dodds et al. (1956) reported that CO2 solubility in water depends on its pressure and 

temperature, which decreases with increasing temperature and increases with increasing 

pressure (Fig. 1.5). The presence of other substances may have negative or positive effects on 

its solubility. For instance, increasing solids content (e.g. salt and sugar) would decrease the 

solubility of CO2, meanwhile addition of polar co-solvents (e.g. methanol and ethanol) would 

increase its solubility in the solution. 
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1.4.4 Effect of DPCD on microorganisms 

The microbial inactivation effect of DPCD has been reviewed comprehensively by 

Damar and Balaban (2006) and then Garcia-Gonzalez et al. (2007). In general,   DPCD causes 

microbial inactivation effects by 4 main factors: 

1. pH lowering effect 

2. Inhibitory effect of molecular CO2 and bicarbonate ions 

3. Physical disruption of cells 

4. Modification of cell membrane and extraction of cellular materials 

Garcia-Gonzalez et al. (2007) outlined the microbial inactivation mechanism of DPCD into 7 

steps, which could occur simultaneously and synergistically: 1) Solubilisation of pressurised 

CO2 into the liquid phase (external medium), external pH lowering; 2) Cell membrane 

modification due to CO2 interaction or diffusion; 3) Intracellular pH lowering; 4) Inactivation 

of key enzymes or cellular metabolism inhibition due to pH lowering; 5) Direct inhibition of 

molecular CO2 and bicarbonate ion (HCO3
−) on cellular metabolism; 6) Disruption of the 

intracellular electrolyte balance; and 7) Leakage or extraction of vital constituents from cells 

and cell membrane (Fig. 1.6). 

 During DPCD process, pressurised gaseous CO2 (in the container headspace) would 

dissolve into the aqueous medium of the sample, e.g. juice or broth, forming carbonic acid 

(Step 1). Carbonic acid further dissociates into bicarbonate (HCO3
−), carbonate CO3

-2) and 

hydrogen (H+) ions and lowers the extracellular pH as shown below: 

CO2 + H2O ↔ H2CO3 ↔ H+ + HCO3
– ↔ H+ + CO3–2 

 

The lowered extracellular pH could inhibit microbial growth and reduce its resistance to 

inactivation due to the increase in energy consumption to maintain the pH balance across the 

cell membrane. That would facilitate the diffusion and penetration of CO2 into microbial cells 

(Step 2). The diffused CO2 molecules would accumulate into the cellular phospholipid bilayer 

and in turn distort the lipid chains, causing loss in cell membrane structure and function and 

increasing its fluidity. Moreover, the presence of bicarbonate ions may act on the charged 

phospholipid groups and the proteins at the surface of the membrane to alter the cell surface 

charge and so changing its surface charge density and functions. 
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Figure 1.6: Illustration of how pressurised CO2 may cause lethal effect on microorganism cells 

(Note: (g) = gas state, (aq) = aqueous state). Each step of the process is described above and 

the numbers are presented different cellular components: 1. Phospholipid bilayer, 2. Integral 

membrane protein, 3. Plasma membrane H+-ATPase and 4. Intracellular organelles (Garcia-

Gonzalez et al., 2007) 

 

With the increase in membrane permeability, aqueous CO2 molecules could easily 

penetrate into the cell cytoplasmic interior and interact with the water molecules inside the cell, 

causing intracellular pH (pHi) reduction (Step 3). The pHi is essential for optimal cell viability 

and cellular activity, thus the lowered pHi would impair cell functionality. This might inactivate 

key enzymes of essential metabolism, such as glycolysis, amino acid transportation and proton 

translocations, resulting in metabolic inhibition and loss of biological control and balance in 

the cell (Step 4).  Moreover, bicarbonate anions can directly interact with enzyme active sites 

and inhibit the metabolic pathway of some cellular enzymes that are anion-sensitive (Step 5).  

The accumulation of CO2 and bicarbonate could further convert to carbonate (CO3
-2), 

which could precipitate intracellular inorganic electrolytes such as Ca2+ and Mg2+ ions from 

the cell cytoplasm and membrane to form CaCO3 and MgCO3 (Step 6). Since those electrolytes 

play important roles in regulating cell activity and maintaining osmotic balance between cells 
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and their surrounding media, this could cause deleterious effect on the cell. In addition, CO2 

could also act as a non-polar solvent that extracts or removes the vital lipid compounds from 

the cell and cell membranes to the external medium, causing cell damage (Step 7). This 

extraction tends to be stimulated by sudden release of applied pressure, resulting in rapid 

transfer of intracellular constituents to the extracellular environment, which would increase 

with increasing pressurisation and depressurisation cycles.   

 

1.4.5 Effect of DPCD on enzymes 

The mechanism of enzyme inactivation by DPCD could be due to many factors such as 

pH lowering, conformational changes of the enzyme and inhibitory effect of molecular CO2 on 

enzyme active sites (Damar and Balaban, 2006). A summary of studies on enzyme inactivation 

by DPCD in food products is given in Table 1.3. The pH lowering would be one of the 

inactivation factors, however, a pH lowering to below 2.4 is required to obtain a significant 

PME inactivation in orange juice while DPCD only could lower the pH to 3.1 in fruit juices 

(Balaban et al., 1991; Chen et al., 1992). Thus, pH lowering by DPCD would play a minor role 

in the inactivation effect. 

Meanwhile, DPCD has shown changes to the secondary enzyme structure, resulting in 

reductions in activity. Ishikawa et al. (1996) found that the alpha-helix of lipase, alkaline 

protease, acid protease and glucoamylase were changed after micro bubbled DPCD. They also 

found that the changes in alpha-helix were irreversible after DPCD while it was reversible after 

heat treatment. Changes in the secondary structure of an enzyme have a significant correlation 

with its activity due to the changes in its active site (Hu et al., 2011). DPCD treatment has 

shown to be more effective than heat treatment in enzyme inactivation, causing significant 

inactivation of LOX, POD, PPO and PME at temperatures below 60 oC and at lower pressure 

range than HHP (Chen et al., 2010; Gui et al., 2006; Liu et al., 2012). Park et al. (2002) treated 

LOX and PPO in carrot juice with heating at 55 oC for 30 min, resulting in 18 % and 13 % 

inactivation of LOX and PPO, respectively. Meanwhile, DPCD treatment gave a total 

inactivation of these two enzymes after 15 min treatment at the same temperature.  
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Table 1.3: Summary of studies on inactivation of enzymes by DPCD in food  

Enzymes Source of 

enzyme 

Optimal inactivation 

conditions 

REA 

(%) 

Reference 

Myrosinase Canola flakes 62.1 MPa, 3 h, 75 oC 10 

 

Dunford & 

Temelli, 1996 

 22 MPa, 5 min, 65 oC 1 Yang et al., 2011 

Pectinesterase Orange juice  26.9 MPa, 145 min, 56 oC 0 Balaban et al.,  

1991 

Orange juice 107 MPa, 10 min, 24 oC 54 Kincal et al., 2006 

Orange juice 30 MPa, 10 min, 55 oC 9 Zhou et al., 2009a 

Mandarin 

juice 

41.4 MPa, 7 min, 45 oC 49 

 

Lim et al., 2006 

Apple juice 20 MPa, 20 min, 65 oC 18 Niu et al., 2010 

Polyphenol 

oxidase 

Spiny lobster 

Spiny lobster 

5.8 MPa, 1 min, 43 oC 

0.1 MPa, 30 min, 33 oC 

2 

2 

Chen et al., 1992 

Chen et al., 1993 

Brown 

shrimp 

5.8 MPa, 1 min, 43 oC 

 

22 

 

Chen et al., 1992 

 

Potato 5.8 MPa, 30 min , 43 oC 9 Chen et al., 1992 

Muscadine 

grape juice 

27.6 MPa, 6.25 min, 30 oC 65 Del Pozo-insfran 

et al., 2007 

Carrot juice 4.9 MPa, 10 min, 5 oC 39 Park et al., 2002 

Apple juice 30 MPa, 60 min, 55 oC 40 Gui et al., 2007 

Watermelon 

juice 

20 MPa, 20 min, 65 oC 0 Niu et al., 2010 

Watermelon 

juice 

30 MPa, 30 min, 50 oC 4 Liu et al., 2013 

Red beet 

extract 

37.5 MPa, 60 min, 55 oC 5 

 

Liu et al., 2008 

 

Red 

raspberry 

30 MPa, 60 min, 55 oC 63 Liu et al., 2010 

Tea leaves 

extract 

7 MPa, 60 min, 30 oC 

 

50 

 

Primo et al., 2007 
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 Hami melon 

juice 

35 MPa, 5-10 min, 55 oC 25.3 Chen et al., 2010 

Mushroom 8 MPa, 20 min, 55 oC 60 Hu et al., 2010 

Lipoxygenase Soybean 

 

10.3 MPa, 15 min, 50 oC 

 

0 

 

Tedjo et al., 2000 

 

Hami melon 

juice 

35 MPa, 5-10 min, 55 oC 

 

1 

 

Chen et al., 2009 

 

Glycine max 50 MPa, 30 min, 30 oC 2 Liao et al., 2009 

Carrot juice 2.94 MPa, 10 min, 5 oC 30 Park et al., 2002 

Peroxidase Horseradish  

 

62.1 MPa, 15 min. 55 oC 

30 MPa, 60 min, 55 oC 

 

0 

12 

 

Tedjo et al., 2000 

Gui et al., 2006 

Hami melon 

juice 

35 MPa, 5-10 min, 55 oC 38 Chen et al., 2010 

Tea leaves 

extract  

25 MPa, 6 h, 50 oC 0 Primo et al., 2007 

*REA = Residual enzyme activity 

 

Besides, literature suggested that CO2 molecules play a unique role in interaction with 

enzyme active sites, since other pressurised gases (such as nitrogen) did not have deactivation 

effects on enzymatic activity (Damar & Balaban, 2006). The effect of DPCD also depends on 

the operation temperature, pressure, treatment time and solid content of treated samples and so 

the solubility of CO2 in their aqueous phase. The increase in pressure, temperature and 

treatment time would increase the inactivation of enzymes by DPCD. 

 

1.5 Combination of HHP and DPCD 

The advantage of high hydrostatic pressure (HHP) is to process foods that are already 

packaged and therefore are not liable to post-process contamination. Although HHP effectively 

eliminates microorganisms and stabilizes liquid foods, it does not inactivate some key enzymes 

that reduce the product quality. In fact, HHP may increase the activities of unwanted enzymes 

such as PPO. On the other hand, DPCD as a continuous operation needs aseptic filling to 
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containers, but can inactivate enzymes that remain after HHP processing. Therefore it is logical 

to combine these technologies to benefit from their individual advantages. The presence of CO2 

in the sample medium might create a more acidic environment and synergistically interact with 

pressure to damage or alter the structures of enzymes and microbial cells (Corwin and 

Shellhammer, 2002).  

  Corwin and Shellhammer (2002) used freshly squeezed orange juice to measure the 

PME activity after carbonation of the juice at 0.1 MPa and treatment with HHP at 500 MPa (3 

min) or 800 MPa (1 min) at either 25 °C or 50 °C. Also, tyrosinase, Lactobacillus plantarum 

and Escherichia coli were prepared in buffer systems and carbonated as described before. The 

average CO2 concentration in the liquid containing PME was 2.1 volumes of CO2 / volume of 

sample. The effects of carbonation alone, HHP alone and HHP+carbonation were measured. 

After 500 MPa for 3 min, HHP only resulted in 86 % residual enzyme activity (REA) of PME. 

With CO2, this was reduced to 56 %. At 800 MPa, there was no significant difference between 

REA of HHP alone and HHP+CO2 (7.8 % and 6.8 %). At 50 °C, there was no significant 

difference between HHP only and HHP + CO2 at both 500 and 800 MPa. At 500 MPa, 25 °C, 

HHP alone resulted in 98.5 % REA of PPO, when CO2 was added, this was reduced to 59 %. 

At 800 MPa, 25 °C, HHP alone resulted in 91 % residual PPO activity and HHP+CO2 reduced 

this to 51 %. At 800 MPa, 50 °C, HHP alone resulted in 73 % REA of PPO and HHP+CO2 

reduced this to 21 %. Addition of CO2 further reduced the Lactobacillus viability by 2 logs at 

25 °C compared to HHP alone, at 365 and 455 MPa.  

  In a similar study, Boff et al. (2003) used CO2-assisted HHP to process orange juice 

and evaluated quality attributes during 4 months storage at 4 and 30 °C. HHP+CO2 produced 

a cloud-stable orange juice with more ascorbic acid and flavour volatiles than thermally 

processed juice (p < 0.05). Wang et al. (2010) applied different concentrations of dissolved 

CO2 (2.6:1, 3.8:1 and 5.5:1 v/v ratio of CO2:Sample) into the HHP process (250 – 400 MPa) at 

20 oC and 30 oC to inactivate Staphylococcus aureus and E. coli and showed that there was 

significant synergistic inactivation with added CO2 (7-8 logs reduction) compared with 1-2 log 

reduction by HHP alone.  

Park et al. (2002) studied the effects of sequential application of DPCD and HHP on 

the safety and shelf life of carrot juice. A combined treatment of 4.9 MPa DPCD (5 oC, 5 min) 

and 300 MPa-HHP (25 oC, 5 min) completely inactivated the aerobic microorganisms. Also, a 

process of 4.9 MPa DPCD and 600 MPa-HHP effectively reduced the activities of PPO, PME 
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and LOX enzymes, with residual enzyme activities of less than 11 %, 35 % and 9 %, 

respectively. These levels were 2-3 folds lower than that of DPCD or HHP treatments alone. 

At low HHP pressure of 200 MPa, addition of 4.9 MPa-DPCD (5 oC, 5 min) treatment prior to 

HHP (25 ºC-5 min) improved the inactivation of the PPO, LOX and PME enzymes in carrot 

juice with a residual activity of 35 %, 17 % and 45 %, respectively, compared with the residual 

activity of DPCD (40 %, 20 % and 50 %, respectively) and HHP (83 %, 78 % and 80 %, 

respectively) treatments. The colour and cloud of treated carrot juice were significantly affected 

by DPCD but not by HHP. However, sequential application is not desirable for the industry 

since it requires more processing time and labour. 

 

1.6 Feijoa (feijoa sellowiana)  

Feijoa, Feijoa sellowiana (synonym, Acca sellowiana), from the Myrtaceae family, is a 

fruit-bearing evergreen shrub relative to the tropical guava, thus it is also known as “pineapple 

guava” due to its distinctive aroma and flavour between pineapple and guava (Basile et al., 

2010; Weston, 2010). The Feijoa fruit has an oval shape with smooth green skin and white 

flesh and the size is between 5-7cm in length and 2-3 cm in diameter (Fig. 1.9). Feijoa is native 

to South America but also grown in tropical and subtropical areas and commercially grown in 

New Zealand since New Zealand has an ideal climate to produce large fruits (Argüelles & 

Watson, 2011). However, its availability is limited by low fruit yield and the variation of fruit 

size and shape and fast ripening. The fruit pulp is juicy and sweet, containing seeds and slightly 

gritty flesh nearer the peel, meanwhile the skin is sour and may be bitter. Feijoa pulp has been 

widely used in juice production, addition to dry muesli, yogurt and smoothies and in making 

Feijoa wine and vodka (Argüelles & Watson, 2011; Weston, 2010). 

Feijoa fruit contains high amounts of vitamin C, folate and essential minerals such as 

potassium, phosphorous and iodine. There are also high quantities of polyphenols, such as 

flavonols, catechin, leucoanthocyanin, ellagic acid, pentoside of quercitin, such as hyperin 

(quercetin-3-O-beta-d-galactose) and proanthocyanidins (Argüelles & Watson, 2011). Also, 

the fruit contains large amounts of neutral lipids along with carotenoids, tocophenols and other 

essential oils (limonene (29%), β-caryophyllene (27%), α-pinene (9%), β-pinene, 

isocaryophyllene (1%) and estragole (1%), which exhibited anti-bacterial and anti-fungal 

activity (Saj et al., 2008). Feijoa peel was found to contain a number of essential oils, including 

esters, monoterpene hydrocarbons, sesquiterpene hydrocarbons and oxygenated sesquiterpene, 
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with the major components being β-caryophyllene, ledene, α-humulene, β-elemene and δ-

cadinene (Fernandez et al., 2004).  

 

 

Figure 1.7: Feijoa fruit, adapted from (Weston, 2010) 

 

Extracts of feijoa fruit have been shown to contain high antimicrobial and antioxidant 

activity (Argüelles and Watson, 2010). The extracts of Feijoa fruit peel and pulp could 

significantly inhibit the growth of Gram-positive bacteria, such as Staphylococcus aureus, 

Streptococcus pyogenes and S. faecalis; and Gram-negative bacteria, such as Proteus mirabilis, 

Pseudomonas aeruginosa, Escherichia coli, Salmonella typhimurium and Klebsiella 

pneumonia, which might mainly be due to its flavone components (Basile et al., 2010). In term 

of antioxidant activity, feijoa methanol extract from the pulp and peels were exanimated though 

in-vitro assays. All the extracts had good iron-chelating activity, ferric reducing capacity and 

lipid peroxidation inhibition activity (Ebrahimzadeh et al., 2008).  

Moreover, extract of whole fruit was found to exhibit anti-inflammatory activity in an 

in-vitro model (Basile et al., 2010; Rossi et al., 2007). The influence of feijoa on the immune 

response of intestinal cells was studied using aqueous extract and it was shown that a continued 

intake of feijoa could decrease transforming growth factor (TGF)-beta concentration in the 

intestinal epithelium (Manabe & Isobe, 2005). The peel extract of feijoa also exhibited some 

antitumor and cytotoxic activity in human oral gingival fibroblast cells, due to its flavone 

content (Bontempo et al., 2007). Overall, feijoa fruit is an important exotic fruit in New 

Zealand, but the study of its enzyme activity is limited. The study on the effects of this 
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combined HHP and DPCD treatment would be beneficial for feijoa fruit-based juice 

manufacturers in applying non-thermal technologies into their productions. 

 

1.7 Objectives 

This research was aimed to simultaneously apply high hydrostatic pressure (HHP) and 

dense phase carbon dioxide (DPCD) and to investigate the effects of this combined treatment 

on inactivation of enzyme, microorganisms and sensory properties of different products, using 

feijoa as the main model.   

The objectives of this project were: 

 To establish a treatment/process that can combine the effects of HHP and DPCD 

simultaneously.  

 To examine the effects of this combined treatment on pectin-methyl-esterase (PME), 

peroxidase (POX) and poly-phenol-oxidase (PPO) of feijoa puree. 

 To optimise the combined treatment parameters for reduction of enzyme activity in 

feijoa puree. 

 To investigate the changes in enzyme protein structure and inactivation kinetics of 

pure mushroom PPO caused by the combined treatment. 

 To investigate microbial effect of the combined treatment on Escherichia coli, 

Bacillus subtilis and Saccharomyces cerevisiae in their growth media. 

 To examine the sensory attributes of the treated feijoa fruit products by this combined 

treatment. 

 

Context of the research 

This research would be the first study to establish a novel non-thermal treatment by 

combining HHP and DPCD techniques to inactivate undesired enzymes and preserve the safety 

and the quality of fruit products. The study would be the first investigation towards the 

understanding of enzyme structural alterations, inactivation kinetics and sensory effect as the 

results of this combined process. 
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CHAPTER 2 

Preliminary study of Feijoa (Acca 

sellowiana) characteristics and effect of 

combined DPCD and HHP process 

 

 

 

 

 

 

 

 

 

 

 

Part of this chapter (section 2.3.3) is based on the published paper: Ortuño, Carmen, Duong, 

Trang, Balaban, Murat, & Benedito, Jose (2013). Combined high hydrostatic pressure 

and carbon dioxide inactivation of pectin methylesterase, polyphenol oxidase and 

peroxidase in feijoa puree. The Journal of Supercritical Fluids, 82(0), 56-62.  
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Preliminary study of Feijoa (Acca sellowiana) characteristics and effect of combined 

DPCD and HHP process 

2.1 Introduction 

High hydrostatic pressure (HHP) and dense phase carbon dioxide (DPCD) processes 

are effective non-thermal pasteurization methods that have gained increasing attention in 

inactivation of undesired enzymes and microorganisms in food industry. However, some 

spoilage enzymes, such as polyphenol oxidase (PPO) and some isozymes of pectin-methyl-

esterases (PME) are highly pressure resistant (up to 900 MPa) and in some cases, they are 

stabilised and functionally enhanced after HHP or DPCD treatments (Balaban, 2012; 

Eisenmenger & Reyes-De-Corcuera, 2009). The activation and inactivation effects of these 

treatments on each enzyme vary depending on the enzyme species, their origins and process 

conditions. This research was aimed to simultaneously apply HHP and DPCD to investigate 

their effects on enzyme activity and quality attributes (e.g. sensory attributes) of fruit and fruit 

juice, using feijoa, Feijoa sellowiana (synonym, Acca sellowiana), as model sample, which is 

an important exotic fruit of New Zealand, as a good source of antioxidants and phytochemical 

compounds as described in Chapter 1.   

Despite a number studies on feijoa fruit, which were mainly on the commercially 

available and well-selected fruit, there are no studies that have investigated and compared the 

chemical content and bioactivities between on-tree-selected (ie. hand-picked) fruit and ground-

dropped fruit. The preservation of feijoa fruit products by non-thermal technologies is 

important to maintain the desirable characteristics and value and it would benefit the fruit 

production industry in New Zealand. 

The objectives of this preliminary study were: 

1. To understand and determine the physical and chemical characteristics of the feijoa 

samples: on-tree hand-picked fruit and ground-dropped fruit, to select one form to apply 

the combined non-thermal process. 

2. To examine the effect of the combined HHP and DPCD process on the enzymes 

(peroxidase, polyphenoloxidase and pectinmethylesterase) and colour of the target 

feijoa fruit. 

3. To minimise the standard errors of analysis methodology for treated samples. 
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2.2 Methodology 

2.2.1 Materials  

2.2.1.1 Sample 

There were 2 types of Feijoa (Feijoa sellowiana Berg) samples: Ground-Picked (GP) 

and Hand-Picked (HP) (7.5 kg each) supplied by Frans and Tineke de Jong grower, Southern 

Belle Orchards (418 Hinuera Road, Matamata, Waikato, New Zealand). The GP fruit was 

collected when they were off the tree (dropped on the ground) while the HP fruit was collected 

by hand from the tree. Both of them were collected at the late fruit season stage (July 2012).     

2.2.1.2 Chemicals 

Catechol, guaiacol, pectin (from citrus source), poly-vinyl-poly-pyrrolidone (PVPP), 

1,1-diphenyl-2-picrylhydrazyl (DPPH), 2,2’-azinobis-(3-ethylbenzothiazoline)-6-sulfonic acid 

(ABTS), 2,4,6-tri(2-pyridyl)-striazine (TPTZ) and 6-hydroxy-2,5,7,8-tetramethylchroman-2-

carboxylic acid (Trolox) were obtained from Sigma Aldrich (New Zealand). Ethanol and 

methanol (HPLC/ACS and AR grade), sodium hydroxide (NaOH), hydrochloric acid (HCl) 

and acetic acid were obtained from ECP Ltd. (New Zealand); Folin-Ciocalteu reagent was 

supplied by MERCK (Germany); Gallic acid was obtained from Acros Organics (USA). 

Potassium phosphate (KH2PO4), sodium phosphate (Na2HPO4 and NaH2PO4), potassium 

chloride (KCl) and sodium chloride (NaCl) salts were analytical grade, purchased from Global 

Sciences (New Zealand).  

MilliQ water (1.8x107 ohm/cm resistance) was used to make up required solutions, 

which was produced by Millipore MilliQ water dispenser (Millipore Corporation, USA). 

Nitrogen gas was produced in-house (99.9 % purity); Carbon dioxide was Food Grade (99.9 % 

purity) purchased from BOC (Auckland, New Zealand).  

 

2.2.2 Sample preparation and storage 

2.2.2.1 Freeze-dried samples for phenolic extraction and antioxidant analysis    

Fresh feijoas were stored at room temperature until they started ripening and released a 

sweet aroma volatile, then they were put into storage at 4 oC prior to processing (Fig. 2.1 A-

B). All the fruit was washed several times under running water and air dried. The whole fruit 

was cut and divided into two parts: Peel and Pulp (Fig. 2.1 E).  The peels were estimated to be 
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cut as approximately 2-3 mm from the outer surface of the fruit.  Each part was stored at -20 

oC and freeze dried (FreeZone 12Plus, LabConco, USA) (Fig. 2.2), then milled to small 

particles by a laboratory blender (Model 38 BL40, Waring Commercial, USA). The dried 

samples were stored at -20 oC until required. 

 

 

      

 

Figure 2.1: Feijoa fresh samples. A/ Ground-picked (GP) fruit, B/ Hand-picked (HP) fruit, C/ 

Whole fruit vertical cross-section, D/ Whole fruit horizontal cross-section, E- Separated pulp 

and peel. 

 

 

Figure 2.2: Freeze- drier unit (FreeZone 12 Plus, LabConco, USA). 

B- HP A-GP 

E D C 
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2.2.2.2 Feijoa puree preparation and storage 

Feijoa fruit was peeled and chopped into 3–4 cm3 cubes and put in a Ziploc plastic bags 

and stored at -20 oC until required. The frozen fruit were thawed at 4 oC for 12-14 h before 

processing. Thawed flesh samples were blended at setting 1 until well mashed and mixed into 

a puree. The puree was poured into a retort pouch (155x180x30 mm, 97 µm thickness, oxygen 

transmission rate of <2 cc/m2/day, water vapour transmission rate of <2 g/m2/day, 

SURT155180, Cas-Pak Products Ltd., New Zealand) and vacuum sealed at 50 mbar (Multivac, 

Germany) (Fig. 2.3) and stored at -20 ºC until required. Each frozen sample pack was thawed 

at 4 oC for 12-14 h before each process treatment.  

 

 

Figure 2.3: Vacuum machine (Multivac, Germany) 

 

2.2.3 Fruit characteristics 

2.2.3.1 Fruit composition  

The whole fruit was weighed initially and divided into two parts: pulp and peel, then 

each fruit part was weighed by Mettler AE260 DeltaRange balance (Mettle Toledo, USA). Its 

composition was calculated based on Eq. 2.1. Thirty fruits were randomly selected for this 

measurement.  

Composition of fruit part (%) = 
Weight of the fruit part  (g)

Weight of the whole fruit (g)
 x 100%             (2.1) 

2.2.3.2 Moisture content  

The procedure for this analysis was based on an official analysis method using vacuum 

oven (A.O.A.C., 2007). Five g fresh sample pieces were accurately weighed and placed on 3 
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ceramic crucibles. These samples were dried at 70 oC and a vacuum of approximately 0 mPa 

for 24 h by a vacuum oven (VT 6205, Haraeus Vacutherm, Germany) (Fig. 2.4) and then the 

vacuum was released slowly. Dried samples were stored in desiccators until samples were 

cooled to 20 oC prior to weighing by an analytical balance (ED224S, Sartorius Ag, Germany). 

The moisture content of the sample was calculated based on Eq. 2.2: 

 

Moisture content % = 
Total moisture loss after drying(g) 

Initial weight (g)
 x 100%                   (2.2) 

 

 

Figure 2.4: Vacuum oven (VT 6205, Haraeus Vacutherm, Germany) 

 

2.2.3.3 Colour determination 

The whole fruit colour was measured using CR400-Chroma Colorimeter (KONICA 

MINOLTA, USA) in CIE L*a*b* colour space, at 9 different sites of the fruit (3 readings each 

at around the two ends of fruit and its equator), on 10 randomly selected fruits, a total of 90 

readings were taken. 

 

2.2.3.4 Brix degree 

The fruit juice oBrix of each fruit was measured using E-Line ATC range 0-18 oBrix 

refractometer (Bellingham+Stanley Ltd., UK). There were 30 randomly selected fruits for 

oBrix reading. 
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2.2.3.5 pH 

The pH was measured inside the feijoa puree at 25 ºC using a digital pH meter (PerpHec 

LogR meter, Model 320, Orion research Inc., USA) (Fig. 2.5) and pH was recorded after 

stabilisation, 10 readings were recorded and averaged.  

 

 

Figure 2.5: pH meter (PerpHec LogR meter, Model 320, Orion research Inc., USA) 

 

2.2.3.6 Water activity 

The water activity of fresh feijoa puree was measured in triplicate at 25 ºC using a 

digital water activity meter (Aqua Lab 4TE, Decagon Devices, USA) (Fig. 2.6). 

  

 

Figure 2.6: Water activity meter (Aqua Lab 4TE, Decagon Devices, USA) 
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2.2.3.7 Texture analysis 

The firmness of the fruit was measured by TA.XTplus Texture Analyser (Stable Micro 

Systems Ltd., UK) with Exponent software (Stable Micro System Ltd., UK), using a  

cylindrical probe (10 mm in diameter) (Fig. 2.7). The fruit firmness was measured for 170 s 

duration as the probe was applied with test speed of 0.03mm/s and travel distance of 5 mm 

down from the fruit surface, at the centre of its equator. 10 fruits were measured for each type. 

 

 

Figure 2.7: A/ Texture analyser machine kit, B/ Texture analyser probe and the feijoa fruit 

position during analysis. 

 

2.2.3.8 Spectrophotometric Measurements 

Absorbance and fluorescence measurements were done using a UV mini-1240 

Shimadzu spectrophotometer (Shimadzu Corporation, Japan) (Fig. 2.8). 

 

 

Figure 2.8: UV mini-1240 Spectrophotometer (Shimadzu Corporation, Japan) 

A B 
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2.2.4 Phenolic compounds extraction  

2.2.4.1 Methanol extraction with ultrasound assistance 

The method was adapted from Waterhouse (2001). Ground freeze-dried samples (5 g) 

were mixed with 100 mL of 80 % aqueous methanol in a 150 mL Erlenmeyer flask (20 folds). 

The flask was sonicated by Transsonic T460 sonicator (Elma, West Germany) for 20 min at 

room temperature, under subdued light, with continual nitrogen gas purging and periodic 

shaking. The solution was centrifuged at 3000 g (3500 rpm) for 10 min by Labofuge 400 

centrifuge (Heraeus, Germany). The supernatant was filtered through Whatman no.2 filter 

paper (a hydrophilic membrane filter, pore size of 0.45 μm) by vacuum suction using a chilled 

Buchner funnel and aspirator pump (Model 75301-10, Code Parmer Instrument Co., Korea). 

The extraction was performed in duplicate. The filtrate was transferred to a 500 mL round-

bottom evaporating flask and the methanol was evaporated in a Buchi R-210 rotavapor 

(Switzerland) under vacuum (10 mPa) at 40 oC. The remaining extract was transferred to a 25 

mL glass vial, further dried by flushing 99.9 % nitrogen and freeze-dried to powder form by 

FreeZone 12 Plus freezer drier (LabConco, USA).  

 

2.2.4.2 Ethanol extraction with ultrasound-assistance 

Ethanol extraction protocol was similar to that of methanol extraction, but ethanol was 

employed instead of methanol. The main advantage of methanol over ethanol was its lower 

boiling point.  

 

2.2.5 Total Phenolic Quantification Analysis  

The polyphenol concentration in the extract was measured according to a standard 

Folin-Ciocalteu method (Waterhouse, 2001), using gallic acid to obtain the standard curve for 

polyphenol. Folin-Ciocalteu regent is a yellow acidic solution and can be reduced by 

antioxidant substances and the reducing reaction occurs in an alkali condition (Singleton & 

Rossi, 1965).  

Reagents 

 Gallic acid (5 g/L) stock standard solution was prepared by dissolving gallic acid 

powder (0.5 g) in ethanol (10 ml) and then diluted to 100 ml with water. This was used 
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to create standards with 0, 50, 100, 250 and 500 mg/L concentrations and could be 

stored up to 2 weeks at 4 °C.  

 Sodium carbonate (Na2CO3) (20 % w/v) solution was prepared by dissolving 200 g of 

anhydrous sodium in 800 ml of MilliQ water and heated to boil. After cooling, a few 

crystals of sodium carbonate were added and the solution was let to sit for 24 h at room 

temperature and filtered through Whatman No.1 filter paper. Then MilliQ water was 

added to make 1 L and could be stored indefinitely at room temperature. 

Procedure  

Gallic acid standard or sample solutions (100 µL) were placed in Kimax tubes and mixed with 

8 mL of MilliQ water and then 500 µL of Folin-Ciocalteu reagent was added and vortexed. 

The mixtures were allowed to stand at room temperature for 5 min. Then 1.5 mL of sodium 

carbonate solution (20 % v/v) was added and the solutions were left at room temperature for 

45 min. After that, they were transferred to plastic cuvette to measure the absorbance of each 

solution at 765 nm. 

 

2.2.6 Antioxidant activity analysis 

2.2.6.1 1,1-Diphenyl-2-picrylhydrazyl radical (DPPH˙+.) assay 

This method was based on the measurement of free radical scavenging of the 

antioxidant compounds using 2,2-diphenyl-1-picrylhydrazyl, DPPH˙ radical solution, 

generated by dissolving DPPH into methanol. In its radical form, DPPH˙ radical (dark purple 

colour) shows an absorbance maximum at 515 nm which disappears upon reduction by 

antiradical compound(s). The antiradical or antioxidant compounds in the sample will react 

with the DPPH˙+  over time until they reach a steady stage, decolouring the dark purple colours 

of DPPH˙+  to DPPH (Bondet et al., 1997; de Oliveira et al., 2009).  

Reagent 

 Sample extract (0.5 mg/mL) was prepared by dissolving 10 mg of extract powder in 

20 mL of MilliQ water. 

 DPPH· solution (40 mg/L) was prepared by dissolving 4 mg DPPH powder in 100 mL 

of absolute methanol. 

 Trolox stock solution (2.5 mM = 0.626 g/L) was made by dissolving 6.3 mg of Trolox 

powder in 10 mL of absolute ethanol and was used to develop a standard curve in the 

range of 0, 50, 100, 200, 400 µmol/L. 
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Procedure 

The DPPH radical scavenging capacity of each extract was determined according to the method 

of Dudonné et al. (2009). The DPPH˙ solution was prepared daily and 2.9 mL of this solution 

was mixed with 100 μL of extract solution in a small test tube. The samples were left in the 

dark for 10 min and then the decrease in absorbance at 515 nm was measured (AE). A control 

sample containing 100 μL of MilliQ water in the DPPH• solution was prepared daily and its 

absorbance was measured (AC). The experiment was performed in triplicate. The % of 

inhibition DPPH˙ was calculated based on Eq. 2.3. Antiradical efficacy was reported in µmol 

Trolox/g of sample dry weight (DW). 

 

% DPPH Inhibition = 
A𝐶 − A𝐸

A𝐶
 x 100     (2.3) 

 

2.2.6.2 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS) assay  

This method for the screening of antioxidant activity is a decolourisation assay 

applicable to both lipophilic and hydrophilic antioxidants, including flavonoids, 

hydroxycinnamates, carotenoids and plasma antioxidants. The pre-formed radical monocation 

of 2,2’-azinobis-(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS•) (peacock blue solution) is 

generated by oxidation of ABTS with potassium persulfate and is reduced in the presence of 

hydrogen-donating antioxidants (Re et al., 1999). 

Reagent 

 ABTS (C18H24N6O6S4) stock solution (7 mM = 3.84 g/L, MW = 548.68) was prepared 

by dissolving 38.40 mg of ABTS powder in 10 mL of MilliQ water.  

 Potassium persulfate solution (K2S2O8, 140 mM = 37.85 mg/L) was prepared by 

dissolving 378 mg of K2S2O8 powder in 10 mL MilliQ water.  

 Phosphate-buffered-saline (PBS) (10x) buffer stock (pH 7.4) was made by dissolving 

80 g of sodium chloride (NaCl), 2 g of potassium chloride (KCl), 26.8 g of disodium 

hydrogen phosphate (Na2HPO4 -7H2O) and 2.4 g of potassium phosphate (KH2PO4) in 

800 mL MilliQ water . The solution pH was adjusted to 7.4 using 1 M HCl or 1 M 

NaOH solution. The solution was made up to 1 L with MilliQ water, stored at room 

temperature (15–25 oC) and diluted prior to analysis. 
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 Trolox stock standard (2.5 mM) was made by dissolving 6.3 mg of Trolox powder in 

10 mL of absolute ethanol and used to develop a range of 0, 50, 100, 200, 400 µmol/L 

standard curve. 

Procedure 

ABTS radical cation (ABTS˙+) solution was made fresh before each assay run by mixing 5 mL 

of 7 mM ABTS stock solution with 88 µL of 140 mM potassium sulphate solution to generate 

a final concentration of 2.45 mM of potassium phosphate. This mixture was allowed to stand 

for 16 h at room temperature in the dark until reaching a stable oxidative state before use (Re 

et al., 1999). This reagent could be stable for 2 days when stored at room temperature in the 

dark. On the day of analysis, the ABTS˙+ solution was diluted with PBS (pH 7.4) to an 

absorbance of 0.700 ± 0.010 at 734 nm (the dilution factor was around 97). A 100 µL of Trolox 

standard, or fruit extract solution and 2.9 mL of the diluted ABTS˙+ solution were mixed, then 

poured into a cuvette and the absorbance was determined at 734 nm at 10 min after mixing. 

The absorbance at each time point was corrected with the absorbance of an ABTS blank (100 

µL MilliQ water + 2.9 mL ABTS˙ diluted solution). 

2.2.6.3 Ferric reducing ability of plasma (FRAP) assay 

FRAP assay measures the ability of the targeted sample to reduce ferric-2, 4, 6 tri (2-

pyridyl)-1, 3, 5- triazine complex (Fe3+-TPTZ) to Fe2+-TPTZ. The TPTZ complexes act as 

indicator compounds in the reduction of red ferric to blue ferrous and the intensity of blue 

coloured ferrous-TPTZ can be measured. The Fe3+-TPTZ complex is reduced by antioxidant(s) 

present and its reducing ability is related to Fe2+ - TPTZ formation and colour development as 

the absorbance changes at 593 nm (Benzie & Strain, 1996). 

Reagent 

 Acetate buffer 300 mM, pH 3.60, (MW = 82.03) was made by dissolving 3.10 g of 

sodium acetate (Na2CO3.3H2O) powder in 10 mL of acetic acid and MilliQ water was 

added to 1 L. The buffer pH was checked and adjusted using 1 M NaOH and 1 M HCl 

solutions, then stored at 4 oC. 

 Dilute HCl (40 mM) was prepared by mixing 3.28 mL of concentrated HCL (12.18 M, 

d = 1.2 mg/mL, 37 % v/v) with MilliQ water to 1 L. 

 2,4,6 tri[2 pyridyl]-s-triazine (TPTZ) (10 mM solution, MW = 312.30) was prepared 

by dissolving 0.312 g of TPTZ powder in 100 mL of 40 mM HCl and then stored at 4 

oC. 
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 Ferric chloride solution (20 mM) was prepared by dissolving 541 mg of FeCl3.6H2O 

powder in 100mL of MilliQ water and stored at 4 oC. 

 FRAP reagent was freshly made by mixing 50 mL of acetate buffer + 5 mL of TPTZ + 

5 mL of FeCl3.6H2O = light brown solution (60 mL). The reagent was stored at 4 oC 

for 2 weeks and required to be warmed at 37 oC for 2 hours before use.  

 FeSO4 (5 mM) stock solution was prepared by dissolving 139 mg of FeSO4 powder in 

100 mL of MilliQ water and then stored at 4 oC. 

 Fresh standards of FeSO4 (0, 0.1, 0.2, 0.3, 0.5, 1.0, 2.0 mM – molar concentration) were 

prepared by diluting the stock solution with MilliQ water. 

 Sample solution (0.5 mg/mL) was prepared by dissolving 10 mg of freeze-dried extract 

powder in 20 mL of MilliQ water.    

Procedure 

This analysis procedure was adapted from Benzie & Strain (1996) and Dudonné et al. (2009). 

Sample solution (100 µL) was mixed with 300 μL of MilliQ water and then 3 mL of FRAP 

reagent solution was added. The reaction mixtures were vortexed and incubated for 10 min at 

37 oC in a GD100 water bath (Grant Instrument, UK). After incubation, the solutions were 

vortexed again and then transferred to cuvettes and the absorbance was measured at 593 nm. 

The absorbance of the spectrophotometer was zeroed using a blank comprising of 3 mL FRAP 

reagent and 400 µL of MilliQ water.  

 

2.2.7 Combined HHP and DPCD process   

2.2.7.1 CO2 treatment 

The frozen puree was thawed in the bag at 4 ºC for 12-14 h before processing. Thawed 

puree without addition of CO2 was used as control sample. Three different CO2 levels were 

considered. Level 1 (HHP alone) is when the sample had no added CO2 and treated with HHP 

only. Level 2 of CO2 (HHPcarb) was achieved by carbonating the bag of puree placed in an ice 

water bath through bubbling CO2 at 1.28 L/min, measured by a flow meter (Alicat Scientific, 

USA), from the bottom of the puree for 5 min to reach assumed saturation. Level 3 of CO2 

(HHPcarb+CO2) was achieved by first bubbling CO2 through the puree for 5 min, then adding 

8.5 mL CO2/g feijoa puree into the bag headspace (Fig 2.9 and 2.10). The bag was agitated 

regularly and vigorously to facilitate mass transfer. Bags were immediately sealed without gas 

loss and were placed on ice until HHP treatment.  
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Figure 2.10: CO2 injection station set-up 

 

2.2.7.2 High pressure processing  

The high hydrostatic pressure process unit used in this study was Avure 2 L High 

pressure food processing system (QFP 2L-700, Avure Technologies, Middleton, Ohio, USA) 

(Fig. 2.11). The equipment can operate at a maximum pressure and temperature of 690 MPa 

High pressure 
treatment 

Figure 2.9: Illustration of injection of gaseous CO2 into the samples before high pressure 

treatment 

. 

Bag seal lines 

Sample 
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and 90 ºC, respectively. The equipment consists of a cylindrical pressure treatment chamber, a 

pumping system, water circulation and the control system operated through a personal 

computer with software supplied by the manufacturer. Distilled water was the working fluid in 

the pressure chamber where the packaged puree was placed. The temperature history profile of 

the water in the chamber was recorded by two thermocouples, one at the top of the chamber 

and one is placed along side of the chamber (prefer to red circle in Fig. 2.11), during processing.  

 

 

 

   

Figure 2.11: Avure QFP 2L-700 high pressure food processing system and its programme 

display (Avure Technologies, Middleton, Ohio, USA) (Red circle: the internal 2 

thermalcouples of the machine) 
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Figure 2.12: Loading procedures to place packaged samples into HHP machine chamber: A-

E/ 3 bags of HHP, HHPcarb and HHPcarb+CO2 sample bags were folded and placed into the 

HHP chamber. F-H/ The chamber was screwed into its head and a thin layer of grease was 

applied before lowering down. 

 

A 

E D C 

B 

F G H 
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Figure 2.13: High hydrostatic pressure (HHP) machine loading and operation. A-C/ The 

screwed chamber was slowly inserted into the HHP unit by an auto piston. D-E/ The HHP 

frame was placed and locked on the top of the chamber head. F/ HHP processing conditions 

were monitored and controlled by a computer. 

 

For each pressure run, 3 bags (1 HHP sample, 1 HHPcarb sample and 1 HHPcarb+CO2 

sample) were treated together in the HHP unit (Fig 2.12 and 2.13). The pressure levels used 

were 300, 450 and 600 MPa, for 5 min. Pressure come up times were approximately 0.5 min 

and 1.5 min to reach 300 MPa and 600 MPa, respectively. Depressurization occurred in less 

than 2 s. The starting temperature of samples was 25 ºC. The maximum temperature reached 

at 600 MPa runs was 42 ºC. The treated samples were frozen after treatment at -20 ºC and 

thawed at 4 oC for 12–14 h before enzyme analysis.  

A B 

C D 

E F 
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2.2.8 Analysis of treated feijoa puree samples 

The treated frozen puree was thawed at 4 ºC for 12-14 h before analysis. Moreover, 

feijoa puree without CO2 and HHP treatments was subjected to the same freezing and thawing 

processes and it was used as a Control sample.   

2.2.8.1 pH 

The pH of the puree was measured in triplicate in the Control sample and in the treated 

samples before the enzyme analysis. For the samples with CO2 (HHPcarb and HHPcarb +CO2) 

the puree was decarbonated previously to the pH measurement by pulling the gas under vacuum 

(10 mPa, 25 ºC), using vacuum machine (Multivac C200, Germany).  

2.2.8.2 Colour determination 

Colour assessment was conducted at 25 ºC in CIE L*a*b* colour space after calibration 

with the reference tile, using CR400-Chroma Colorimeter (KONICA MINOLTA, USA). The 

colour of Control puree was measured in triplicate prior to the enzyme analysis (after the 

freezing and thawing processes). The colour of treated samples was measured in triplicate after 

the treatment, just before to the enzyme analysis. Chroma (C*) and hue angle (Hº) and total 

colour difference (∆E) (with respect to Control sample after the freezing and thawing 

processes) were also calculated.  

∆E = [(L* - L*0)
2 + (a* - a*0)

2 + (b* - b*0)
2]1/2       (2.4) 

where L*: lightness of treated sample at time t; L*0: lightness of reference sample; a*: 

redness of treated sample at time t; a*0: redness of reference sample; b*: yellowness of treated 

sample at time t; and b*0: yellowness of reference sample. 

2.2.8.3 Extraction of Enzymes 

Reagent  

 0.05 M NaOH 

 0.05 M potassium phosphate buffer pH 6.20, containing 1 M KCl and 5 % w/w polyclar 

AT (or polyvinylpolypyrrolidone - PVPP) as a phenolic scavenger:  

0.05 M KH2PO4 (MW = 136.09), (pH 6.2) was prepared by dissolving 6.81 g of 

KH2PO4  in 1 L of water and then added 162 mL of 0.05 M NaOH. The pH was checked 

and adjusted to pH 6.2 if required. Then 74.55 g of KCl was dissolved into the solution 

to 1 L and PVPP was added.    
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Procedure 

The frozen puree was thawed at 4 ºC for 12-14 h before analysis. Feijoa puree was 

homogenised with 0.05 M potassium phosphate buffer solution at a ratio of 1:3 w/w, at 13,000 

rpm, for 2 min, using a homogeniser (T25 B Ultra Turrax, IKA Labortechnik, Malaysia) (Fig. 

2.14). The slurries were centrifuged (SA600 rotor, Sorvall RC28S supraspeed centrifuge, Du 

Pont Company, USA) (Fig. 2.15) at 10,000 rpm for 10 min at 4 oC and the supernatant was 

filtered through filter paper (Whatman no.2) with vacuum suction. The residue was re-

extracted. The filtrates of the two extractions were combined and centrifuged at 10,000 rpm for 

15 min. The supernatant was used to test enzyme activity.  

 

 

Figure 2.14: Homogeniser (T25 B Ultra-Turrax IKA Labortechnik, Malaysia) 

 

 
Figure 2.15: A-B/ Sorvall RC 28S supraspeed centrifuge, Du Pont Company, USA, C/ SA600 

rotor, D/ Internal compartment of the centrifuge, E/ Internal of SA 600 rotor. 
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2.2.9.2 Peroxidase (POD) activity assay 

Reagent 

 Hydrogen peroxide solution (30 wt.% H2O2) 

 Guaiacol (liquid form)  

 Sodium phosphate buffer (0.2 M) pH 6.0   

o 1 M Na2HPO4 (MW = 141.96) (dissolved 35.49 g in 250 mL) and 1 M NaH2PO4 

(MW = 120.0) (dissolved 30 g in 250 mL) were made to be used as the stocks 

and then mixed in required ratio of (1:7.33) to achieve pH 6.0 and diluted to 

required molarity.  

o 3.6 ml of 1 M Na2HPO4 was mixed with 26.4 mL of 1 M NaH2PO4 and water 

was added to bring the volume up to 270 mL. The pH was adjusted to pH 6.0 

and diluted with water to 300 mL. 

 Substrate solution 

Prepared by mixing 3 ml of 30 wt.% hydrogen peroxide and 1.9 ml of liquid guaiacol, 

made up to 300 ml with 0.2 M sodium phosphate buffer (pH 6.0), then stored at 4oC. 

Procedure  

POD activity was assayed by the method proposed by Chen et al. (2010). For the assay, 

0.2 mL of the sample was mixed with 3.0 mL substrate solution and the absorbance of the 

mixture was measured at 470 nm with a Shimadzu UVmini-1240 spectrophotometer (Tokyo, 

Japan). The reaction velocity was determined as nm/min per ml of the extract and one unit 

of PPO activity was defined as the increase in absorbance of 0.001/min. The residual activity 

(%) of POD was obtained with Eq. 2.5: 

POD residual activity = 
Specific activityPOD after treatment 

Specific activityPOD of control sample 
 x 100           (2.5) 

 

2.2.9.3 Polyphenoloxidase (PPO) activity assay 

Reagent  

 Sodium phosphate buffer (0.05 M) 

2.32 mL of 1 M Na2HPO4 and 2.69 mL of 1 M NaH2PO4 were mixed and water was 

added to 80 mL then its pH was adjusted and diluted to 100 mL with water.  
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 Catechol solution (0.02 M) (MW = 110.11) was prepared by mixing 220.2 mg catechol 

flakes with 100 mL water, stored under nitrogen flush, in the dark at 4 oC.  

Procedure 

PPO assay was conducted by the method provided by Chen et al. (2010), 0.4 ml of the 

sample was mixed with 1.3 ml of 0.05 M sodium phosphate buffer (pH 6.8) and 1.3 ml of 0.02 

M catechol. PPO activity was determined by measuring absorbance of the mixture at 420 nm, 

using an UVmini-1240 spectrophotometer (Shimadzu, Tokyo Japan) at 20 oC. The reaction 

velocity was determined as nm/min per ml of the extract and one unit of PPO activity was 

defined as the increase in absorbance of 0.001/min. The residual activity (%) of PPO and POD 

was calculated as the activity after treatment divided by the activity before the treatment. The 

residual activity of PPO was obtained with the following equation. 

 

PPO residual activity = 
Specific activity PPO after treatment

Specific activity of PPO of control sample 
 x 100  (2.6) 

 

2.2.9.4 Pectin methyl esterase (PME) activity assay 

Reagent 

 0.15 M sodium chloride (NaCl) (MW = 58.44) was made by dissolving 8.766 g NaCl 

in 1 L of MilliQ water. 

 Pectin solution (10 g/L) in 0.15 M NaCl solution 

1 L of 0.15 M NaCl solution was heated to 50-55 oC and poured a portion into a blender 

and 10 g of pectin was sprinkled on the surface and blended at setting 1. The mix was 

poured into a 1 L bottle and adhering pectin solution was removed with the remainder 

of dilute salt solution, adding this to the content in the bottle. Mix thoroughly and store 

at 4 oC until required. 

 0.5 M NaOH was made by dissolving 20 g of NaOH pellets in 1 L of MilliQ water 

Procedure 

PME activity was determined as previously described (Castaldo et al., 1997) with some 

modifications (change of sample volume). The pH of pectin solution was adjusted to pH 7 prior 

of each analysis, 4 mL of feijoa puree was added into 12 mL of pectin solution. The pH was 

quickly adjusted to pH 7 within 2 min and PME activity was measured by recording decreased 

pH every 5 s until pH dropped to 6.5 (within less than 2 min). The specific activity of PME 
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was defined as the slope of pH vs time in min. The residual activity (%) of PME was calculated 

using the following Eq. 2.7: 

PME residual activity = 
Specific activity PME after treatment  

Specific activity PME of control sample 
 x 100  (2.7) 

2.2.9 Method verification  

2.2.9.1 Process treatment  

There were 3 bags of initial frozen feijoa puree (120 g of puree in each bag) divided 

into 3 different treatment sets, which were Set 1: HHP, Set 2: HHPcarb and Set 3: 

HHPcarb+CO2. Each bag of thawed sample was divided into 4 separate samples: 1 control and 

3 treated samples. The treatments with CO2 prior to HHP were conducted as described above 

and HHP treatment was carried out at 400 MPa, 25 oC for 7 min for all samples. 

To examine the variation within the sample, Set 1 of 3 HHP samples were placed in 

HHP chamber and treated at one session. To examine the variation within the samples and 

between CO2 carbonated treatments, Set 2 of 3 HHPcarb samples were placed in the HHP 

chamber and treated at 1 HHP treatment session. To examine the variation between HHP 

treatments and between the CO2 carbonation with added CO2 headspace treatments, each 

HHPcarb+CO2 sample of Set 3 was treated separately in 3 different HHP treatment sessions.  

2.2.9.2 Enzyme analysis 

The enzyme activity analyses of POD, PPO and PME were conducted with the 

procedures as described above. 

2.2.9.3 POD and PPO assay alterations 

The substrate concentrations were altered to stabilise their effects on enzymatic activity 

to minimise standard deviations (see Table 2.4 and 2.5). For POD analysis, the concentration 

of substrate guaiacol was from 0.66 % w/w to 1.5 % w/w. For PPO analysis, the concentration 

of catechol was increased from 0.02 M to 0.2 M.  

2.2.10 Statistical analysis 

The statistical analysis of results was carried out using SPSS version 21 (IBM SPSS 

Statistics, International Business Machines Corporation (IBM), New York, USA) and Minitab 16 

(Minitab Inc., USA). The average values were compared by Tukey test. The significance value for 

all of the analyses was defined at p < 0.05. 
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2.3 Results and discussion 

2.3.1 Feijoa fruit characteristics 

The moisture content of feijoa fruit peel and pulp was similar (83.1±0.2 % and 83.6±0.1 

% respectively), for both ground-pick (GP) and hand-pick (HP) feijoa fruit (Table 2.1). The 

firmness of GP fruit was not significant different to that of HP fruit (Table 2.2). GP and HP 

fruit had similar green colour and hue, but GP fruit colour had higher L* and b* and lower a* 

than that of HP fruit. This means GP fruit colour was slightly lighter, with greater green and 

yellow shades, which might be due to the lower content of chlorophyll in the GP fruit skin. The 

oBrix or soluble solid contents of HP fruit and GP fruits (11.8 and 11.5, respectively) were 

similar to the finding of Harman (1987) for late maturing New Zealand feijoa fruit having 

soluble solid content at around 10.5– 11 %. During feijoa fruit ripening the chlorophyll content 

in the fruit peel tissue decreases and carotenoid and sugar content increases along with 

softening due to cell wall degradation (Mishra & Gamage, 2007). Therefore, these values 

indicated that both GP and HP fruits were at their late maturation stage and HP fruit was 

marginally riper than GP fruit. 

 

Table 2.1: Composition and moisture content of fresh feijoa sample 

Fruit part Composition (%) Moisture content (%) 

Peel 38 ± 3 83.1 ± 0.2 

Pulp 62 ± 4 83.6 ± 0.1 

 

Table 2.2: Characteristics of feijoa samples 

Fruit 

Sample 

Firmness 

(N) 

Water 

activity 

(Aw) 

pH o Brix 

 

Colour 

L* a* b* 

Ground-

Pick feijoa 

25.13 ± 

3.74 

0.991 ± 

0.001 

3.21 ± 

0.06 

11.5 ± 

1.2 

57.66 ± 

2.91 

-10.71 ± 

1.39 

17.98 ± 

3.49 

Hand-Pick 

feijoa 

20.67 ± 

3.87 

0.992 ± 

0.001 

3.30 ± 

0.02 

11.8 ± 

0.8 

54.56 ± 

2.56 

-8.32 ± 

2.07 

14.01 ± 

3.26 

Note : L* 0:Black to 100: white, a* (+ve) red to (-ve) green, b* (+ve) yellow to (-ve) blue. n = 10 
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2.3.2 Phenolic compounds extraction yield and antioxidant activity of feijoa  

The freeze-dried exacts of the peel and pulp of feijoa samples are shown in Fig. 2.16. As 

shown in Table 2.3, the extraction yield by methanol was similar to that of ethanol extraction 

for all types of Feijoa samples, the yields of both methanolic and ethanolic extracts of feijoa 

peel were slightly lower than that of feijoa pulp (around 52-55 % and 56-60 %, respectively).  

 

 
*Note: The peel extract solutions had light yellow colour and they had slightly cloudy/ oily appearances, 

whereas the pulp extract solutions were clear and colourless.   

Figure 2.16:  A – The methanol and ethanol dried powder extracts from the peel and pulp of 

feijoa fruit, B- The extract solutions made by mixing dried powder extract with distilled water 

(0.5mg/mL) 

 

Meanwhile, the total phenolic content of all the peel extracts were between 48.8 - 56.5 

GAE mg/g DW, which was twice as much as that in the pulp extracts (18.3 - 23.8 GAE mg/g 

DW) (Table 2.3). These results were higher than that found by Beyhand et al. (2010) in 

methanolic extract of whole fresh and dried feijoa fruit (17.86 - 8.69 mg GAE/g sample). This 

higher total phenolic content was correlated with the significantly higher radical scavenging 

and ferric reducing capacities of the all peel extracts over that of all pulp extracts across all 3 

antioxidant analyses DPPH, ABTS and FRAP. Moreover, all methanolic extracts had greater 

antioxidant activities and total phenol content, comparing to the corresponding ethanolic 

extracts by approximately 10 %.  

In this study, the ferric reducing capacity of methanolic and ethanolic feijoa extracts 

were examined using FRAP assay and their free radical scavenging capacities using DPPH and 

ABTS assays. DPPH and ABTS have been widely used for plant extracts since they give fast 

and reproducible results (Dudonné et al., 2009). The ABTS is particularly preferred since the 

wavelength absorption at 734 nm eliminates the colour interference. In DPPH assay, the radical 

scavenging capacities of peel extracts were 480-581 TAE μmol/g of DW, which was double 

than that of pulp extract (223-310 TAE μmol/g of DW). In ABTS assay, those differences were 

triple as 1551-1867 TAE μmol/g of DW of peel extracts, compared to 461-681 TAE μmol/g of 

A B 
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DW of pulp extracts. Similarly, the ferric reducing activities of peel extracts (1080-1305 μmol 

Fe2+/g of DW) were triple that of pulp extracts (380-529 μmol Fe2+/g of DW). 

 

Table 2.3: Extraction yield, total phenolic content and radical scavenging capacity of Feijoa 

extracts  

Sample 

type 

Extraction 

type 

Yield* 

(%w/w) 

Total 

phenol 

content 

(GAE 

mg/g DW) 

DPPH 

(TAE μmol/ 

g of DW) 

ABTS 

(TAE μmol/ g  

of DW) 

FRAP 

(μmol Fe2+/ g of 

DW) 

GP-Peel Methanol 56±2a 56±3a 550±5a 1795±5a 1239±50a 

Ethanol 52±3a 51±3a 480±6c 1551±22b 1093± 32b 

HP-Peel Methanol 54±1a 57±4a 581±24a 1867±45a 1305±85a 

Ethanol 53±1a 49±3a 507±3b 1600±38b 1080± 55b 

GP-Pulp Methanol 60±1b 22±2b 273±15d 573± 12c 451±30c 

Ethanol 56±2a,b 18±2b 223±9e 461±24d 380±63c 

HP-Pulp Methanol 60±2a,b 24±3b 310±10d 681±54e 529±34c 

Ethanol 56±3a 22±3b 278±7d 593±21c,e 457±33c 

DW = Dry weight sample extract, GAE = Gallic acid equivalent, TAE = Trolox activity equivalent. Values that 

have different letter in the same column are significant different at p < 0.05. *Yield was calculated by dividing 

the weight of dry power extract by the dry weight of sample. 

 

All three assays for determination of antioxidant activities of those extracts gave 

comparable results with significant correlation coefficients near 1 (0.991-0.999) and also 

highly correlated their total phenolic content (Appendix 1, Table A1.1). The highest correlation 

was found between ABTS and FRAP assay, followed by the correlations between DPPH and 

ABTS, as well as between DPPH and FRAP assays. Besides, the total phenolic content had the 

lowest correlation with DPPH assay.  This result indicated that the total phenolic content of 

fruit extract significantly affected their radical scavenging and ferric reducing capacity.  

In comparing the 2 different types of feijoa fruit, the HP fruit peel and pulp extracts had 

higher total phenolic content, radical scavenging and ferric reducing activities than that of GP 

fruit. That might be due to the difference in their mature stage as HP fruit tended to be riper 
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than GP fruit. Different picking conditions (ground-dropped pick and hand-pick) could be an 

influencing factor on their total phenolic content and so their antioxidant capacities. The 

ground-dropped fruit could have some external injuries around the fruit during post-harvest 

handling and hence causing some degradation of fruit nutrients (Mishra & Gamage, 2007).  

Overall, feijoa fruits were chosen to be our fruit model due to their high antioxidant content as 

outlined in Chapter 1 and further confirmed in our assessments.  

 

2.3.3 Initial assessment of the effect of combined HHP and DPCD process on feijoa 

enzymes and colour  

2.3.3.1 Peroxidase (POD) 

The treatment effect on POD activity is illustrated in Fig. 2.17. HHP treatment alone at 

300 MPa increased the residual enzyme activity (REA) of POD in HHP sample to 140±5 %, 

but with further increases in pressure, REA significantly decreased to 60±9 % and 22±13 % at 

450 MPa and 600 MPa, respectively. The addition of CO2 significantly decreased the residual 

POD activity of feijoa puree at all the pressures tested.  

 

 

Figure 2.17: Residual POD enzyme activity of feijoa puree before (Control) and after 

treatments at 25 oC, different pressures (300, 450 and 600 MPa) and CO2 concentrations (HHP, 

HHPcarb and HHPcarb+CO2) (*significant difference between different pressures and 

different CO2 concentrations at p< 0.05) 

0

25

50

75

100

125

150

Control HHP HHPcarb HHP carb+CO2

R
es

id
u

a
l 

P
O

D
 e

n
zy

m
e 

a
ct

iv
it

y
 (

%
)

Sample type

300 450 600

* 
* 

* 

HHPcarb+CO2 



 

 

 

51 
Preliminary study of Feijoa (Acca sellowiana) characteristics and effect of combined 

DPCD and HHP process 

 

At 300 MPa, the residual POD activity in HHPcarb sample (ie. CO2 level 1) was 32±7 

% and decreased to 13±8 % in HHPcarb+CO2 sample (ie. CO2 level 2). Similarly, at 600 MPa, 

residual POD activities in HHPcarb and HHPcarb+CO2 samples were 10±0.2 % and 6±1 %, 

respectively. At 450 MPa, the REA of POD of HHPcarb and HHPcarb+CO2 samples were 

9±1% and 27±7 %, respectively, compared to 60±9 % in HHP sample. This pressure level at 

450 MPa has a different trend compared to the other two pressure levels at 300 and 600 MPa. 

The level pressure around 400 to 500 MPa has been found to trigger increase of the activity of 

POD ( Zhou et al., 2009a et al., 1995; Garcia-Palazon et al., 2004). Anese et al. (1995) reported 

a significant activity enhancement on POD of apple and carrot juice from 100 % to 170 % at 

300 MPa to 500 MPa for 1 min and its inactivation only occurred above 600 MPa. Similarly, 

Garcia-Palazon et al. (2004) found that a treatment of 400 MPa for 5 and 10 min on strawberry 

POD increased its activity by 13 % and 1 %, respectively. Two-way ANOVA analysis proved 

that the increase of added CO2 caused the reduction in POD activity in the order of HHP >> 

HHP carb > HHPcarb+CO2. This suggested that the addition of CO2 in the sample had a 

positive effect on the POD inactivation with HHP treatment.  

 

2.3.3.2 Polyphenoloxidase (PPO) 

The enzyme inactivation of PPO subjected to HHP and combined HHP with added CO2 

(HHPcarb and HHPcarb+CO2) treatments is illustrated in Fig 2.18.  PPO inactivation generally 

increased with the increasing pressure from 300 to 600 MPa and with increasing amounts of 

CO2. Particularly, the addition of CO2 showed a significant enhancement of PPO inactivation 

at lower pressure level (300 MPa), resulting in a reduction of PPO residual enzyme activity 

(REA) from 102±8 % in HHP sample to 85±2 % in HHPcarb sample and to 56±5 % in 

HHPcarb+CO2 sample.  HHP treatment alone at 300 MPa had no effect on PPO activity. At 

450 MPa, the addition of CO2 had no significant effect on PPO activity with REA of 47±4 % 

in HHP sample to 42±6 % in HHPcarb and 42±1 % in HHPcarb+CO2 samples. At 600 MPa, 

REA of PPO was 38±5 % in HHP sample and slightly increased to 44±4 % and then 

significantly decreased by half to 20±3 % in HHPcarb+CO2 sample.  
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Figure 2.18: Residual polyphenoloxidase (PPO) enzyme activity of feijoa puree before 

(Control) and after treatments at 25 oC, different pressures (300, 450 and 600 MPa) and CO2 

concentrations (HHP, HHPcarb and HHPcarb+CO2) (*significant difference between different 

pressures and different CO2 concentrations at p< 0.05) 

 

These results of PPO inactivation level were similar to that of Corwin and Shellhammer 

(2002) study. That study has shown a combined treatment of pressure at 500 MPa, 25 oC, 3 

min with dissolved CO2 (at approximately 0.2 molar %) in the sample gave a reduction in 

orange juice PPO activity from 98.5 % (without CO2 added) to 59.8 % (with CO2 added). 

Another study on sequential application of DPCD and then HHP treatment showed that a 

treatment of DPCD at 4.9 MPa and then HHP process at 400 MPa effectively reduced residual 

PPO activity in carrot juice to 19 %, which was 2-3 folds lower than that  treated with DPCD 

(39 %) or HHP (61 %) (Park et al., 2002).  

2.3.3.3 Pectin-methyl-esterase (PME) 

The inactivation of PME, with the combined treatment of HHP and DPCD is shown in 

Fig. 2.19. With HHP treatment alone, the increase in pressure did not have significant effect 

on PME activity. By the addition of CO2, the PME activity in HHPcarb samples were reduced 

with increasing pressure with the REA of 83±2 %, 78±3 % and  44±4% at 300, 450 and 600 

MPa, respectively. In HHPcarb+CO2 samples, PME activity was significantly decreased from 

73±14 % at 300 MPa to 53±3 % at 600 MPa.  
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Figure 2.19: Residual PME enzyme activity of feijoa puree before (Control) and after 

treatments at 25 oC, different pressures (300, 450 and 600 MPa) and CO2 concentrations (HHP, 

HHPcarb and HHPcarb+CO2) (*significant difference between different pressures and 

different CO2 concentrations at p< 0.05) 

 

The synergistic effect of CO2 addition to the HHP inactivation of PME in feijoa puree 

could only be observed at 600 MPa, which is better than treatment with HHP alone. PME is 

known as a highly pressure resistant enzyme since there is an isozyme of PME which remained 

active even at 900 MPa and the inactivation of PME by HHP is sometimes reversible  (Goodner 

et al., 1998). Other studies have found that a pressure treatment around 400 MPa had a pressure 

induced stabilisation on the PME enzyme structure, which may protect the binding affinity of 

protein chains (Dirix et al., 2005; Hsu, 2008).    

 Overall, the addition of CO2 in the feijoa samples at 300 MPa allowed obtaining 

comparable POD and PPO enzyme deactivations with HHP alone at 600 MPa. However, the 

enhanced HHP inactivation of PME in feijoa puree by added CO2 was only observed at 600 

MPa. The addition of CO2 into the headspace of the package treated with HHP enhanced the 

inactivation of POD, PPO and PME, compared with HHP and HHPcarb samples. The extra 

CO2 in the package headspace allowed more CO2 to be dissolved into the sample medium 

during pressurisation, resulted in greater deactivating effect through possible mechanisms of 
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decrease of pH, alteration of ionic equilibrium and interaction with the enzyme protein chains 

and active site (Gui et al., 2006; Ishikawa et al., 1996). In general, enzymes have tertiary or 

quaternary structures, which are maintained by interactions within their protein chains in alpha-

helix or beta sheets forms and by interactions with the surrounding media (Bayındırlı, 2010; 

Hendrickx et al., 1998).  

The application of HHP can cause structural rearrangements in the protein, due to the 

decrease of volume and so shifting the system equilibrium. The decreased volume reduces the 

pH of suspending media and can disrupt the balance of intramolecular and media-protein 

interactions. Also, the enzyme inactivation mechanisms by DPCD were suggested to be due to 

pH lowering, interaction of CO2 molecules with protein chains and other surrounding 

substances, conformational changes of the enzyme and inhibitory effect of molecular CO2 on 

enzyme activity (Balaban, 2012). Since pH can be lowered with the application of pressure as 

well as the addition of CO2, it has been suggested that pH changes during treatment may be 

partially responsible for the inactivation effect of CO2 under high hydrostatic pressure. The 

amount of CO2 presence in the sample would be the main factor of this combined process 

effect.  

 2.3.3.4 Colour 

Total colour difference (∆E) value of all treated samples is illustrated in Fig. 2.20, 

which increased with increasing pressure and increasing CO2 levels. On average, the ∆E in the 

samples treated at 600 MPa (2.74) was higher than that of samples treated at 300 MPa (2.02) 

and 450 MPa (2.05). The E values are dependent on changes in all three (L*, a* and b*) 

values and ANOVA analysis indicated that pressure had a significant effect on all colour 

values. The increase in pressure significantly decreased the lightness and the yellowness of the 

samples, while significantly increasing their redness. Regarding the different CO2 levels, there 

were no significant differences in colour (i.e. average E value) between HHP and 

HHPcarb+CO2 samples. The different CO2 levels had a significant effect on lightness (L*) and 

redness (a*) values. The lightness and redness of the samples treated with CO2 were 

significantly lower than samples treated only with HHP. The yellowness was not changed with 

the addition of CO2 into the package compared with only HHP.   
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Figure 2.20: Total colour change (∆E) of the treated sample after treatments at 25 oC, different 

pressures (300, 450 and 600 MPa) and CO2 concentrations (HHP, HHPcarb and 

HHPcarb+CO2) (*significant difference between different pressures and different CO2 

concentrations at p< 0.05) 

 

A ∆E value of 1.6 or greater was determined as perceptible to the human eye (Ishikawa-

Nagaia et al., 2009). The ΔE values of treated samples were above this threshold, except for 

HHPcarb at 450 MPa (0.74), thus the treatments may cause perceptible colour changes. The 

feijoa puree changed from bright yellow tones to shades of brown with lower brightness, after 

all types of treatments. However, the addition of CO2 into the headspace of the package did not 

increase the colour change of the samples compared with the samples treated with HHP alone. 

Those colour changes could be desirable or undesirable by the consumers, which will require 

further sensory evaluation to be determined. 

 

2.3.4 Method improvements for enzyme activity analysis  

The average residual enzyme activity (REA) of POD, PPO and PME of feijoa puree at 

different treatments of CO2 levels at 400 MPa, for 7 min are shown in Fig. 2.21. The activity 

of each enzyme POD, PPO and PME treated at different sessions and process conditions are 

shown in Fig. 2.22, 2.23 and 2.24, respectively. These results had relatively high standard 

deviations, which indicated high variations in both between and within samples and process 
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treatments. Those variations might be due to insufficient substrate concentrations used. 

Therefore, the analysis method for POD and PPO enzymes were modified to minimise the 

experimental variations. New chemicals were ordered and the substrate concentration was 

increased step wise and the activities of enzymes at each concentration increased significantly 

at different magnitudes (Table 2.4 and 2.5). 

 

 

Figure 2.21: The average values of residual POD, PPO and PME enzyme activities (%) in 

treated feijoa puree at different level of CO2 under HHP at 400 MPa, 25 oC, for 7 min.  
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S1: Session 1, S2: Session 2, S3: Session 3, when each bag of HHPcarb+CO2 was treated separately; *significant 

different at p<0.05 level 

Figure 2.22: The residual enzyme activity of peroxidase (POD) in feijoa puree samples treated 

with different added CO2 levels at 400 MPa, 25 oC, for 7 min. 

 

 
S1: Session 1, S2: Session 2, S3: Session 3 when each bag of HHPcarb+CO2 was treated separately. 

Figure 2.23: The residual enzyme activity of polyphenoloxidase (PPO) in feijoa puree samples 

treated with different added CO2 levels at 400 MPa, 25 oC, for 7 min (*significant difference 

at p<0.05).  
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S1: Session 1, S2: Session 2, S3: Session 3 when each bag of HHPcarb+CO2 was treated separately.  
Figure 2.24: The residual enzyme activity of pectinmethylesterase (PME) in feijoa puree 

samples treated with different added CO2 levels at 400 MPa, 25 oC, for 7 min (*significant 

difference at p<0.05).  

 

Table 2.4: POD activity levels at different substrate concentrations 

Substrate (guaiacol) 

concentration (%w/w) 

POD Activity unit 

(∆Abs at 470nm/min/mL extract) 

Standard 

deviation (%) 

1.00 0.017 ± 0.002 10.0 

1.50 0.064 ± 0.002 2.7 

 

Table 2.5: PPO activity rate at different substrate concentrations 

Substrate (catechol) 

concentration (M)  

PPO Activity unit  

(∆Abs at 420nm/min/mL extract) 

Standard 

deviation (%) 

0.02 0.0013 ± 0.0002 13.8 

0.20 0.02425 ± 0.0002 0.7 

0.40 0.0098 ± 0.0008 7.6 

 

For POD substrate (guaiacol), its maximum solubility in water is 1.5 % w/w and with 

this substrate solution, the POD activity increased by approximately 4 times and the standard 

deviation was decreased to 2.7 % from 10 % (Table 2.4). A higher concentration of substrate 

cannot be achieved as it has reached its saturation, hence the concentration of guaiacol substrate 
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would be increased to 1.5 % to optimise the analysis for later experiments. For PPO analysis, 

the measurement was tested at substrate concentrations of 0.02 M, 0.20 M and 0.40 M catechol.  

With 0.02 M substrate concentration, the reaction rate had the highest standard deviation (SD) 

of 13.8 %. Meanwhile, the one with 0.20 M catechol had the lowest standard deviation of 0.7 

%. The reaction rate went down by 3 times and had higher SD at 10 % at 0.40 M catechol 

(Table 2.5). It may be due to the reaction occurring too fast and reverse reaction was occurring 

simultaneously, resulting in inaccurate data recording. Thus, the 0.20 M catechol was used in 

the next experiments instead of 0.02 M. The analysis of PME activity was measured by an 

autotitrator in the next Chapter to minimise human errors. 

 

2.4 Conclusion  

The two different types of feijoa were at their late maturity stages and hand-picked fruit 

were slightly riper than ground-picked fruit. All HP and GP fruit extracts had high total 

phenolic content and antioxidant activities, indicating that feijoa fruit would be a suitable fruit 

model for non-thermal process to retain its nutritional content and quality. Initial assessment 

of the combined process of HHP and DPCD on HP feijoa puree showed that addition of CO2 

enhanced enzyme inactivation with HHP and did not affect the sample colour, compared with 

puree treated with HHP alone. The effects of different treatment times and the inactivation 

mechanisms need to be investigated. The enzyme activity assays were modified by increasing 

concentration of substrates and procedure to reduce experimental variations and to improve 

accuracy.  
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CHAPTER 3 

Optimisation of the combined HHP and 

DPCD process parameters on enzyme 

inactivation in feijoa puree using response 

surface methodology * 

 

 

 

 

 

 

 

 

 

 

 

*This chapter is based on the published paper: Duong, Trang, Balaban Murat (2014). 

Optimisation of the process parameters of combined high hydrostatic pressure and dense 

phase carbon dioxide on enzyme inactivation in feijoa (Acca sellowiana) puree using 

response surface methodology. Innovative Food Science and Emerging Technologies, 

26(0), 93-101. 
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3.1 Introduction  

High hydrostatic pressure (HHP) has been commercialised and applied to fruit juices to 

meet the consumer demand for healthy and high quality products. However, it may activate 

and stabilise undesirable enzymes (Eisenmenger & Reyes-De-Corcuera, 2009). For instance, 

Asaka and Hayashi (1991) found that there was an increase in the activity of purified pear 

polyphenoloxidase (PPO) by 5 folds after treatment at 600 MPa, 20 oC for 6 h. A high pressure 

treatment at 400 MPa for 5 and 10 min on strawberry peroxidase (POD) increased its activity 

by 13 % and 1 %, respectively (Garcia-Palazon et al., 2004). Enzymes such as peroxidase 

(POD), polyphenol oxidase (PPO) and pectinmethylesterases (PME), cause loss of phenolic 

compounds, induce browning and cloud loss in beverages, respectively (Bayındırlı, 2010).  The 

quality of the product is reduced and appearance deteriorates, resulting in short shelf-life. The 

activation and inactivation effects of HHP treatments on each enzyme vary depending on the 

enzyme, its origin and process conditions. In apple and carrot, a HHP treatment between 300 

and 500 MPa caused activation of POD and PPO. A very high pressure of 900 MPa was 

required to inactivate those enzymes (Anese et al., 1995). HHP at 400 MPa led to an increase 

in the activity of mushroom PPO and a pressure of 800 MPa for 10 min was required to reduce 

its residual enzyme activity (REA) to 60 % (Gomes & Ledward, 1996). Some isomers of PME 

are resistant to pressure up to 1 GPa (Dirix et al., 2005). This may present a difficulty for 

beverage producers. 

Dense phase carbon dioxide (DPCD) process, using CO2 gas under relatively lower 

pressure (up to 35 MPa) compared to HHP, is an innovative system which can retain the fresh-

like sensory, nutritional and physical properties of foods. It has shown good enzyme 

inactivation in beverages, however in some cases, the final levels were unsatisfactory (Balaban, 

2012; Chen et al., 2010). A few studies have shown the synergistic effects of combining carbon 

dioxide and HHP on inactivation of PPO, lypoxygenase (LOX) and PME enzymes in orange 

and carrot juice (Corwin & Shellhammer, 2002; Park et al., 2002). Park et al. (2002) found that 

a sequential application of DPCD at 4.9 MPa and HHP processes at 300-600 MPa effectively 

inactivated microorganisms, PPO, PME and LOX enzymes in carrot juice with residual activity 

at below 11 %, 35 % and 9 % respectively. These levels were 2-3 folds lower than that of 

DPCD treatment or HHP treatment alone. However, sequential application is not desirable for 

the industry since it requires more processing time. Corwin and Shellhammer (2002) studied 

the effect of dissolved CO2 by carbonation (at approximately 0.2 MPa) in orange juice prior to 

HHP treatment at 500 and 800 MPa and showed that a small addition of CO2 at 0.2 M % 
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significantly decreased the PME and PPO residual activities at 25 oC and 50 oC respectively, 

as well as microbial levels for all pressure levels compared to that of the HHP process alone.   

Our previous study has shown that the addition of CO2 by carbonating at atmospheric 

pressure and CO2 addition in the sample package head space, significantly improved the 

inactivation of POD, PPO and PME enzymes in the HHP process compared with HHP 

treatment alone at 300-600 MPa, 25 oC, for 5 min (Ortuño et al., 2013a). The CO2 concentration 

in the sample was suggested as the major process factor. Moreover, CO2 did not affect the 

colour of the puree, compared with the puree treated with HHP only. It was recommended that 

more research needs to be conducted to understand the mechanism of enzyme inactivation by 

the simultaneous HHP and DPCD treatments. The presence of CO2 in sample medium might 

create a more acidic environment, disrupt the enzyme protein structure and synergistically 

interact with pressure to damage or alter the structures of enzymes.  

Therefore, this chapter aimed to investigate by response surface methodology the effects 

of different HHP pressure levels (200:pressure below which no significant enzyme or microbial 

activity occurs, 400 and 600 MPa: upper limit of our machine), treatment times (1, 7 and 13 

min: longer times are not commercially viable), CO2 addition levels (no CO2, saturated and 8.5 

mL CO2/g of sample (1.07 % w/w): maximum level that could be added in our pouches 

packging) and pH levels (3.0: minimum pH that can be achieved by dissolved CO2 in pure 

water (Balaban et al, 1991), 3.3 and 3.6: typical upper limit of feijoa pH values) on feijoa 

enzymes, including POD, PPO and PME; and to determine the best process conditions to 

reduce the activities of these enzymes.  

 

3.2 Materials and methods 

3.2.1 Materials 

3.2.1.1 Raw material 

Feijoas (Acca sellowiana) were obtained from Frans and Tineke de Jong grower, 

Southern Belle Orchards (Matamata, Waikato), New Zealand. Fresh feijoas, 20 kg, were stored 

at 4 oC in refrigerator for 2 weeks (5-18/04/13) and were taken out and left at room temperature 

for ripening for up to 1 week (18-25/04/13) when they started ripening and released a sweet 

aroma volatile (Fig. 3.1).  
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Figure 3.1: A-D/ Fresh feijoas stored in plastic container prior to processing,E-F/Refrigerator 

used for storage, G/ Storage room and position of feijoa container during storage , which was 

in a good ventilated atmosphere and away from direct sunlight. 

 

3.2.1.2 Chemicals  

All the reagents and chemicals, including guaiacol, catechol, pectin (from citrus 

source), NaOH, polyvinylpolypyrrolidone (PVPP), potassium phosphate salts (KH2PO4, 

KH2PO4), sodium phosphate salts (Na2HPO4, NaH2PO4), KCl and NaCl, were analytical grade, 

purchased from Sigma Aldrich and Global Sciences (New Zealand). MilliQ water (1.8x107 

ohm/cm resistance) was used to make up required solutions, which was produced by Millipore 

MilliQ water dispenser (Millipore Corporation, USA). Carbon dioxide was food grade, with 

99.9 % purify, which was purchased from BOC (Auckland, New Zealand).  
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3.2.2 Chemical-physical analyses 

For the chemical-physical analysis, 50 feijoa fruits were randomly selected. Colour and 

firmness were determined directly on the fruit. Afterwards, a puree was made using the same 

feijoa fruits and the moisture content, pH, ºBrix and water activity were determined.  

3.2.2.1 Colour determination 

Fresh feijoa fruit 

The colour measurements of whole feijoa fruit were conducted at 25 ºC using a Chroma 

Meter Colorimeter (Konica Minolta, USA) in CIE L*a*b* colour space system after calibration 

with the white reference tile. The fruit colour was measured at 3 different sites around the 

equator of the fruit. 10 different fruits were used and the total of 30 readings were recorded and 

averaged. 

Feijoa puree 

The image analysis system developed in our lab was used to quantify the surface colour 

of puree samples (Balaban et al., 2005). The images of the samples were taken using a machine 

vision system consisting of a camera, a light box and a USB connection from the camera to the 

computer. The camera parameters were: Front lighting, Exposure mode = Manual, Shutter 

speed = 1/3 second, Aperture = f/11, Exposure Comp = 0 EV, Flash comp = 0 EV and full 

polarisation. The images were analysed by LensEye software (Engineering and Cyber 

Solutions Inc, USA) to determine the colour.  

About 6 g of thawed puree was evenly spread on a glass petri dish (5 cm in diameter) to ensure 

a sample thickness of 3 mm. The petri dish was then placed in the light box, together with a 

reference colour (Appendix 4- Figure A4.1-A4.5). The software calibrated the images by 

standardising their colours with the colour reference. Each pixel of each sample was analysed 

for L*, a*, b* values. The total colour difference (∆E) (with respect to Control sample after the 

freezing and thawing processes) was also calculated, following Eq. 3.1 below: 

∆E = [(L* - L0
*)2 + (a* + a0

*)2 + (b* - b0
*)2]1/2     (3.1) 

where L*: lightness of sample treated for t min (1, 3, or 7 min); L0
*: lightness of 

reference sample; a*: redness of sample treated for t min; a0
*

  : redness of reference sample; 

b*: yellowness of sample treated for t min; and b0
*: yellowness of reference sample. 
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3.2.2.3 pH 

The pH was measured directly inside the feijoa puree at 25 ºC using a digital pH meter 

(PerpHec LogR meter, model 320, Orion research Inc., USA), precision of 0.01. The pH was 

recorded after stabilisation, 10 readings were recorded. The HHPcarb and HHPcarb+CO2 

samples were degassed under vacuum (Multivac C200, Germany) prior to pH measurements. 

3.2.2.3 Texture analysis 

The firmness of fresh feijoa was measured using a universal texture analyser (TA.XT 

Plus Texture Analyser, Stable Micro Systems Ltd., UK) linked to a computer for data 

acquisition and processing (Exponent software, Stable Micro Systems Ltd., UK), using a small 

cylindrical probe (10 mm diameter). The firmness was determined as the maximum force (N) 

of the compression on the fruit surface, which was measured and computed with a test speed 

of 0.03 mm/s and travel distance of 5 mm down, at the center of its equator, at 2 opposite sides 

of the fruit (1 puncture per side). 10 different fruits were used, 3 readings for each fruit. The 

total of 30 readings was recorded and averaged.      

3.2.2.4 Moisture content 

The moisture content of fresh feijoa puree was determined using the official method for 

a vacuum oven (A.O.A.C., 2007). 5 g of fresh feijoa puree was accurately weighed and placed 

on a ceramic crucible, dried at 70 ºC and 10 mmHg vacuum for 24 h in a vacuum oven (VT 

6205, Haraeus Vacutherm, Germany). The vacuum was released slowly and the dried samples 

were stored in desiccators at 20 oC prior to weighing by an analytical balance (ED224S, 

Sartorius Ag, Germany). The moisture analysis was conducted in triplicate. The moisture 

content of the feijoa was calculated using the following Eq. (3.2): 

Moisture content % =  
Total moisture loss after drying 

Initial weight
  x  100%   (3.2) 

3.2.2.5 ºBrix 

The oBrix of fresh feijoa puree was measured in triplicate for 10 different fruits at 25 

ºC using a digital refractometer 3840-E06 (Atago Ltd., Japan).  

3.2.2.6 Water activity 

The water activity of fresh feijoa puree was measured in triplicate at 25 ºC using a 

digital water activity meter (Aqua Lab 4TE, Decagon Devices, USA).  
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3.2.3 Feijoa puree preparation and storage  

The ripened fresh fruits (15 kg) were peeled (approximately 2 mm from the surface) and 

chopped into 2-3 cm pieces (Fig. 3.2 and 3.3). Those fruit pieces were blended (Laboratory 

blender, Model 38BL40, Waring Commercial, USA), at setting 1 for 20 s and setting 2 for 10 

s, until well mashed and mixed into a puree and poured into 2 metal containers, 1st container 

(Batch 1) was kept in refrigerator while the 2nd container (Batch 2) was prepared to minimize 

the browning reaction of feijoa enzymes during the preparation time between 2 batches. The 

puree was further mixed by a mixer at setting 4 for 1 min and poured back into a large container 

and hand-mixed for 2 min (Fig. 3.4 and 3.5). Mixed feijoa puree was poured into retort bags 

(155 x 180 x 30 mm, SURT155180, Cas-Pak Products Ltd., New Zealand), vacuum sealed at 

50 mbar and (Vacutherm, VT 6205, Germany) and stored at -20 ºC until required (Fig 3.6).   

 

 

Figure 3.2: Equipment set up 
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Figure 3.3: Selected Feijoa samples (15kg from 20 kg initial batch) 
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Figure 3.4: Feijoa fruit peeling process 
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Figure 3.5: Feijoa puree preparation process- chopping, blending and mixing 
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Figure 3.6: Packaged Feijoa puree sample (120g puree/ bag), Feijoa samples bags 

arrangement in storage container, Storage containers arrangement in freezer. 

 

3.2.4 Experimental design   

The thawed feijoa puree samples from each bag were divided into 4 sets:  

1. Control: untreated thawed feijoa puree packed in vacuum bag, stored in the same length 

of time, at the same temperature as the other treatment.    

2. High hydrostatic pressure (HHP) treated sample: the puree samples were only HHP 

treated with no added CO2. 

3. HHPcarb treated samples: the puree samples that underwent a combined treatment with 

carbonation of CO2 injected to saturation at 0.1 MPa and then HHP treated. 

4. HHPcarb+CO2 treated sample: the puree samples that underwent a combined treatment 

with carbonation of CO2 injected at saturation level and addition of CO2 in the headspace 

and then HHP treated. 

There were 4 independent variables at 3 different levels, which were time (1, 7 and 

13min), pressure (200, 400 and 600 MPa) and CO2 levels: “0” = No added CO2 in the bag, “1” 

= Saturation and “2” = CO2 saturated samples with 8.5g CO2 in the bag head space/g of sample. 

The 4 dependent variables were the POD, PPO and PME enzyme activities and colour 

measurements (L*, a*, b* values). Response surface methodology was applied using Minitab 

16 statistical software (Minitab Inc., State College, PA, USA), under Box-Behnken design to 

establish the experiment design with the changes in the independent variables to examine the 

effects of all process conditions and optimise the treatment conditions (prefer to Appendix 3). 

There were 27 different treatment conditions generated and conducted in triplicate (Table 3.1) 
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Table 3.1: Box-Behnken design generated by response surface methodology (RSM) 

Sample number Run order Time 

(min) 

Pressure (MPa) pH CO2 level 

1 7 7 400 3.3 1 

2 8 7 400 3 0 

3 1 1 600 3.3 1 

4 24 13 200 3.3 1 

5 9 7 400 3 2 

6 10 7 400 3.3 1 

7 2 1 200 3.3 1 

8 11 7 400 3.6 2 

9 12 7 400 3.6 0 

10 25 13 600 3.3 1 

11 13 7 400 3.3 1 

12 26 13 400 3.3 2 

13 3 1 400 3.3 0 

14 14 7 200 3 1 

15 15 7 400 3.3 1 

16 16 7 600 3 1 

17 17 7 200 3.6 1 

18 4 1 400 3.3 2 

19 18 7 400 3.3 1 

20 27 13 400 3.3 0 

21 19 7 600 3.6 1 

22 5 1 400 3 1 

23 28 13 400 3 1 

24 20 7 200 3.3 2 

25 21 7 600 3.3 2 

26 29 13 400 3.6 1 

27 22 7 600 3.3 0 

28 6 1 400 3.6 1 

29 23 7 200 3.3 0 

Note: the middle treatment level of treatment time 7 min, pressure 400 MPa, pH 3.3 and CO2 

level 1 was repeated 3 times (Sample 1,6 and 11) 

 

3.2.5 pH adjustment 

The frozen puree was thawed in the bag at 4 ºC for 12-14 h before processing. 30 g 

portions of feijoa puree were poured into the retort bags and labelled. The pH of each sample 

was adjusted using 1M NaOH and 1M HCl solution (Fig. 3.8).  
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Figure 3.7: Process-sample preparation: A/ pH adjustment, B/ CO2 injection, C/ Vacuum 

sealing. (Note: NaOH caused significant colour change once added onto the sample- brown dot 

on the surface of sample) 

 

3.2.6 CO2 treatment 

CO2 treatment was conducted based on our previous study (Ortuño et al., 2013a). Of the 

three levels of CO2 considered in this study, level 2 of CO2 (HHPcarb) was achieved by 

carbonating the bag of puree placed in an ice water bath through bubbling CO2 at 1.28 L/min 

from the bottom of the puree for 5 min to reach its saturation. Level 3 of CO2 (HHPcarb+CO2) 

was achieved by first bubbling CO2 through the puree for 5 min, then adding 8.5 mL CO2/g 

feijoa puree into the bag headspace. The bag was agitated regularly and vigorously to facilitate 

mass transfer. They were immediately sealed without gas loss and were placed on ice until 

HHP treatment.  

 

3.2.7 High pressure processing  

The high hydrostatic pressure process unit used in this study was Avure 2 L High 

Pressure Food Processing System (QFP 2L-700, Avure Technologies, Middleton, Ohio, USA) 

as described in Chapter 2 (section 2.2.7.2). For each pressure run, 3 bags (1 HHP sample, 1 

HHPcarb sample and 1 HHPcarb+CO2 sample) were treated together in the HHP unit. The 

pressure levels used were 200, 400 and 600 MPa, at 3 different time durations of 1, 7 and 13 

min. Pressure come up times were approximately 0.5 min and 1.5 min to reach 200 MPa and 

600 MPa, respectively. Depressurization occurred in less than 10 s. The starting temperature 

of samples was around 20-23 ºC. The maximum temperature reached at 600 MPa runs was 36-

37 ºC. The treated sample were stored at -20 ºC and thawed at 4 oC for 12–14 h before enzyme 

analysis.   

A B C 
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3.2.8 POD and PPO activity assays 

The extraction and activity analyses were conducted as previously described in section 

2.2.8.3 with some modification in the substrate concentrations. The POD assay medium 

contained 0.4 mL of the sample with 3 mL of substrate solution (6 mL of 30 % hydrogen 

peroxide added to 3.8 mL of liquid guaiacol, made up to 250 mL with 0.2 M sodium phosphate 

buffer, pH = 6); to the Blank 0.2 mL of distilled water, instead of sample, was added. PPO 

assay medium contained 0.4 mL of the sample and 2.6 mL of substrate solution (1.3 mL 0.05 

M sodium phosphate buffer, pH = 6.8, added to 1.3 mL 0.2 M catechol solution); to the Blank 

0.4 mL of distilled water, instead of sample, was added. 

The increase in absorbance at 470 nm (POD) or 420 nm (PPO) was recorded at intervals 

of 5 s immediately after the addition of sample to the corresponding substrate solution using 

UVmini-1240 spectrophotometer (Shimadzu, Tokyo, Japan) at 20 oC. The reaction velocity 

was determined as change in absorbance (per min per ml of the extract and one unit of 

activity was defined as the increase in absorbance of 0.001/min at 470 nm or 420 nm for POD 

and PPO, respectively. The residual activity of each enzyme was obtained using the following 

Eq. 3.3: 

POD (or PPO) residual activity= 
Specific activityof POD (or PPO) after treatment 

Specific activity of POD (or PPO)of control sample 
 100% 

 (3.3) 

3.2.9 Pectin-methylesterase (PME) activity determination 

 PME activity was determined as previously described (Castaldo et al., 1997; Ortuño et 

al., 2013) with some modifications. The pH of pectin solution was adjusted to pH = 7 prior to 

each analysis and 1 mL of feijoa puree was added into 19 mL of pectin solution.  The pH was 

quickly adjusted to pH = 7 (0.5 M NaOH for gross adjustment, 0.05 M NaOH for fine 

adjustment) and PME activity was measured by recording the amount of 0.05 M NaOH 

required for static titration at pH 7, using an auto-titrator 800 Dosino (Metrohm, Switzerland) 

(Fig. 3.9). The PME activity unit was expressed as µmol of H+ produced per min in 1 mL of 

incubation mixture. The residual activity of PME was calculated using the following Eq. 3.4: 

PME residual activity = 
Specific activityof PME after treatment  

Specific activity of PME of control sample 
  100%    (3.4) 
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Figure 3.8: Auto-titrator 800 Dosino 

 

3.2.9 Statistical analysis 

The statistical analysis of results was carried out using SPSS version 21 (IBM SPSS 

Statistics, International Business Machines Corporation (IBM), New York, USA) and Minitab 

16 (Minitab Inc., USA). The average values were compared by Tukey test. The significance 

value for all of the analyses was defined at p < 0.05. The results were analysed using regression, 

ANOVA and optimisation of response surface methodology through Minitab 16 to determine 

which process parameters significantly influence the enzyme activities and the optimal 

condition that would give the minimal value of residual enzyme activity.  

 

3.3 Results and Discussion 

3.3.1 Feijoa characteristics 

The fresh feijoa characteristics of our study were compared with those of the previous 

study by Ortuño et al. (2013) as shown in Table 3.2, to evaluate any differences between the 

ripening stages, since their samples were obtained from the same grower the previous year. 

The original pH and firmness of the fresh feijoa between the two batches were similar, while 

our feijoa batch had lighter colour with greener and more yellow hue. These parameters 

indicated that this sample batch was also at late maturity stage and might be riper than the 

previous feijoa samples.   
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Table 3.2: Moisture content (n = 3), ºBrix (n=10), pH (n=10), firmness (N) and colour of 

fresh feijoa (n = 30) 

Fresh 

Feijoa 

Moisture 

content 

(%) 

Water 

activity 

aw 

º Brix pH Firmness 

(N) 

Colour 

 

L* a* b* 

Our 

sample 

85.39 

±0.18 

0.995 

±0.001 

9.08 

±0.04 

3.28 

±0.09 

22.38 

±8.22 

43.00 

±3.33 

-15.85 

±3.32 

27.33 

±4.52 

Ortuño et 

al (2013) 

83.33 

±0.30 

N/A 11.8 

±0.8  

3.30 

±0.02 

20.67 

±3.87 

54.56 

±2.56 

-8.32 

±2.07 

14.01 

±3.26 

N/A = Data not available 

 

3.3.2 Effect of process parameters on enzyme activity 

The process parameters were arranged in order of treatment times and pressure levels, 

with the corresponding percentages (%) of residual enzyme activity (REA) of POD, PPO and 

PME enzymes for control and treated samples (Table 3.3).  The REA of each treated sample 

was based on an individual Control sample at each time of analysis to eliminate the freezing 

and storage effects. 

3.3.2.1 Effect of pressure and treatment time 

In general, at low pressure level (200–400 MPa) and/ or with short treatment time (1 

and 7 min), POD and PPO activities tended to increase (Samples 1–11) up to around 120 % 

REA. As the treatment time increased, the enzyme activity tended to decrease (Samples 12–

27). Among all 27 treatments, sample S3 (HHP sample treated at 1 min, 400 MPa, pH 3.3, no 

CO2) had the highest REA of POD, PPO and PME at 121.6±1.0 %, 116.7±9.6 % and 107.8±4.9 

%, respectively. Sample S18 (HHPcarb sample, treated at 7 min, 600 MPa, pH 3, CO2 level 1) 

had the smallest REA of POD and PPO at 64.1±5.6 % and 69.9±5.5 %, respectively, with 

relatively low PME activity at 67.0±3.1 %.  

The PME activity was reduced most significantly in sample S10 (HHPcarb sample, 

treated at 200 MPa, for 7 min, pH 3.6, CO2 level 1) and then in sample S12 (HHPcarb+CO2 

sample, treated at 400 MPa, for 7 min, pH 3, CO2 level 2)  to 60.7±2.3 % and 64.9±3.1 %, 

respectively.  Meanwhile, HHP treated samples S8 and S16 at similar conditions (200-400 

MPa, for 7 min) had PME activities remaining at around 85-90 % REA. These results are in 

agreement with our previous findings that HHP alone at 300 MPa increased the POD and PPO 
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activity to 140±5 % and 102±8 %, respectively (Ortuño et al., 2013a). The differences in 

inactivation levels would mainly be due to different batch and seasonal stage of fresh feijoa 

fruit. The high pressure process alone is known to induce functional enhancement in many 

POD and PPO enzymes in fruit, including strawberry, apple and pear (Anese et al., 1995; 

Garcia-Palazon et al., 2004; Gomes & Ledward, 1996).  

There were significant correlations between the treatment times and the activity of all 

three enzymes, while the pressure level only had significant effect on PPO and POD activities 

and the CO2 level only had significant effect on PME inactivation (correlation coefficient of -

0.4). The increase in treatment time caused significant reduction in POD, PPO and PME 

activities with the correlation coefficient of at -0.606, -0.499 and -0.221, respectively. The PPO 

and POD activities and PPO and PME activities had similar trends as process parameters 

changed.  The POD and PPO activities had correlation coefficients of -0.40 and -0.47 with 

pressure, respectively.  

The effects of Time and Pressure on POD, PPO and PME activities are illustrated by 

contour plots (Fig. 3.9 A1 - C1) and surface plots (Fig. 3.9 A2 - C2) with the hold values at 

constant parameters of pH 3.3 and CO2 level 1. In the contour plots, the changes in colour hues; 

and colour areas of the contour plots represented the changing patterns of residual enzyme 

activity (REA) values in response to the changes of process parameters. For POD, Figure 3.9 

A1 showed that increases in both time and pressure are required for a significant inactivation 

of POD enzyme. At short treatment time of 2 min, application of pressure 200 to 400 MPa 

increased the POD enzyme activity to 120 %. As pressure increased from 400 to 600 MPa, 

POD activity started to reduce, however, it could only be reduced by 10 %.  
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Table 3.3: The experimental design for treatment conditions and % residual enzyme activity 

of 27 feijoa samples resulting from the response surface method. (n = 3) 

Sample Treatment conditions % Residual enzyme activity 

 Time 

(min) 

Pressure 

(MPa) 

pH CO2 

level 

POD PPO PME 

Control     100.0 ± 7.3 100.0 ± 8.3 100.0 ± 3.1 

S1 1 200 3.3 1 116.6 ± 3.4a,b  107.6 ± 11.1a-d 71.3 ± 5.6a-e 

S2 1 400 3 1 107.3 ± 4.5a-c 105.0 ± 6.2a-e 69.1 ± 3.6a-c 

S3 1 400 3.3 0 121.6 ± 1.0a 116.7 ± 9.6a 107.8 ± 4.9k 

S4 1 400 3.3 2 111.8 ± 6.2a-c 103.1 ± 4.2a-e 85.6 ± 4.4f-i 

S5 1 400 3.6 1 85.0 ± 9.3e-h 96.4 ± 12.9a-h 87.5 ± 1.6g-i 

S6 1 600 3.3 1 110.2 ± 7.5a-c  109.3 ± 10.3a-c 83.8 ± 6.7d-i 

S7 7 200 3 1 99.3 ± 7.5c-e  104.0 ± 11.6a-e 75.3 ± 0.9b-g 

S8 7 200 3.3 0 117.7 ± 9.7a,b 113.1 ± 6.2a,b 90.7 ± 5.4h,i 

S9 7 200 3.3 2 108.2 ± 8.8a-c 114.6 ± 8.0a,b 77.3 ± 9.5b-h 

S10 7 200 3.6 1 119.8 ± 1.4a-c 102.2 ± 5.2a-f 60.7 ± 2.3a 

S11 7 400 3 0 89.8 ± 3.2d-f 107.6 ± 6.0a-d 92.5 ± 4.8i 

S12 7 400 3 2 103.4 ± 2.2b-d 99.8 ± 1.7a-g 64.9 ± 3.1a,b 

S13 7 400 3.3 1 76.1 ± 1.6f-k 94.2 ± 3.8b-h 84.5 ± 4.9e-i 

S14 7 400 3.3 1 73.6 ± 3.8f-k 87.8 ± 0.8c-i 87.5 ± 3.5g-i 

S15 7 400 3.3 1 70.2 ± 7.7h-k 76.6 ± 3.0h,i 88.2 ± 4.5g-i 

S16 7 400 3.6 0 81.8 ± 5.1f-i 86.3 ± 1.7d-i 85.2 ± 5.2e-i 

S17 7 400 3.6 2 83.9 ± 1.4e-h 69.6 ± 8.8i 75.1 ± 6.6b-g 

S18 7 600 3 1 64.1 ± 5.6k 69.9 ± 5.5i 67.0 ± 3.1a,b 

S19 7 600 3.3 0 76.1 ± 3.1f-k 70.6 ± 4.5i 75.4 ± 3.6b-g 

S20 7 600 3.3 2 73.4 ± 1.7f-k 85.6 ± 10.3e-i 72.1 ± 3.4a-f 

S21 7 600 3.6 1 103.0 ± 7.5b-d 78.5 ± 8.7g-i 83.3 ± 3.2c-i 

S22 13 200 3.3 1 70.9 ± 0.7h-k 77.1 ± 5.6h,i 94.6 ± 4.6i,k 

S23 13 400 3 1 80.2 ± 2.4f-k 87.1 ± 4.7d-i 65.1 ± 1.3a,b 

S24 13 400 3.3 0 76.8 ± 2.4f-k 93.8 ± 5.0b-h 81.8 ± 3.4c-i 

S25 13 400 3.3 2 71.8 ± 3.8g-k 80.9 ± 2.4f-i 77.6 ± 1.4b-h 

S26 13 400 3.6 1 87.7 ± 2.6d-g 87.1 ± 4.1d-i 69.5 ± 6.2a-d 

S27 13 600 3.3 1 66.4 ± 7.0i,k 71.5 ± 2.1i 71.6 ± 2.1a-f 

Numbers with different letters in the same column are significantly different (p<0.05). The “-” symbol 

between 2 letters of a number represents the letter sequence, for example: a-c = a, b, c; b-d = b, c, d; f-

k = f, g, h, i, k. 
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Figure 3.9: The Contour plots (left) and Surface plots (right) of process Time and Pressure 

on residual enzyme activities of peroxidase (POD) (A1-2), polyphenoloxidase (PPO) (B1-2) 

and pectinmethylesterase (PME) (C1-2) 

 

At a low pressure level of 200–300 MPa, a treatment time above 8 min was required to 

result in a reduction of 10–20 %. The most promising treatment for POD was between 400 and 

600 MPa, for more than 8 min to give REA below 70 %. In Fig. 3.9 A2, the surface plot of 

POD residual activity responding to pressure and treatment time, has a concave shape with a 

markedly inverse relationship between POD activity and time, whereas pressure had negligible 

effect on POD activity. This showed that treatment time had stronger impact on POD than 

pressure. Both time and pressure have inverse relationships with PPO enzyme activity (Fig. 3.9 

B1). However, PPO was more resistant than POD. A deactivation level of % REA of PPO to 
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below 70 % can only be achieved by a combination of high pressure at 600 MPa and long 

process time above 11 min. Fig. 3.9 B2 has a relatively plane parallelogram shape going 

downward with a front upward corner, showing an inverse relationship of pressure and time 

with % REA of PPO activity (i.e. increasing time and pressure caused linear reduction in PPO 

activity). 

For PME, the enzyme activity has an unusual response to the increases in pressure and 

time with a diverse distributed contour plot (Fig. 3.9 C1) and convex upward surface plot (Fig. 

3.9 C2). PME inactivation had inverse relationship with pressure at short treatment time while 

that changed to a linear positive relationship at time above 12 min. For instance, at 2–3 min, 

increasing pressure decreased the PME enzyme inactivation from 70 to 75 % REA at 200 MPa 

to above 90 % REA at 600 MPa. Treatment time at above 8 min and pressure level at above 

500 MPa were required to reduce PME activity to below 70 %. Interestingly, a reduction of 15 

- 20 % of PME activity could be achieved at 200 MPa, after 2–4 min treatment.   

3.3.2.2 Effect of pH 

The pH reduction (from 3.6 to 3.0) did not have a significant correlation with any 

enzyme activities. Other studies suggested that a reduction in pH alone, from pH 3.8 to pH 3.1 

by dissolved pressurised CO2 was not sufficient to induce PME inactivation in citrus juices 

(Balaban et al., 1991). Owusu-Yaw et al. (1988) also stated that an acidification to pH 2.0 was 

required to significantly inactivate the PME enzyme activity. There are some isomers of PME 

strongly resistant to the acidification treatment and the conformational changes could be 

reversible (Rahman, 2007). Similarly, a previous study on apple PPO deactivation by pH 

reduction from 2.5 to 2.0, reported that 88 % of inactivation was only achieved at pH 2.0 after 

45 min and pH reduction below 2.5 was required for adequate enzyme deactivation  (Zemel et 

al., 1990). Hence, the pH reduction of dissolved CO2 might not be the major influence in 

enzyme inactivation with HHP.   

 

3.3.3 The effect of different CO2 levels on enzyme activity  

The differences in the enzyme activity between different levels of added CO2 were 

analysed by ANOVA, regardless of the effect of different pressure, time and pH. For POD, the 

average % REA of sample with CO2 level 1 was significantly smaller than that at levels 0 and 

2 by 5.9 % and 4.1 %, respectively. For PPO, the addition of CO2 at levels 1 and 2 caused 
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significant reductions in average PPO residual activity by 7.8 % and 5.7 %, respectively. 

Addition of CO2 increased inactivation of POD and PPO with HHP. This might be due to the 

changes in alpha-helix arrangements and 3D folding of beta-sheet structures of POD and PPO 

enzymes, which were induced by the dissolved pressurised CO2 with HHP (Chen et al., 1992; 

Gui et al., 2006; Ishikawa et al., 1996).   

For PME, the increasing of CO2 addition significantly decreased the residual enzyme 

activity (REA). The average % REA of PME in HHPcarb and HHPcarb+CO2 samples were 

significantly smaller than that of HHP by 11.6 % and 13.5 %, respectively. Previous studies 

reported that CO2 might interact with enzyme protein strands and binding site to form a 

carbonated complex. This would cause changes in the 2D and 3D structures of these enzymes, 

their active site and hence loss in their functions (Wimmer & Zarevúcka, 2010).  

The effect of “CO2 level” on PME inactivation was further investigated by considering 

it in conjunction with Pressure and with Time on Contour and Surface plots (Figure 3.10 A-B). 

The 2 different colour distribution regions in the contour plot (Fig. 3.10 A1) and the concave 

upward surface plot (Fig. 3.10 A2) show that at all tested pressure levels, increasing in CO2 

addition would increase PME inactivation, which was more distinct at low pressure around 

200-300 MPa and at above 500 MPa. PME enzyme tended to be more stable at 400 MPa, which 

might be due to a pressure induced stabilisation on the enzyme structure (Dirix et al., 2005). 

These results suggested that at 200 MPa, after 7 min, dissolved CO2 had an impact on activity 

of PME enzyme. A pressure of 400 MPa might enhance the binding affinity of partially 

unfolded strands (Dirix et al., 2005), despite the effect of CO2. Once the pressure went over 

400 MPa, it started to have a negative effect on PME activity which may be due to protein 

denaturation. Others also reported that PME activity was triggered at pressures above 300 MPa 

after 10 min treatment and then decreased as the pressure was raised from 300 to 600 MPa 

(Hsu, 2008). Hence, our results indicated that dissolved CO2 has a synergistic effect with HHP 

of different degrees at different pressures. 

 



 

 

81 
Optimisation of the combined HHP and DPCD process parameters on enzyme inactivation 

in feijoa puree using response surface methodology * 

 

Figure 3.10: The Contour plots (left) and Surface plots (right) of the effect of CO2 and pressure 

(A1-2) and the effect of CO2 level and time (B1-2) on pectinmethylesterase (PME) activity 

 

The interaction between CO2 level and treatment time is shown at the least desirable 

pressure, 400 MPa, in Figure 3.10 B1-B2. The contour plot (Fig. 3.10 B1) shows that the 

increase of added CO2 decreased the PME activity by more than 20 % after 2 min treatment, 

which could only be achieved after 13 min with HHP alone (ie. CO2 level 0). The wavy surface 

plot in Fig. 3.10 B2 has its lowest point at the farthest right corner of added CO2 level, 

demonstrating that the maximum PME inactivation was achieved at the highest added CO2 

level. Also, at CO2 level 2, prolonging treatment time (from 3 to 13 min) did not cause further 

reduction in PME activity. Meanwhile, at CO2 level below 1.5, increasing the treatment time 

was required for further PME inactivation. In HHP treatment alone, the maximum inactivation 

was only 10 % activity reduction after 11 min of treatment. This indicated that the deactivating 

effect of CO2 on PME was favoured in short treatment time, in which the pressure-induced 

activation or stabilisation on enzyme might not yet take place. Another study on PME 

inactivation in orange juice also suggested that addition of CO2 helped in decreasing the 

treatment time of high hydrostatic pressure process at 600 MPa, 25 oC (Truong et al., 2002). 

The inactivation of PME could be achieved by increasing the concentration of added CO2 
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instead of increasing the pressurisation time in HHP. Therefore, addition of CO2 could help to 

reduce the treatment time of the HHP process to achieve better levels of PME inactivation.  

 

3.3.4 Response surface model and optimisation 

The residual enzyme activity values were evaluated using the Response Surface 

Regression (RSEG) procedure for RSM analysis. The second order model equation was 

produced by using t-statistics and ANOVA on this predicted model. The coefficients and p-

values on all the variables of linear (Time, Pressure, pH, CO2 Level), quadratic (Time, Pressure, 

pH, CO2 Level) and interaction terms (Time*Pressure, Time*pH, Time*CO2 Level, 

Pressure*pH, Pressure*CO2 level, pH*CO2 level) were determined (Table 3.4). The linear 

interactions between the process parameters and enzyme activities have similar significant 

coefficients as that of the correlations analysis mentioned above, plus an additional significant 

negative coefficient (-4.439) between pH and PPO, which did not exist in the correlation 

analysis.  

POD had positive coefficients with all process parameters, PPO activity was influenced 

by CO2 level and PME activity was affected by pressure and pH. In the interactions term, the 

increase in combinations of “Time with pH” and “Pressure with pH” would increase POD 

activity; meanwhile none of those interactions would have an impact on PPO. PME activity 

was reduced by “Time and Pressure” and increased by “Time and CO2 level”, “Pressure and 

pH” and “pH and CO2 level”. In this regression analysis, pH change (in the range of pH 3.0 to 

3.6) has shown significant effects on the activities of all 3 enzymes at different modes, but 

general reduction of pH was desirable for enzyme inactivation. The significant coefficients 

were selected to generate the response surface model equations as shown below: 

A = -16553 X1 – 10.777 X2 + 9.260 X1
2  + 10.425 X2

2 + 7.868 X3
2 + 10.510 X4

2  

  + 7.444 X1 X3 + 7.1 X2 X3                 (3.5) 

B = -11.698 X1 – 11.097 X2 – 4.439 X3 + 6.388 X4
2                (3.6) 

C = -3.727 X1 – 6.731 X2 – 6.504 X2
2 – 9.995 X3

2 – 8.865 X1X2 + 4.490 X1 X4  

       + 7.735 X2 X3 + 4.375 X3 X4                 (3.7) 

where A is the POD residual enzyme activity (%), B is the PPO residual enzyme activity 

(%), C is the POD residual enzyme activity (%), X1 is the treatment time (min), X2 is the 

pressure (MPa), X3 is the sample pH, X4 is the CO2 level. The above equations could be used 

to predict the enzyme activities by substituting the values of X1, X2, X3 and X4. 



 

 

83 
Optimisation of the combined HHP and DPCD process parameters on enzyme inactivation 

in feijoa puree using response surface methodology * 

 

Table 3.4: Estimated regression coefficients of fitted full quadratic model based on the 

dependent variables enzyme activities 

Term POD PPO PME 

 Coefficient p-value Coefficient p-value Coefficient p-

value 

Linear  

Time 

Pressure 

pH 

CO2 level 

 

-16.553* 

-10.777* 

0.586 

-0.947 

 

0.00 

0.00 

0.76 

0.62 

 

-11.698* 

-11.097* 

-4.439* 

-2.864 

 

0.00 

0.00 

0.02 

0.12 

 

-3.727* 

-1.391 

2.288 

-6.731* 

 

0.00 

0.22 

0.05 

0.00 

Quadratic 

Time*Time 

Pressure*Pressure 

pH*pH 

CO2 Level * CO2 

Level 

 

9.260* 

10.425* 

7.868* 

10.510* 

 

0.00 

0.00 

0.01 

0.00 

 

5.627 

1.674 

0.364 

6.388* 

 

0.05 

0.55 

0.90 

0.02 

 

-1.230 

-6.504* 

-9.995* 

-1.362 

 

0.47 

0.00 

0.00 

0.43 

Interaction  

Time*Pressure 

Time*pH 

Time*CO2 Level 

Pressure*pH 

Pressure*CO2 

level 

pH*CO2 level 

 

0.453 

7.444* 

1.193 

7.100* 

1.705 

-2.898 

 

0.89 

0.03 

0.71 

0.03 

0.60 

0.38 

 

-1.848 

2.148 

0.173 

2.577 

3.350 

-2.235 

 

0.56 

0.50 

0.96 

0.42 

0.30 

0.49 

 

-8.865* 

-3.505 

4.490* 

7.735* 

2.519 

4.375* 

 

0.00 

0.08 

0.03 

0.00 

0.20 

0.03 

* The coefficient is significant at 0.05 level  

 

Using Minitab Eq. (5)-(7) were optimised to obtain the process parameters (four 

independent variables) that give the lowest POD, PPO and PME activities and their desirability 

function (between 0 and 1) (Table 3.5). The closer the individual desirability to 1, the closer 

the predicted responses were to the minimum REAs sought and the composite desirability 

combined the individual desirability into an overall value that reflected the relative importance 

of the responses (enzyme activities). The higher the desirability the closer it will be to 1.    
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Table 3.5: Optimal process conditions for the lowest residual enzyme activity (REA) of all 

enzymes 

Dependent 

Variables  

Independent variables Desirability  Predicted 

value  

(%REA) 

Experimental 

value 

(%REA) 

Time 

(min) 

Pressure 

(MPa) 

CO2 

level 

pH 

Composite 

POD 

PPO 

PME 

13 

 

 

600 

 

 

1 

 

 

3 

 

0.578 

0.594 

0.448 

0.728 

 

58.4 

68.7 

49.0 

 

74.3 ± 3.3 

70.9 ± 2.6 

53.9 ± 0.9 

POD  13 564 1 3 0.599 58.1 N/A 

PPO 13 600 1 3 0.448 68.6 70.9 ± 2.6 

PME 13 600 2 3 0.775 45.8 51.8 ± 7.6 

Note: Optimiser setting values - Goal: Minimise, Target: 30%, Upper: 100%.  

N/A = Data not available 

 

For optimisation for all 3 enzymes, we set equal importance on all 3 enzyme activities 

and assign each an importance value of 1. The 0 % to 20 % of REA as target optimisation for 

each enzyme were also applied, however, no solution or optimisation could be generated by 

Minitab. That was because our results of REA values were at above 50 %, thus the model could 

not predict target response that was too far for provided input data set. Therefore, the target for 

composite optimisation was readjusted and 30 % of REA target setting gave the highest 

desirability values. The optimisation plot and data of Minitab and description were created as 

shown Appendix 3 - Table A4, in which Minitab Response Optimiser predicted the effect of 

each factor on the responses and defined the level of each factor to minimise REA values of all 

3 enzymes POD, PPO and PME to the target 30 %. Optimisation analysis was also conducted 

separately for each enzymes to evaluate the combined optimal levels (Appendix 3 - Table A5, 

A6, A7), which gave the similar factor levels, except PME. 

Considering the combination of all enzymes, the optimal treatment conditions were at 

the maximum treatment time and pressure, moderate CO2 level and the lowest pH level: 13 

min, 600 MPa, CO2 level 1 and pH 3, with desirability of 0.578. The predicted minimum values 

of % REA for POD, PPO and PME were 58.4 %, 68.7 % and 49.0 %, respectively. Verification 
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experiments were carried out in triplicate at these optimal process conditions, resulting in mean 

values of % REA for POD, PPO and PME as 74.3±3.3 %, 70.9±2.6 % and 53.9±0.9 %, 

respectively. These experimental values were in good agreement with the predicted values. The 

differences between predicted and experimental values were expected since the overall 

desirability function was not close to 1.  

For individual enzyme inactivation optimization, POD and PPO had similar optimal 

process conditions; meanwhile, for PME enzyme, level 2 of added CO2 was required with a 

predicted value of 45.8 % REA. The experimental value of % REA of PME was 51.8±7.6 %, 

which agreed with its prediction and close to that at level 1 of added CO2 (saturated with CO2) 

at 53.9±0.9 %. In general, RSM gave relatively good prediction of the process parameters and 

dependent variables.   

 

3.3.5 Colour 

All process parameters had significant effects on redness (a* value) of treated samples. 

The increase in treatment parameters increased the redness of the samples, especially treatment 

time. The feijoa puree samples’ L* was only reduced by increasing the pressure and b* of the 

samples was not significantly affected by process conditions. The main colour of most puree 

samples was strong-orange. Some samples had stronger orange hue and appeared as vivid 

reddish orange, or strong reddish orange (Table 3.6). A value of total colour difference (∆E) ≤ 

1.6 is considered as imperceptible to the human eye (Ishikawa-Nagaia et al., 2009). Most of 

the values of total colour differences (∆E) were above 1.6, except sample S7 (7 min, 200 MPa, 

pH 3, CO2 level 1), indicating that all the samples had substantial colour differences compared 

with the control sample.  
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Table 3.6: Colour measurements and calibrated images of the control and treated samples 

Sample Treatment conditions Colour 

name 

Sample 

Image 

Colour values Total 

colour 

difference 

(∆E) 

 Time 

(min) 

Pressure 

(MPa) 

pH CO2 

level 

L* a* b* 

Control     Strong 

orange 

 

63.2 ± 

2.7a-e 

28.7 ± 

1.9a-c 

52.9 ± 

4.1a,b 

0.0 

S1 1 200 3.3 1 Strong 

orange 

 

60.9 ± 

1.7a-g 

29.0 ± 

1.1a-c 

52.5 ± 

2.6a,b 

2.4 ± 0.9 

S2 1 400 3 1 Strong 

orange 

 

64.0 ± 

1.9c-g 

27.4 ± 

1.4a 

53.0 ± 

4.6 a,b 

1.5 ± 0.2 

S3 1 400 3.3 0 Strong 

orange 

 

62.1 ± 

2.3a-g 

27.4 ± 

1.9a,b 

53.3 ± 

2.1 a,b 

1.8 ± 0.5 

S4 1 400 3.3 2 Strong 

orange 

 

61.0 ± 

3.9c-g 

32.3 ± 

2.2a-c 

51.4 ± 

4.7 a,b 

4.4 ± 0.6 

S5 1 400 3.6 1 Strong 

orange 

 

64.3 ± 

2.4a-e 

29.2 ± 

1.7d-f 

53.7 ± 

2.7 a,b 

1.5 ± 0.9 

S6 1 600 3.3 1 Strong 

orange 

 

64.1 ± 

3.5c-g 

29.4 ± 

2.4a-c 

55.1 ± 

2.9 a,b 

2.5 ± 0.6 

S7 7 200 3 1 Strong 

orange 

 

63.0 ± 

3.2a-g 

29.5 ± 

2.1a-d 

53.1 ± 

2.9 a,b 

0.8 ± 0.5 

S8 7 200 3.3 0 Strong 

orange 

 

60.8 ± 

2.6a-d 

33.3 ± 

1.7e-g 

55.6 ± 

3.1 a,b 

5.8 ± 0.7 

S9 7 200 3.3 2 Strong 

orange 

 

64.3 ± 

3.4c-g 

30.8 ± 

2.4c-e 

53.9 ± 

5.6 a,b 

2.6 ± 1.2 

S10 7 200 3.6 1 Strong 

orange 

 

57.9 ± 

2.2a 

34.5 ± 

1.3f,g 

53.8 ± 

3.7 a,b 

7.9 ± 0.2 

S11 7 400 3 0 Strong 

orange 

 

61.5 ± 

2.0a-g 

30.3 ± 

1.6b-d 

51.5 ± 

2.7 a 

2.7 ± 0.8 

S12 7 400 3 2 Strong 

reddish

orange  

63.8 ± 

1.5c-g 

40.1 ± 

1.1k-m 

58.2 ± 

4.1 a,b 

12.6 ± 0.8 

S13 7 400 3.3 1 Vivid 

reddish 

orange  

62.4 ± 

1.9a-g 

41.2 ± 

1.4m,n 

59.5 ± 

5.2 b 

14.2 ± 0.1 
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S14 7 400 3.3 1 Strong 

reddish 

orange  

62.2 ± 

2.5b-g 

39.7 ± 

1.7i-m 

54.9 ± 

3.8 a,b 

11.2 ± 0.3 

S15 7 400 3.3 1 Strong 

reddish 

orange  

62.8 ± 

2.0c-g 

38.7 ± 

1.4h-l 

54.5 ± 

4.0 a,b 

10.1 ± 0.5 

S16 7 400 3.6 0 Strong 

orange 

 

63.2 ± 

2.2c-g 

37.8 ± 

1.6h-k 

55.1 ± 

4.5 a,b 

9.3 ± 0.3 

S17 7 400 3.6 2 Strong 

reddish 

orange  

60.6 ± 

2.1a-f 

41.1 ± 

1.5k-m 

56.1 ± 

2.6 a,b 

13.1 ± 0.7 

S18 7 600 3 1 Strong 

orange 

 

66.1 ± 

2.2g 

36.0 ± 

2.3g,h 

53.8 ± 

3.1 a,b 

7.9 ± 0.1 

S19 7 600 3.3 0 Strong 

orange 

 

66.2 ± 

2.2e-g 

35.4 ± 

2.3g,h 

55.0 ± 

4.3 a,b 

7.7 ± 0.2 

S20 7 600 3.3 2 Strong 

reddish 

orange  

58.3 ± 

2.2c-g 

44.0 ± 

1.4i-m 

55.2 ± 

4.6 a,b 

16.2 ± 0.3 

S21 7 600 3.6 1 Strong 

orange 

 

63.5 ± 

2.5a,b 

39.0 ± 

2.4n 

57.3 ± 

2.1 a,b 

11.2 ± 0.4 

S22 13 200 3.3 1 Strong 

reddish 

orange  

61.3 ± 

2.2a-g 

41.0 

±1.6l-n 

54.8 ± 

4.7 a,b 

12.6 ± 0.2 

S23 13 400 3 1 Strong 

orange 

 

66.1 ± 

2.1d-g 

36.1 ± 

2.2h-k 

56.3 ± 

4.0 a,b 

8.6 ± 0.0 

S24 13 400 3.3 0 Strong 

orange 

 

65.1 ± 

1.7f,g 

37.4 ± 

1.7g-i 

55.5 ± 

2.3 a,b 

9.2 ± 0.9 

S25 13 400 3.3 2 Strong 

reddish 

orange  

59.8 ± 

1.8 a-c 

41.7 ± 

1.1m,n 

53.6 ± 

4.3 a,b 

13.4 ± 0.5 

S26 13 400 3.6 1 Strong 

reddish 

orange  

64.0 ± 

1.8c-g 

38.3 ± 

1.3h-l 

53.7 ± 

4.3 a,b 

9.7 ± 0.7 

S27 13 600 3.3 1 Strong 

orange 

 

63.4 ± 

2.5c-g 

38.7 ± 

2.0h-l 

56.2 ± 

2.9 a,b 

10.5 ± 0.3 

Numbers with different letters in the same column are significantly different (p<0.05). The “-” symbol 

between 2 letters of a number represents the letter sequence, for example: a-g = a, b, c, d, e, f, g; c-g = 

c, d, e, f, g; h-l = h, i, k, l. 
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The colours of treated samples were largely impacted by adjustment of pH, using NaOH 

and HCl solutions. About 5 min was required to adjust the pH for each sample, when the sample 

had time to interact with oxygen in air resulting in some browning. In addition, it was observed 

that during increase of pH by adding 1 M NaOH solution (pH 14), the colour of feijoa puree 

turned darker immediately with each contact with added NaOH solution and then was lightened 

up after mixing. That indicated an instant browning effect of NaOH solution on feijoa puree.  

It has been known that the increasing pH would favour a number of browning reactions in fruit 

(non-enzymatic and enzymatic browning) (Eskin et al., 2013; Munoz & Barcelo, 2004). Using 

image analysis to evaluate colour changes in the treated feijoa puree samples was rapid and 

reliable. 

 

3.4 Conclusion 

This study has shown that process time had a significant effect on all POD, PPO and PME 

enzyme activities in feijoa puree and pressure had a significant effect on POD and PPO 

inactivation. The lower pH values were desirable for enzymatic inactivation. Addition of CO2 

has a significant synergistic effect with HHP on PME inactivation and some effect on POD and 

PPO. Further work on the inactivation kinetic model of PME and PPO enzymes should be 

carried out at pressure level of 600 MPa and at different CO2 levels across various treatment 

times. Also, study on the changes of 2D and 3D structures of PME and PPO enzymes would 

explain the inactivation mechanisms of this combined process.   
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4.1 Introduction  

The combination of HHP and DPCD has shown a synergistic effect on enzyme inactivation 

of feijoa puree as discussed in Chapters 2 and 3. Those results indicated that increasing in CO2 

addition could increase the reduction of enzymatic activity with HHP, however, only 3 levels 

of in-situ CO2 were investigated. In this Chapter, we used a flexible bottle to further investigate 

the effect of added in-situ CO2 in bottle packaging instead of a pouch. This provided better 

control of added amount of CO2. This study could help to further define a suitable packaging 

material and design for the HHP and DPCD combination, which would be important in steps 

towards industrial commercialisation. 

The objectives of this Chapter were: 

 To observe the structural holding ability of the bottle at different concentrations of 

added CO2 in the headspace. 

 To investigate the effect of different concentrations of CO2 on the enzyme activity of 

peroxidase (POD), polyphenol oxidase (PPO) and pectin-methyl-esterase (PME) of 

feijoa puree.   

 To measure the changes in enzyme activity of those 3 enzymes in feijoa treated samples 

after 1 month of frozen storage. 

 

4.2 Materials and Method 

4.2.1 Materials 

4.2.1.1 Feijoa sample  

Feijoa puree was prepared as described in Chapter 3. Frozen feijoa puree was thawed 

for 12-14 h before processing and placed inside different flexible transparent PET-1 bottles 

(392 mL, 34 mm bottle neck diameter, 60 mm bottom diameter and 183 mm height, LinkPlas 

Ltd., New Zealand). The amount of sample to be added to each bottle was determined 

depending on the desired levels of CO2 in the headspace as shown in Table 4.1. 

4.2.1.2 Chemicals  

All the reagents and chemicals, including guaiacol, catechol, pectin (from citrus 

source), NaOH, polyvinylpolypyrrolidone (PVPP), potassium phosphate salts (KH2PO4, 

KH2PO4), sodium phosphate salts (Na2HPO4, NaH2PO4), KCl and NaCl, were analytical grade, 
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purchased from Sigma Aldrich and Global Sciences, New Zealand. MilliQ water (1.8x107 

ohm/cm resistance) was used to make up required solutions, which was produced by Millipore 

MilliQ water dispenser (Millipore Corporation, USA). Carbon dioxide was Food Grade, with 

99.9% purify, which was purchased from BOC (Auckland, New Zealand). 

 

4.2.2 Carbon dioxide treatment 

There were 5 levels of CO2 studied in this chapter with the added amounts determined as 

shown in Table 4.1. The density of feijoa puree was found to be at 1.085 g/mL. Gaseous CO2 

was injected by bubbling CO2 into the sample at a flow rate of 1.8 L/min, for 5 min. The bottle 

was agitated regularly and vigorously in an ice bath to facilitate mass transfer (Figure 4.1). 

Additional CO2 was injected to fill the headspace, for 1 min. The sample bottle was quickly 

capped without gas loss, vacuum-sealed in a clear retort bag (SURT155180, Cas-Pak Products 

Ltd., New Zealand) and placed on ice until HHP treatment. 

 

  

Figure 4.1: CO2 injection into the bottle sample, placed in the ice bath 
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Table 4.1: The desired level of added CO2 and the corresponding amount of sample in the 

package.  

CO2 

level 

 

Volume 

ratio 

(Sample : 

Headspace)  

Sample 

weight 

(g) 

Sample 

volume 

(mL) 

CO2 

volume in 

head space 

(mL) 

CO2 

weight in 

head 

space (g) 

Concentration 

of CO2  (% 

w/w) 

1 2:1 240 221 171 0.34 0.1 

2 1:1 180 166 226 0.44 0.2 

3 1:2 120 111 281 0.55 0.5 

4 1:5 60 55 337 0.66 1.1 

5 1:11 30 28 364 0.72 2.4 

 

The amount of added CO2 was calculated following the Ideal Gas Law, where CO2 was 

assumed to be at STP condition (Standard Temperature and Pressure, 0 oC and 0.1 MPa). Since 

our CO2 gas purity is 99.9% and 1 mole of CO2 as an ideal gas was assumed to have a volume 

of 22,400 mL.  

VCO2 = Vm x nCO2 = Vm x mCO2 / MWCO2   (4.1) 

thus     mCO2 = VCO2 x MWCO2 / Vm    (4.2) 

where mCO2 was mass of CO2 gas (g), VCO2 was the desired volume of CO2 gas (mL), 

nCO2 was the mole of CO2 gas, MWCO2 was molecular weight of CO2 = 44, Vm was volume of 

1 mole gas = 22,400 mL. The mass of injected gaseous CO2 in head space was calculated based 

on Eq. 4.2. 

 

4.2.3 High hydrostatic pressure treatment 

The HHP process unit used in this study was Avure 2 L High Pressure Food Processing 

System (QFP 2L-700, Avure Technologies, Middleton, Ohio, USA) described in Chapter 2 

(section 2.2.7.2). The bottle was initially tested for its pressure resistance by pressurising it 

with a minimal amount of distilled water in it (20 mL of water and 370 mL of CO2 headspace) 

and then with minimal amount of feijoa puree, at maximum levels of CO2 (2.4 % w/w CO2), 

pressure (600 MPa) and time (13 min), at staring temperature of 20 oC (Fig. 4.2 and 4.3).  
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Figure 4.2 Trials on the stability of the new package (bottle): After HPP process- The bottle 

deformed but was intact (A) and dissolved CO2 bubbles in the water (B) and dissolved CO2 

into the plastic material were visible (C). 

 

   

Figure 4.3: Bottle sample with injected CO2 level 5: before HPP treatment (A-B) and After 

HHP process at 600 MPa, for 13 min (C-D) 

 

With water as sample medium, the treated bottle was deformed but relatively intact, a 

significant amount of CO2 was dissolved as visibly forming bubbles in the water, which were 

A B 

 

C 

A B C D 
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released and burst back into the headspace while standing at ambient conditions after treatment 

(Fig. 4.2). For feijoa treated sample bottle, the puree was smeared on the inside bottle wall after 

the process, indicating that the CO2 was intensely compressed in the bottle, squeezing the 

Feijoa puree to distribute all over the bottle (Fig. 4.3).  

 

 

Figure 4.4: Bottle samples before HHP treatment with added CO2 level 1 to 5 (left to right)  

 

 

Figure 4.5: Bottle samples after HHP treatment at 600 MPa, 25 oC for 5 min with added CO2 

level 1 to 5 (left to right). 

 



 

 

95 
Inactivation of feijoa fruit enzymes by different concentrations of in-situ CO2 in HHP 

process 

The feijoa puree was treated with 5 different CO2 levels as described above in Table 

4.1, Figures 4.3 and 4.4.  Each bottle sample was treated with HHP (Avure QFP 2L-700, Avure 

Technologies Ltd., USA) at 600 MPa, 20 oC, for 5 min. The pressurisation time was between 

1.5 to 2 min and depressurisation was within 10 s. The internal temperature of HHP chamber 

was raised up to 36-40 oC during pressurisation and holding time, which dropped back to 20 

oC after depressurisation. The treated samples were stored at -20 oC and thawed at 4 oC for 12-

14 h before analysis (Fig. 4.5). All the treatments were conducted in duplicate. 

 

4.2.2 Shelf-life study  

A separate set of Control and treated samples were stored at -20 oC for 28 days to examine 

the storage effects. All the samples were thawed for 14-16 h before enzyme activity analysis. 

This analysis was conducted in duplicate. 

 

4.2.3 POD and PPO activity assays 

The POD and PPO enzyme extraction was conducted as described in Chapter 2, section 

2.2.8.3 and enzymatic activity of feijoa samples were conducted as described in Chapter 3, 

section 3.2.8. 

 

4.2.3 PME activity determination 

PME activity was determined as described in Chapter 3, section 3.2.9. 

 

4.2.4 Statistical analysis 

The statistical analysis of results was carried out using SPSS version 21 (IBM SPSS 

Statistics, International Business Machines Corporation (IBM), USA). The results were 

analysed using ANOVA and the average values were compared by Bonferroni and Tukey tests. 

The significance value for all of the analyses was defined at p < 0.05.  
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4.3 Results and Discussion 

4.3.1 Effect of different CO2 levels  

The initial effect of treatments on residual enzyme activity (REA) of peroxidase (POD), 

polyphenoloxidase (PPO) and pectin-methyl-esterase (PME) of feijoa puree after treatment 

with HHP and five different levels of CO2 addition are presented in Fig. 4.6 and Table 4.2. 

HHP treatment alone did not have significant effect on POD and PPO enzyme activity while 

addition of CO2 assisted their inactivation with a significant reduction by 25 % and 24 % for 

POD (75.4 % REA) and PPO (76.7 REA %) at CO2 level 5 (2.4 % w/w), respectively. At lower 

concentration range from 0.1 to 1.1 % w/w, added in-situ CO2 did not have significant effect 

on POD and PPO enzyme activities.  

 

 

Figure 4.6: The residual enzyme activity (%) of POD, PPO and PME of treated feijoa puree 

samples with different CO2 concentrations at 600 MPa, 20 oC for 5 min _Day 1. (* significant 

difference at p < 0.05) 

 

For PME, HHP treatment alone only caused a slight reduction in enzyme activity with 

REA at 85.7 %. Addition of CO2 reduced this REA to 51.6 % in sample treated at CO2 level 2 

(0.2 % w/w), which was significantly lower than that of all other treated samples. The increase 

in CO2 addition after CO2 level 2 did not improve its synergistic effect with HHP. In general, 
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addition of CO2 caused significant inactivation in all 3 enzymes, wherein PME was more 

sensitive to CO2 effect than POD and PPO. This was in agreement with our previous findings 

that CO2 addition significantly reduced PME activity (Duong & Balaban, 2014). In our 

previous study, a significant effect was also obtained in samples treated at the highest level of 

CO2 (8.5mL/ g of sample equal to 1.7 % w/w) with a reduction of 5-10 % for POD and PPO 

and a reduction of around 20 % for PME compared to that of HHP treated samples (Chapter 3, 

section 3.3.2) . 

 

Table 4.2: The enzyme activity of treated Feijoa samples with different CO2 concentrations 

at 600 MPa, 20 oC, for 5 min _ Day 1 

CO2 

Level 

Concentration of 

CO2 

(% w/w) 

%Residual Enzyme activity 

POD PPO PME 

0 

1 

2 

3 

4 

5 

0.0 (HHP only) 

0.1 

0.2 

0.5 

1.1 

2.4 

96.3 ± 4.4 a,b 

103.9 ± 10.7 a 

88.7 ± 1.9 b,c 

98.7 ± 9.0 a,b 

90.7 ± 3.8 a,b 

75.4 ± 11.6 c 

91.2 ± 3.6 a,b 

94.3 ± 6.7 a,b 

85.0 ± 5.0 b,c 

95.9 ± 5.4 a 

89.6 ± 2.8 a,b 

76.7 ± 9.0 c 

85.7 ± 8.0 a 

75.3 ± 4.7 a,b 

51.6 ± 14.9 b 

60.7 ± 9.7 a,b 

63.1 ± 7.4 a,b 

72.1± 15.4 a,b 

a,b,c Values that have different letter(s) in the same column are significantly different at 

p<0.05, using Tukey test 

 

As discussed in Chapter 3, section 3.3.3, the effect of CO2 would mainly be due to the 

presence of CO2 molecules to diffuse into the sample medium and interact with the active sites 

of the enzymes, causing changes in their structure. These results were similar to our previous 

findings and indicated that a sufficient amount of added CO2 would be required to achieve a 

significant effect, which was suggested to be above 1.1 % w/w for POD and PPO and at around 

0.2 % w/w for PME in feijoa puree samples.  
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4.3.2 Shelf-life study 

All the treated samples were stored at -20 oC for 28 days to examine the storage effect 

and any activity recovery of the enzymes. This investigation would be important for exported 

products since many fruit products have been sold in concentrated or puree form under frozen 

stage for exporting. A summary of residual enzyme activity of POD, PPO and PME as a 

function of added CO2 concentration after 28 days storage are given in Fig. 4.7 and Table 4.3. 

There were no significant differences in residual enzyme activity in POD and PPO enzymes of 

treated sample at day 28 compared to Control, which ranged from 70 % in HHP treated sample 

to 55-65 % in HHP + CO2 added samples.  Meanwhile, there was a significant reduction in 

PME activity compared with that of Control and HHP treated sample, down to 36 % REA. 

 

 

Figure 4.7: The residual enzyme activity (%) of POD, PPO and PME of treated Feijoa puree 

samples with different CO2 concentrations at 600 MPa, for 5 min _Day 28. (*significant 

difference between different CO2 concentrations at p < 0.05).  

 

The residual enzyme activity (REA) of POD, PPO and PME enzymes for Day 1 and 

Day 28 are presented in Fig. 4.8, 4.9 and 4.10. For POD, the REA values of sample after 28 

day storage were all significantly lower than that of sample at Day 1 by approximately 20–30 

%, except for samples treated at CO2 Level 5. The changes in PPO enzyme activity was similar 
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to that of POD: the REA of Day 28 sample were significantly lower than that of Day 1 and Day 

28, except for samples at Level 2 and 5. A different result was observed in PME, only CO2 

level 5 samples in Day 28 were significantly lower than that of Day 1 sample with a 30 % 

reduction from 72 % in Day 1 to 36 % in Day 28. Meanwhile, HHP treated samples retained a 

high PME activity of 75-80 % REA. In general, there was no activity regained in all 3 enzymes 

in treated feijoa puree at all 5 different CO2 concentrations.  

 

Table 4.3: The enzyme activity of treated Feijoa samples with different CO2 concentrations 

at 600 MPa, for 5 min _ Day 28 

CO2 

Level 

Concentration of 

CO2 

(% w/w) 

%Residual Enzyme activity 

POD PPO PME 

0 

1 

2 

3 

4 

5 

0.0 

0.1 

0.2 

0.5 

1.1 

2.4 

69.7 ± 8.4 a 

61.0 ± 9.7 a 

71.8 ± 9.7 a 

54.7 ± 6.4 a 

63.1 ± 3.6 a 

61.5 ± 5.5 a 

71.2 ± 4.1 a 

70.4 ± 2.5 a 

75.7 ± 2.5 a 

68.3 ± 5.7 a 

67.5 ± 0.9 a 

72.5 ± 2.1 a 

74.3 ± 10.2 a 

53.2 ± 10.2 a,b 

54.5 ± 10.9 a,b 

67.5 ± 8.9 b,c 

62.6 ± 6.8 a,b,c 

35.6 ±  10.2 c 

a,b,c Values that have different letter(s) in the same column are significantly different at p<0.05, 

using Tukey test. Note: The activity was adjusted with the changes in the Control to eliminate 

the storage effect (freezing effect) 

 

Freezing has been used to maintain the food product quality over long storage times by 

slowing down many deteriorative reactions such as chemical and enzymatic decay and 

microbial growth (Heber, 1968). However, many enzymes can remain active at sub-zero 

temperatures, causing off flavour and colour development (Bahçeci et al., 2005; Rodriguez-

Saona et al., 1995). Most enzymes are considerably more stable under low temperatures than 

at elevated temperatures since the rate of structure transition from native to the denatured 

decrease at low temperatures. Freezing effects were observed in all feijoa samples, which 

caused significant reduction of around 20 % in POD and PPO, but not significantly in PME. 

Only samples treated at CO2 level 5 (2.4 % w/w) had a significant reduction in PME activity 

over 4 weeks frozen storage. This suggests that treated PME could become more sensitive to 
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environment changes during frozen storage (Heber, 1968). PME treated with HHP only had no 

significant change in activity.   

  
Figure 4.8: Peroxidase residual enzyme activity in Feijoa samples treated with different CO2 

levels, at 600 MPa, 20 oC for 5 min, before and after storage of 28 Days (*significant difference 

between Day 1 and Day 28 at p < 0.05). 

 

  

Figure 4.9: Polyphenoloxidase residual enzyme activity in Feijoa samples treated with 

different CO2 levels, at 600 MPa, 20 oC, for 5 min, before and after 28 Day (*significant 

difference between Day 1 and Day 28 at p < 0.05) 

0

20

40

60

80

100

120

Untreated Level 0 Level 1 Level 2 Level 3 Level 4 Level 5

Control 0.0 0.1 0.2 0.5 1.1 2.4

R
es

id
u

a
l 

en
zy

m
e 

a
ct

iv
it

y
 (

%
)

CO2 concentration (% w/w) 

POD_Day 1 POD_Day 28

0

20

40

60

80

100

120

Untreated Level 0 Level 1 Level 2 Level 3 Level 4 Level 5

Control 0.00 0.11 0.21 0.43 1.06 2.34

R
es

id
u

a
l 

en
zy

m
e 

a
ct

iv
it

y
 (

%
)

CO2 concentration (% w/w)

PPO_Day 1 PPO_Day 28

* 

* 

* 

* 
* 

* 

* 

* 

* 

* 
* 

0.0 0.2 0.1 2.4 0.5 1.1 



 

 

101 
Inactivation of feijoa fruit enzymes by different concentrations of in-situ CO2 in HHP 

process 

 

  

Figure 4.10: Pectin methyl esterase (PME) residual enzyme activity in Feijoa samples treated 

with different CO2 levels, at 600 MPa, 20 oC, for 5 min, before and after 28 Day storage 

(*significant difference between Day 1 and Day 28 at p < 0.05) 

 

It is noteworthy that the HHP treatment was at 600 MPa (5 min), which was a high 

pressure level but the inactivation effect of HHP was insignificant. Our results showed that 

addition of relatively low amounts of CO2 and in a fairly short treatment time, significantly 

reduced enzyme activity. The deactivation was irreversible after 4 weeks storage at -20 oC.  

 

4.4 Conclusion 

This study demonstrated that the use of bottle packaging was feasible for this combination 

process, which could withstand a large range in volume ratio between the gas phase (CO2) and 

liquid phase (sample). Added gaseous CO2 would ultimately dissolve into the sample in the 

packaging without escaping. Addition of CO2 has shown synergistic effect with HHP in 

enzyme inactivation, especially for PME enzyme, which was irreversible during frozen storage. 

Further investigation on the enzyme structure, inactivation kinetics and storage effects at 4 oC 

will be conducted in Chapter 5, to understand the inactivation mechanism of this combined 

process. 
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5.1 Introduction  

Polyphenol oxidase (PPO) is a ubiquitous plant enzyme, responsible for the browning of 

damaged fruits and vegetables, as well as crustaceans such as shrimp, lobster and crab. It is 

also known as tyrosinase, catechol oxidase or o-diphenol oxidase, forms the third member of 

type-3 copper protein group (Klabunde et al., 1998). The crystal structure of mushroom 

(Agaricus bisporus) PPO enzyme comprises two H subunits of approximately 392 residues and 

two L subunits of approximately 150 residues (Ismaya et al., 2011). The H subunit contains a 

binuclear copper binding site in the deoxy-state, where three histidine residues coordinate each 

copper ion (Fig. 5.1). The enzyme catalyses a two-electron transfer reaction during the 

oxidation of a broad range of o-diphenols or polyphenols to the corresponding o-quinones 

(brown pigments), in the presence of oxygen molecules. This enzymatic browning deteriorates 

the sensory and nutritional quality of food products; hence, inactivation of PPO is very 

desirable for food preservations and has been used for examining food process efficiency (Chen 

et al., 1992; Hu et al., 2011; Sun et al., 2002; Yi et al., 2011). Besides, there is a good literature 

database on mushroom PPO, which would help to compare this study findings for 

understanding of this combined process mechanisms.  

 

 

Figure 5.1: Top (A) and side (B) view of the mushroom PPO enzyme (ie. tyrosinase) H2L2 

tetramer structure: H-L dimer interactions are between H1 (green) and L1 (cyan) and H2 (red) 

and L2 (magenta). The brown and black spheres represent the copper and holmium ions, 

respectively and the yellow indicates the tropolone molecule in the active site, which is made 

up by four alpha helices (purple blue) (Imaya et al., 2011). 

 

A B 
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High hydrostatic pressure (HHP) has been recently used as non-thermal process for 

fruit and vegetable beverages and it may activate or inactivate enzymes by affecting non-

covalent bonds, hydrophobic bonds and salt bridges. However, HHP has shown no inactivation 

effect on PPO enzyme activity and structure at pressures below 800 MPa (Sun et al., 2002; Yi 

et al., 2011). Yi et al. (2011) examined the effect of HHP at 800 to 1600 MPa, for 1 min, on 

mushroom PPO in phosphate buffer and mushroom puree and suggested that HHP could cause 

significant activity reduction of more than 20 % at above 1000 MPa, but that was mainly due 

to its pressure-induced temperature increasing to 75 to 82 oC.  PPO enzyme is highly pressure 

resistant but relatively heat sensitive when temperature exceeds 55 oC (Weemaes et al., 1997). 

Supercritical carbon dioxide (CO2) was also studied regarding PPO enzyme inactivation by Hu 

et al. (2010), who observed significant activity reduction of 25-30 % and changes in enzyme 

secondary, tertiary structures and size at mild pressure at 15 MPa, 35 oC; but a relatively long 

treatment time of 20 min was required.  

The non-thermal treatment of combined high hydrostatic pressure (HHP) and dense 

phase carbon dioxide (DPCD) showed significantly synergistic effect on enzyme inactivation 

in feijoa fruit at milder process conditions at between 300 to 600 MPa, 20 to 25 oC, for less 

than 13 min, as discussed in Chapters 2, 3 and 4. However, the inactivation mechanisms were 

unknown and it is essential to understand the inactivation kinetic and molecular changes of the 

pure PPO enzyme to predict the process outcome and further scale up. Therefore, the objectives 

of this chapter were: 

 To investigate the effect of the combined treatment of HHP and DPCD on the secondary 

conformation and size of pure PPO enzyme (i.e. Tyrosinase). 

 To examine the kinetics of inactivation of PPO under the combined treatment. 

 To observe if any restoration of activity and recovery of structure of treated enzyme 

would occur after 1 month of storage at 4 oC.  
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5.2 Materials and Method 

5.2.1  Materials  

All reagents and chemicals, including catechol, potassium phosphate salts (KH2PO4, 

KH2PO4), sodium phosphate salts (Na2HPO4, NaH2PO4), KCl and NaCl, were analytical grade, 

purchased from Sigma Aldrich and Global Sciences (New Zealand). MilliQ water (1.8x107 

ohm/cm resistance) was used to make up required solutions, which was produced by Millipore 

MilliQ water dispenser (Millipore Corporation, USA). Carbon dioxide was Food Grade, with 

99.9 % purify, which was purchased from BOC (Auckland, New Zealand). Pure tyrosinase 

(EC.1.14.18.1) from mushroom (Agarcius bisporus) was purchased from Sigma Aldrich (New 

Zealand) (Fig. 5.2).  

 

 

Figure 5.2: Commercial polyphenoloxidase (tyrosinase) used in the study, obtained from 

Sigma Aldrich, New Zealand 

 

5.2.2  Combined carbon dioxide and high hydrostatic pressure treatment 

The pure enzyme was dissolved into 5 mM sodium phosphate buffer prior to processing 

to the concentration of 2.35 µM. The initial enzyme solution was divided into 3 parts: Control 

(untreated), HHP treated and HHP+CO2 treated. For HHP treated samples, 2.5 mL of enzyme 

solution was placed in a 7x5 cm retort polyethylene bag (Cas-Pak Products Ltd., New Zealand) 

and vacuum sealed. For the HHP+CO2 treated samples, 20 g of the 2.35 µM enzyme solution 

was placed in pressure resistant, flexible, transparent PET-1 bottle (390 mL, 34 mm bottle neck 

diameter, 60 mm bottom diameter and 183 mm height, LinkPlas Ltd., New Zealand). Samples 

were treated with CO2 by flushing CO2 into the sample from the bottom at flow rate of 1.8 

L/min, for 5 min to reach assumed saturation. Then CO2 was filled in the bottle headspace for 

1 min (HHP+CO2). Then the bottle was quickly capped without gas loss (Fig. 5.3). The 

concentration of CO2 in the bottle headspace was at 3.6 % w/w.  
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Figure 5.3: Tyrosine enzyme solution in its bottle packaging before treatment 

 

Samples were placed inside the chamber of Avure 2 L High pressure food processing 

system (QFP 2L-700, Avure Technologies, Middleton, Ohio, USA) as mentioned in previous 

Chapters. At each run, the HHP and HHP+CO2 enzyme samples were treated together at 600 

MPa, 20 oC, for 1, 3, 5, 7 and 9 min. The pressurisation (pump-up) time was within 2 to 2.5 

min and depressurisation was within 5 s. The internal temperature of HHP chamber was 

increased from 20 oC to 36-40 oC during pressurisation when reaching 600 MPa and slowly 

decreased during pressure holding period at the rate of 1 oC/min and dropped back to 20 oC or 

below after depressurisation. Since the critical point of CO2 is 31.1 oC and 7.3 MPa (Chapter 

1, Fig 1.4), the increased internal temperature (above 32 oC) and the pressure used (above 7.3 

MPa) indicated that the injected gaseous CO2 would be dissolved into samples during HHP 

process. The treated samples (Fig. 5.4) were taken out, immediately placed in an ice bath and 

analysed with their corresponding Control samples. HHP+CO2 treated enzyme solutions were 

degassed under vacuum at 10 mPa for 1 min to remove dissolved CO2, prior to analyses (Fig. 

5.5).  

. 

A B 
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Figure 5.4: Tyrosine enzyme solutions in their packaging after treatment with HHP and 

HHP+CO2 (3.6 % w/w) at 600 MPa, 20 oC, for 1, 3, 5, 7 and 9 min (A – E) 

 

 

Figure 5.5: Treated enzyme solution by HHP+CO2 at 600 MPa, 20 oC and 3.6 % w/w CO2, 

before being degassed 

 

A B C 

D E 
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5.2.3  Enzyme activity determination 

 PPO assay was conducted by the method described by Duong & Balaban (2014) with 

some modifications in the quantity of solutions used: 0.1 ml of the enzyme solution was mixed 

with 2 ml 0.05 mol/L sodium phosphate buffer (pH = 6.8) and 1 ml of 0.2 mol/L catechol. PPO 

activity was determined by measuring absorbance of the mixture at 420 nm and recorded at 

intervals of 5 s immediately after the addition of enzyme solution, using an UVmini-1240 

spectrophotometer (Shimadzu, Tokyo Japan) at ambient conditions. The reaction velocity was 

determined as change in Absorbance (per min per 0.1 ml of the enzyme solution and one 

unit of activity was defined as the increase in absorbance of 0.001/min at 420 nm. The residual 

enzyme activity (REA %) of PPO was calculated as the activity after treatment divided by the 

activity before the treatment. The residual activity of PPO was obtained with the following 

equation: 

PPO residual activity = 
Specific activityof PPO after treatment  

Specific activity of PPO of control sample 
  100%      (5.1) 

 

5.2.4  Circular dichroism (CD) spectroscopy 

 Circular dichroism (CD) is a valuable spectroscopic method that gives information about 

enzyme secondary structure. The spectrum of a protein at far UV light (178-250 nm) CD has a 

positive peak and a negative slot, the shape being related to the protein strand arrangements 

and thus its conformation. CD spectra for the far-ultraviolet (UV) region were recorded at 20 

°C using an Applied Photophysics piStar 180 spectropolarimeter (Leatherhead, England) (Fig. 

5.6). CD spectra of the pure enzyme solutions (2.35 µM in 5mM sodium phosphate buffer, pH 

6.8) were recorded from 180 to 260 nm using a quartz cuvette with a 1 mm path length (Fig. 

5.7). The spectra were collected at the setting of 0.5 nm sampling increment, 5 s per point and 

5 replicates for each sample. A CD spectrum was acquired for an untreated enzyme solution in 

the same buffer as the Control. Five replicated scans were averaged; background subtracted 

and baseline corrected by subtracting buffer spectrum. All the measurements were taken under 

nitrogen flow. The CD data was expressed in terms of mean residual ellipticity ƟMRE 

(degrees.cm2.dmol-1). The samples were measured in duplicate. 
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Figure 5.6: Applied Photophysics piStar 180 spectropolarimeter (Leatherhead, England) for 

Circular Dichroic measurements 

 

 

 

Figure 5.7: Quartz cuvette with 1 mm light path used.  

 

The calculations of secondary structure fractions were conducted using the CDSSTR 

programme with Reference Set 3 (optimised for 185 to 240 nm spectra) (Whitmore & Wallace, 

2008), on DichroWeb (http://dichroweb.cryst.bbk.ac.uk/html/home.shtml), provided by Dr. 

Whitmore, in the lab of Professor Wallace at the Department of Crystallography, Institute of 

Structural and Molecular Biology, Birkbeck College, University of London, UK. CDSSTR 

(CD spectra for Secondary Structure) programme is a modification of the original Varslc 

http://dichroweb.cryst.bbk.ac.uk/html/home.shtml
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program written by WC Johnson. It implements the variable selection method by performing 

all possible calculations using a fixed number of proteins from the reference set. The Singular 

Value Decomposition (SVD) algorithm assigns secondary structure. This method probably 

produces the most accurate analysis results and would produce results where other methods 

fail to analyse proteins (Whitmore & Wallace, 2008).  

 

5.2.5  Dynamic light scattering (DLS)  

 The protein molecular size measurements were conducted using a Zetasizer Nano-ZS 

device (Malvern Instruments, Malvern, Worcaestershire, U.K.), equipped with a 532 nm 

excitation laser (Fig. 5.8). The samples were measured at 25 oC in 5 mM pH 6.8 sodium 

phosphate buffer. Each sample placed in the instrument in a disposable transparent cuvette was 

read 10 times and each reading required 10 scans. The size of PPO was calculated by DLS 

machine through summing up the multiplied Z-average (diameter in nm) of each species with 

their mass distribution proportions (%). The results were reported in nm as the mean and 

standard deviation of at least five readings. All measurements were carried out in duplicate. 

 

 

Figure 5.8: Zetisizer Nano-ZS device (Malvern Instruments, Worcaestershire, U.K.) 
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5.2.6  Kinetics analysis 

The residual enzyme activity of treated PPO was fitted with different inactivation kinetics 

equations: First order, Weibull, Peleg and 2-fractional models. Chen and others (1992) used 

the first order model for PPO inactivation with DPCD. The first order model is: 

D
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10log

                 (5.2)

 

where N is the residual enzyme activity, No is the activity at time t=0, D is the decimal 

reduction constant.  

Weibull and Peleg inactivation models are frequently used in kinetics of non-thermal 

treatments (Ferrentino and others, 2010). The Weibull equation is: 
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where  and  are parameters determined from equation fitting to experimental data. The 

Peleg equation is: 
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where  and n are parameters determined from equation fitting to experimental data. 

The 2-fractional model was applied on inactivation kinetics of pectin-methyl-esterase 

(PME) by high pressure (Nunes and others, 2006), and PPO using dense phase carbon dioxide 

(Liu and others, 2013). This model assumes that there are isozymes that can be grouped into 

labile and stable fractions to HHP + DPCD. Both isozyme inactivations were considered to be 

first order reactions and assumed to be independent of each other. A fast overall inactivation 

period was followed by a much slower decay, and the total activity was described by: 

 

At = Alabile(0) exp(- klabile t) + Astable(0) exp( - kstable t)              (5.5) 

 

where At was the total residual enzyme activity (%) at a time t, Alabile(0) was the initial 

activity of labile isozyme fraction in untreated sample (%), Astable(0) was the initial activity of 

stable isozyme fraction in untreated sample (%), klabile and kstable were the first order inactivation 

constants of labile and stables isozyme fractions (min-1), respectively. A computer program 

was developed to obtain the parameters of the above model equations by minimizing the sum-

of-squares difference between the experimental and predicted activity data. To find the best 
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Alabile(0), Astable(0), klabile and kstable for the 2-fractional model, the non-linear Newton-Raphson 

iterative method was used, as shown in Appendix 5. 

 

5.2.7  Storage study 

 All the treated samples were stored in closed amber vials to prevent light interaction, at 

4 oC for 1 month (30 days). They were re-analysed for activity, secondary structure 

conformations and size. This analysis was conducted in duplicate. 

 

5.2.8  Statistical analysis 

 The statistical analysis of results was carried out using Minitab 16 statistical software 

(Minitab Inc., State College, PA, USA). The results were analysed using ANOVA and the 

average values were compared by Tukey test. The significance value for all of the analyses was 

defined at p < 0.05.  

 

5.3 Result and discussion 

5.3.1 Enzyme activity 

The changes in residual enzyme activity (REA) after the treatments with HHP and 

HHP+CO2 (3.6 % w/w) is shown in Fig. 5.9. HHP treatment alone at 600 MPa, 20 oC, had no 

significant effect on the activity of PPO even after 9 min treatment time with REA remaining 

at 90.0±6.2 %. Meanwhile, addition of CO2 significantly decreased the REA to 28.5±7.8 % at 

600 MPa, 20 oC after 1 min and the increase in treatment time further reduced the REA to 

21.4±3.8, 24.8±4.0, 22.4±0.3 and 11.5±1.3 % after 3, 5, 7 and 9 min, respectively. Similar 

activity reduction at around 10 % REA was observed in same mushroom PPO treated at 1400 

MPa, 20 oC, after 1 min in HHP treatment alone, which also had a temperature raising to 80 oC 

(Yi et al., 2012). Sun et al. (2002) found that a treatment of 800 MPa, 35 oC, for 10 min, could 

only cause 28 % activity reduction of mushroom PPO. Gomes and Ledward (1996) reported 

that 400 MPa, 10 min treatment significant increased the activity of mushroom PPO crude 

exact to above 140 % of its original activity. The differences between those studies could be 

due to several factors, including different pressure transmission media (eg. water, di-2-

ethylhexyl sebacate and water mixed with other solvents) correlated to their compression 
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heating properties, actual treatment temperature, the pressurisation and depressurisation rate, 

chamber size and some preparation procedures.  

 

 

Figure 5.9: Residual enzyme activity of treated PPO at 600 MPa, 20 oC, 1 to 9 min with HHP 

and HHP+CO2 (3.6 % w/w) immediately after treatment (Day 0) (a,b,c Values with different 

letter(s) are significantly different at p < 0.05). 

 

On the other hand, supercritical CO2 could significantly reduce the activity of 

watermelon PPO by 25-30 % at 35 oC, 15 MPa, after 20 min (Hu et al., 2010). Chen et al. 

(1992) also reported that dense phase CO2 at 5.8 MPa, 43 oC, for 1 min, caused significant 

reduction of 55 % activity in PPOs of lobster, shrimp and potato, respectively. Our findings 

and the previous studies indicated that the pressure effect alone would not induce inactivation 

of PPO enzyme. It is apparent that the presence of CO2 molecules in supercritical, sub-critical 

and liquid phases (namely dense phase) can be effective in inactivating PPO.  

 

5.3.2 Secondary structure conformations and size changes 

5.3.2.1 Secondary structure conformations 

The changes in secondary structure immediately after the treatments with HHP and 

HHP+CO2 (3.6 % w/w) are shown in Fig. 5.10 and 5.11 and the calculated secondary structure 

fractions with corresponding protein size and residual enzyme activity (REA) are summarised 

in Table 5.1. HHP treatment had minimal effect on the CD spectra and to the secondary 
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conformations of PPO enzyme (Fig. 5.10 and 5.11). The recorded CD spectra have good 

ellipticity values with a positive loop at 185 to 200 nm, characterising the beta sheets and turns 

fractions and a negative loop at 200 to 240 nm region, characterising the alpha helix fraction 

in protein secondary structure (Chakraborty & Lentz, 2012).  

The changes in values of those two regions suggested a loss of alpha helix and increases 

in beta sheets and turn conformations in treated PPO, especially in HHP+CO2 treated samples 

(Fig. 5.10). Addition of CO2 dramatically altered the spectra of PPO at the 2 main positive and 

negative loops by flattening out the spectra and moving their ellipticity values close to 0, which 

meant the structure of PPO was unfolded severely. Meanwhile, in HHP treated samples, the 

increase in time caused greater loss in negative values of the alpha helix region at 200 to 240 

nm but slight changes were observed in the positive 185-200 nm region even after 9 min (Fig. 

5.11).  

 

 

Figure 5.10: Circular Dichroic spectra of treated PPO enzyme at 600 MPa, 20 oC, for 1, 3, 5, 

7 and 9 min with HHP and HHP+CO2 (3.6 % w/w) immediately after treatment (Day 0). 
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Figure 5.11: Circular Dichroic spectra of treated PPO enzymes at 600 MPa, 20 oC for 1 and 9 

min with HHP and HHP+CO2 (3.6 %w/w) immediately after treatment (Day 0). 

 

At 1 min, HHP+CO2 treated PPO lost 20 % of its alpha helix fraction from 75±6 % in 

Control down to 55±2 % and so had increases in beta sheet, turns and unordered fractions; 

meanwhile enzyme activity and structure remained unchanged in HHP_1min PPO (Table 5.1). 

Interestingly, similar secondary conformations of HHP+CO2_1min PPO was also observed in 

HHP_9 min PPO, which had 51±1 % alpha helix and similar fractional proportions of beta 

sheets, turn and un-ordered chains but its enzyme activity remained at 90.0±6.2 %. The increase 

in time from 1 to 9 min reduced the alpha helix fraction in both HHP and HHP+CO2 treated 

PPOs from 70 to 51 % and from 55 to 43 %, respectively, with corresponding increases in beta 

sheets, turns and unordered chains. Similar observations of significant reductions in alpha helix 

conformations of mushroom PPO, lipase, alkaline protease, acid protease, gluco-amylase, 

horseradish peroxidase and lipoxygenase treated with supercritical and dense phase CO2 were 

reported in other studies, however, the changes in beta sheets and turn were not stated  (Gui et 

al., 2006; Hu et al., 2010; Ishikawa et al., 1996; Liao et al., 2009). HHP+CO2 treatment caused 

greater changes in all calculated secondary fractions compared with HHP.  

-4

-3

-2

-1

0

1

2

3

4

185 190 195 200 205 210 215 220 225 230 235 240 245 250 255 260

Ɵ
M

R
E

(d
eg

.c
m

2
d
m

o
l-1

)
x

 1
0
0
0
0

Wavelength (nm)

Control

HHP_1

HHP+CO2_1

HHP_9

HHP+CO2_9



 

 

116 
Kinetics and storage study on activity, structure and size of pure polyphenoloxidase 

treated with combined HHP and DPCD 

 

Table 5.1: Changes in secondary structure fraction, size and residual enzyme activity of 

treated PPO enzyme 600 MPa, 20 oC, 1 to 9 min with HHP and HHP+CO2 (3.6 % w/w) 

immediately after treatment (Day 0)  

Treatment 
Time 

(min) 

Secondary structure fraction (%) Size 

(nm) 
REA (%) 

α-helix β-sheet Turns Un-ordered 

Control  75±6a 8±3c,d 7±2a 11±3 a 57±14a 100±4a 

HHP 

1 67±4a,b 8±0d 9±3a 17±1a,b 60±2a 96±0a 

3 69±1a,b 8±0d 8±3a 16±2 a,b 63±10a 93±0a 

5 57±1c,d 12±0b,c,d 11±4a 22±1 a,b 46±6a 97±7a 

7 63±0b,c 12±1b,c,d 12±2a 16±2 a,b 47±4a 96±1a 

9 51±1d,e 13±1b,c,d 14±3a 24±1 b 47±5a 90±6a 

HHP+CO2 

1 55±1c,d 14±6a,b,c,d 11±0a 21±7 a,b 243±11b 29±8b 

3 53±2d,e 22±2a,b 9±1a 16±1 a,b 278±11b 21±4b,c 

5 54±1d 15±6a,b,c,d 14±2a 17±3 a,b 258±13b 25±4b,c 

7 51±1d,e 20±4a,b,c 13±1a 17±3 a,b 343±10c 22±0b,c 

9 44±0e 25±0a 12±0a 20±1 a,b 353±11c 12±1c 

a,b,c Values with different letter(s) in the same column are significantly different at p < 0.05 

 

5.3.2.2 Enzyme size changes  

The protein sizes of HHP treated PPOs were not significantly different than that of 

Control sample, which remained around 50-60 nm. Meanwhile, the size of HHP+CO2 treated 

PPO was 5 to 6 times greater than that of Control, between 240 and 350 nm. As a specific case, 

HHP+CO2_1 min samples had 70 % loss in PPO activity and had 243±11 nm protein size 

which was 5 folds larger than that of both Control (57±1 nm) and HHP_9 min (47 ± 5 nm). 

The increase in treatment time increased the enzyme size in HHP+CO2 samples. Looking at 

the overall changes in activity, secondary structure and size of treated samples, the main 

difference between HHP and HHP+CO2 samples was the size, which was inversely correlated 

to their residual enzyme activities. This suggested that effect of addition of CO2 would mainly 

be due to changes in protein overall size as the result of secondary conformational changes. 

The dynamic light scattering (DLS) size distribution and peaks of PPO samples 

indicated that tested samples contained one major population of molecular species by volume, 

but there was polydisperse distribution of multiple species in all Control, HHP and HHP+CO2 
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treated enzyme solutions across five treatment times (example data shown in the Appendix 5 - 

Fig. A5.1). There was only one major peak in size distribution by volume but multiple peaks 

were present in size distribution by light absorbance intensity. This indicated that the DLS 

measurement might detect different isozymes of PPO present at low ratios in its solutions. For 

future investigations, the analysis would be more robust if those molecules could be separated. 

Hu et al. (2010) also reported similar changes in mushroom PPO treated with supercritical CO2, 

which was enlarged in size by 6 folds at 8 MPa, 55 oC, after 20 min, but its activity remained 

at 60 % REA. Meanwhile, in our study the REA of PPO treated with HHP+CO2 (at 3.6 % w/w), 

600 MPa, for 1 to 9 min, was reduced from 30 to 10 %, respectively. Addition of CO2 in HHP 

had a distinct synergistic effect on enzyme inactivation.  

 

5.3.3 Inactivation mechanisms 

Since HHP with pressure alone showed no effect on PPO activity, inactivation 

mechanism of our combined treatment of HHP and DPCD would mostly follow the mechanism 

of DPCD. Although pressure has direct influence on DPCD system for enzyme inactivation, it 

was suggested that DPCD and HHP systems operate with different mechanisms (Hu et al., 

2011). The effect of pressurised CO2 would be influenced by pressure, temperature, treatment 

time, initial pH, CO2 state and density and sample media. At each stage of the process: 

pressurisation and depressurisation, the presence of CO2 in HHP may generate different effects 

on enzymes (Hu et al., 2010; Hu et al., 2011). The inactivation mechanism of pressurised CO2 

was proposed and summarised as shown in Fig. 5.12. During pressurisation, CO2 could dissolve 

into the sample media and interact with water molecules to form carbonic acid, which could 

lower the surrounding pH. The pH lowering phenomenon could facilitate some degree of 

protein aggregation. Meanwhile, dissolved CO2 molecules could further cause hydrophobic 

effect (i.e. remove the external and/or internal essential water molecules/hydroxyl ions of 

enzyme protein complex) and interact with enzyme protein chains and it active site (Damar & 

Balaban, 2006; Hu et al., 2010; Hu et al., 2011; Ismaya et al., 2011).  
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Figure 5.12: The proposed inactivation mechanisms of enzyme treated with HHP+DPCD 

(based on Hu et al., 2010) 

 

The quick depressurisation would cause formation of gas-liquid interface and rapid 

release of CO2 molecules from its dense-phase back to its gaseous phase. At the gas-liquid 

interface, protein chains would unfold due to the orientation of nonpolar residues to the gaseous 

phase and polar residues to the aqueous phase, which would cause protein aggregation. The 

sudden release of CO2 could induce homogenisation effect (Hu et al., 2011). It needs to be 

pointed out that our combined process of HHP and DPCD had a changing temperature 

phenomenon in contrast to that of DPCD system where temperature was maintained constant. 

The changing of temperature at the range between 30-40 oC (as noticed in Method section 5.2) 

during pressure holding at 600 MPa could cause complex phase shifting of CO2 between 

supercritical and liquid phases, affecting enzyme inactivation. Also, Chen et al. (1992) and Hu 

et al. (2010) reported that the effect of pressurised CO2 on purified PPO enzymes did not 

increase the protein mass, instead it caused the ionisation of dissociable groups in PPO 

structure. With our findings, we would propose the main effect was the overall level of enzyme 

conformation, its size and so possibly the distance between PPO subunits and position of PPO 

active site responsible for enzyme inactivation. 

 

Denaturation 
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5.3.4 Kinetics analysis of enzyme activity 

The kinetics analysis was first evaluated by observing the log reduction of PPO enzyme 

activity, shown in Fig. 5.13. This indicated that it was not necessary to do kinetic modelling on 

HHP treated sample as there was no significant activity reduction. The data of residual enzyme 

activity (REA) of HHP+CO2 treated  PPO was fitted with 4 different kinetics models, which 

were First order, Weibull, Peleg and 2-fractional/ biphasic inactivation models (Fig. 5.14).  

 

 

Figure 5.13: The log reduction of residual enzyme activity (% REA) of PPO 

 

The first-order or linear models well described the enzyme inactivations by thermal, 

combined thermal-pressure and some DPCD processes (Balaban et al., 1991; Buckow & Heinz, 

2008; Denys et al., 2000; Gui et al., 2007; Liu et al., 2008; Terefe et al., 2014). In our study, 

the regression coefficients (r2) of the fits using first-order, Weibull, Peleg and 2 fractional 

models were 0.72, 0.989, 0.989, and 0.99 respectively (Fig. 5.14). The D value of first order 

kinetic model was calculated as 13.98 min. It should be noted that in general a 3-parameter 

model is expected to have a better fit than a 2-parameter model, therefore the slight difference 

in the r2 values between Weibull-Peleg and the 2-fractional model is not significant. The 

Weibull model would be most practical to be applied for prediction of the kinetic inactivation 

of this combined treatment. For Weibull model, the parameters were α = 41.01 and β = 0.17, 

after replacing these values into equation 5.3, this model would be: 
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For Peleg model, the parameters were n = 0.17 and β = 0.53, after replacing these values 

into equation 5.3, this model would be: 

17.0

10 53.0log t
A

A

o

t











 (5.8) 

where t is the treatment time (min) 

 

For our biphasic model, the parameters were Alabile(0) = 69.5 %, Astable(0) = 30.5 %, klabile = 

12.15 min-1 and kstable = 0.07 min-1. After replacing those values into our kinetic equation 5.6, 

the model would be:  

At = 69.5 exp(-12.15 t) + 30.5 exp( -0.07 t)                                   (5.9) 

where t is the treatment time (min) and At is the residual enzyme activity at time t (%) 

 

 

Figure 5.14: Kinetic model fitting: experimental values versus calculated values using first-

order, Weibull, Peleg and 2-fraction models.  

 

Similar biphasic inactivation kinetic was observed in PPO of watermelon, white grape 

and strawberry and pectin-methyl-esterase (PME) in plum treated with HHP (Dalmadi et al., 

2006; Nunes et al., 2006; Rapeanu et al., 2006; Yi et al., 2011). In DPCD treatment, the 2-
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fractional inactivation model was also found in PPOs of potato and carrot (Chen et al., 1992; 

Zhang et al., 2010) and the fractional conversion kinetic model was applied for PME 

inactivation of orange, carrot and peach (Zhi et al., 2008; Zhou et al., 2009b). In our system, 

there was a stable isozyme fraction of mushroom PPO that was resistant to both pressure and 

dense phase CO2, initially contributing to 30 % of enzyme activity.  For future work, more data 

points between time 0 and 1 min should be investigated for further validation of fraction 1 

fitting in the 2-fractional model. The Weibull model would be the most practical to be applied 

for fitting the inactivation kinetic of this combined treatment. 

 

5.3.5 Storage study  

The activity and secondary structure of PPO samples were re-analysed after 1 week (Day 

7) and 1 month (Day 30) storage at 4 oC as shown in Fig. 5.15, 5.16 and 5.17. The changes in 

their alpha helix fractions were plotted in Fig. 5.21, representing the conformational changes, 

since the decrease in alpha helix fraction was positively correlated to the enzyme activity 

reduction. Other alterations in beta sheets, turns and unordered were summarised in Appendix 

5 – Table A5.2.   

 

Figure 5.15: The residual enzyme activity of treated PPO enzyme at 600 MPa, 20 oC, for 1, 3, 

5, 7 and 9 min with HHP and HHP+CO2 (3.6 % w/w) – over 1 month storage at 4 oC (no 

significant differences within a sample) 
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Figure 5.16: Circular Dichroic spectra of treated PPO enzyme at 600 MPa, 20 oC, for 1, 3, 5, 

7 and 9 min with HHP and HHP+CO2 (3.6 % w/w) - Day 7 

 

 

Figure 5.17: Circular Dichroic spectra of treated PPO enzyme at 600 MPa, 20 oC, for 1, 3, 5, 

7 and 9 min with HHP and HHP+CO2 (3.6 % w/w) - Day 30 
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There were no significant differences in residual enzyme activity in all samples during 

1 month storage at 4 oC (Fig. 5.15). The CD spectra of treated PPOs at Day 7 and Day 30 had 

similar pattern to those in Day 0. There were greater differences between HHP+CO2 and 

Control spectra than those between HHP and Control at all treatment times. At day 7, The CD 

spectra of 5 HHP samples moved closer to each other and closer to Control, especially their 

ellipticity values in the alpha helix region (200-240 nm), suggesting a reversible folding of 

HHP treated PPOs (Fig. 5.16). However, at Day 30, there was a reverse scenario in which all 

HHP spectra had increases in their negative ellipticity values at the 200-240 nm region away 

from the Control. The differences between HHP+CO2 and Control spectra were also increased 

over time (Fig. 5.16 and 5.17).  

 

 

Figure 5.18: Changes in alpha helix fractions of treated PPO by HHP and HHP+CO2 

treatments over 1 month storage at 4 oC (*significant difference at p < 0.05) 

 

In term of changes in alpha helix fractions, there were no significant differences in 

Control sample and HHP_1, HHP_3 and HHP_7 min PPOs (Fig. 5.18). There was a significant 

difference between Day 0 and Day 7 alpha helix fraction of HHP_5 and HHP_9 min PPOs but 

not between Day 30 and Day 0. In HHP_9, a recovery of alpha helix from 51 to 64 % was 
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observed at Day 7, but that decreased back to 47 % at Day 30. On the other hand, there were 

significant reductions of 5 to 10 % in alpha helix fraction in HHP+CO2 samples treated at 5, 7 

and 9 min over 1 month storage, while that was no significant difference in HHP+CO2_1 and 

HHP+CO2_3 samples (Fig. 5.18). There were increases in beta sheets, turns and unordered 

chains fractions, corresponding to the decrease of alpha helix (Appendix 5- Table A5.2). In 

addition, there were also no significant changes in protein size of all treated PPOs and the 

Control during storage (Fig. 5.19). Chen et al. (1992) also reported no recovery in PPOs of 

lobsters and shrimp treated by DPCD over 6 weeks frozen storage and a 28 % regain of enzyme 

activity in potato PPO in the first 2 weeks but that decreased over storage time. Zhang et al. 

(2011) studied shrimp PPO treated with DPCD and also reported no recovery of enzyme 

activity after 1 week storage at 4 oC. Overall, the effects of HHP+CO2 treatment on PPO 

activity, secondary conformations and size was irreversible during storage at 4 oC over 1 

month. 

 

 

Figure 5.19: Changes in protein size of treated PPO by HHP and HHP+CO2 treatments over 1 

month storage at 4 oC (no significant difference within samples) 
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5.4 Conclusion 

The combined HHP+CO2 process caused significant loss in pure PPO enzyme activity by 

altering enzyme secondary conformations, corresponding to extensive decreases of alpha helix, 

increases of unordered chains and enlargement of protein size. The inactivation kinetics of 

HHP+CO2 followed Weibull, Peleg and 2-fractional models. There was no restoration in 

activity, structure and protein size after 1 month storage at 4 oC in treated samples. Addition of 

CO2 in the HHP process would improve the efficiency of enzyme inactivation and should be 

further investigated regarding the protein mass, sulfhydryl groups, hydrophobic interaction and 

ionisation changes in treated enzymes. 
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CHAPTER 6 

Microbial effects of combined HHP 
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6.1 Introduction  

High hydrostatic pressure (HHP) is a non-thermal treatment which applies high pressure 

(above 100 MPa) to inactivate pathogenic and spoilage microorganisms while retaining the 

freshness of foods and is used as an alternative for thermal pasteurisation (Considine et al., 

2008). HHP impacts the microbial cell membranes, causing changes in the shape and size of 

biological cells, leakage of intracellular substances and ions and alteration of genetic material 

(DNA strands), result in cell death (Torres & Velazquez, 2005). However, a high pressure of 

600 MPa or more is generally required to achieve a sufficient microbial inactivation. That 

results in longer pressurisation (pump-up) time and high energy cost, which have limited its 

commercial acceptance (Wang et al., 2010).  

Carbon dioxide, a GRAS (General Recognised As Safe) gas, is a natural inhibitory 

compound to certain microorganisms that can be used to improve the efficiency of HHP. Dense 

phase carbon dioxide (DPCD) method was developed and proven to be an efficient non-thermal 

food process for microbial inactivation, which uses pressurised CO2 at lower pressure range of 

6-20 MPa and higher temperature range of 30–50 oC than HHP, however, long treatment time 

(15 to 60 min) is usually required for effective inactivation for batch system (Damar & Balaban, 

2006). Recently, some studies on combining DPCD and HHP effect on Bacillus subtilis, 

Escherichia coli, Fusarium oxysporum, F. sporotrichibides, Lactobacillus plantarum and 

Staphylococcus aureus, demonstrated positive synergistic actions (Corwin & Shellhammer, 

2002; Park et al., 2003; Wang et al., 2010).  

Corlin and Shellhammer (2002) carbonated L. plantarum and E. coli culture peptone 

broths with approximately 0.2 molar % CO2 concentration, treated them at 356-600 MPa and 

found that added CO2 significantly increased the microbial inactivation with HHP at all tested 

pressures. Park et al. (2003) applied sequential treatment of DPCD (0.17-0.38 MPa, at 5 oC for 

20 min) and then HHP (100-600 MPa) on B. subtilis, F. oxysporum, F sporotrichibides and S. 

aureus and showed that inactivation of those microorganisms was increased with the increasing 

pressures for applied CO2. Wang et al. (2010) applied different concentrations of dissolved 

CO2 (2.6:1, 3.8:1 and 5.5:1 v/v ratio of CO2:Sample) into the HHP process (250 – 400 MPa) at 

20 oC and 30 oC to inactivate S. aureus and E. coli, showed that there was significant synergistic 

inactivation achieved and 7-8 logs reduction with added CO2 compared with 1-2 log reduction 

by HHP alone. The SEM and TEM images demonstrated substantial disruptions caused by the 
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dissolved CO2 on the cell membrane surface, while the cells were not affected by HHP (Wang 

et al., 2010).  

In addition, the combination process has proven to overcome the disadvantage of HHP 

process in enzymatic inactivation (Duong & Balaban, 2014; Ortuño et al., 2013). Compared 

with DPCD technology, this combination of CO2 and HHP treatments used in-situ CO2 in the 

sample, further driven by ultra-high pressure (at above 200 MPa) at shorter treatment time (2-

6 min). It is necessary to further study the microbial effect of this combination treatment to be 

applied in the food industry. 

Ayran yogurt is a traditional and famous Turkish yogurt drink in Europe and Middle East 

areas. It is generally prepared by mixing yogurt and water at 1:1 v/v ratio and adding 0.5-1 % 

w/w salt and it has similar physical properties as that of common yogurt products (Köksoy & 

Kılıç, 2003). Ayran is commonly known as a healthy refreshing beverage containing high level 

of vitamins and calcium and suitable for consumption in warm seasons (Altay et al., 2013).  

The objective of this study was to investigate the microbial effect of combining in-situ 

addition of CO2 and HHP on Escherichia coli (gram negative bacteria), Bacillus subtilis (gram 

positive bacteria) and Saccharomyces cerevisiae (yeast cells). The effect of the process was 

also studied on a popular salted acidic food model, Ayran yogurt, to inactivate inoculated 

Escherichia coli and its natural flora.  

 

6.2 Materials and Method 

6.2.1 Materials  

Non-pathogenic Escherichia coli (E. coli) (NZRM 916) and Bacillus subtilis (B. subtilis) 

(NZRM 294) were obtained from the New Zealand Reference Culture Collection, Medical 

Section (NZRM) (Institute of Environment Science and Research Limited, New Zealand). 

Saccharomyces cerevisiae (S. cerevisiae) used was ATCC 2601 (American Type Culture 

Collection, Manassas, USA). 

Bacto - Tryptic soy broth (TSB), Difco - Triptic Soy agar (TSA), Difco – YPD Broth 

YPD agar and deMan Rogosa Sharpe (MRS) agar powder stocks were purchased from Becton, 

Dickinson and Company (USA). Nutrient Broth and Nutrient Agar were obtained from OXOID 

(England).  
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Plain yogurt (Natural Greek yogurt, Fresh and Fruity, Fonterra Co-operative Group 

Limited, New Zealand) and probiotic yogurt (Symbio Probalance, Fonterra Ltd., New 

Zealand), containing mainly Lactobacillus acidophilus and bifidobacterium lactis DR10/ 

HN019 (as claimed by Fonterra company on the product label), were purchased from 

Countdown supermarket (Auckland, New Zealand). 

 

6.2.2 Sample preparation  

6.2.2.1 Escherichia coli  

E. coli was grown following previously described method by Ortuño et al. (2012a). One 

E.Coli colony was transferred from the sub-culture plate into 50 mL of Tryptic soy broth (TSB) 

(Flask 1) and incubated aerobically at 37 ºC with shaking for 11-12 h to reach its stationary 

growth phase (Incubation 1). Then a 50 µL of the growth culture medium was taken from Flask 

1 and injected to a 50 ml fresh TSB (Flask 2). Flask 2 was incubated for 12 h with shaking (140 

rpm) to reach its growth stationary phase (Incubation 2) (Figure 6.1), which had 109 - 1010 

colony-forming units (CFU)/mL. The culture was diluted by 400 times to a concentration of 

about 108 CFU/mL for processing. 

 

 

 

Figure 6.1: Growth curve of Escherichia coli during Incubation 2 
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6.2.2.2 Bacillus subtilis 

One colony of B. subtilis was transferred from the standard agar plate to 50 mL Nutrient 

Broth (Flask 1) and incubated aerobically at 37 oC with shaking (140 rpm) for 12 h to reach its 

stationary growth phase (Incubation 1). B. subtilis culture in Flask 1 was further incubated into 

fresh Nutrient broth (Flask 2) at a concentration of 10 % v/v (e.g. 5 mL of Flask 1 was injected 

to 50 mL broth in Flask 2) for another 10 hr to reach its stationary phase (Incubation 2) (Figure 

6.2), which had 108 CFU/mL. The culture was diluted by 10 times to a concentration of 107 

CFU / mL for processing. 

 

 

 

Figure 6.2: Growth curve of Bacillus subtilis during Incubation 2 

 

 

6.2.2.3 Saccharomyces cerevisiae 

One colony of S. cerevisiae was transferred from the standard agar plate to 50 mL 

YPD Broth (Flask 1) and incubated aerobically at 30 oC with shaking (140 rpm) for 24 h to 

reach its stationary growth phase (Incubation 1). S. cerevisiae culture in Flask 1 was further 

inoculated into fresh YPD broth (Flask 2) at a concentration of 10 % v/v (e.g. 5 mL of Flask 

1 was injected to 50 ml broth in Flask 2) incubated for another 14 hr (Incubation 2) to reach it 

stationary phase (Figure 6.3), which had 108 CFU/ml. The culture was diluted by 10 times to 

a concentration of 107 CFU/mL for processing.  
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Figure 6.3: Growth curve of Saccharomyces cerevisiae during Incubation 2 

 

 

  

Figure 6.4: Flasks used for microbial growth with in-house made cotton stoppers (A) and S. 

cerevisiae culture at its stationary phase in the flask (B). 

 

Note: The growth curves of all microorganisms were recorded for Incubation 2 to determine 

their stationary growth phase and concentration in the culture and the dilution factors to be 

used for processed samples. 
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Autoclave SS-325, Germany). Agar solutions were cooled to 50 oC in a water bath (Grant W28, 

Grant Instrumental Ltd., England) prior to be poured into Petri dishes and allowed to cool down 

to room temperature in a clean bench area (AC2-4E1, Esco Micro Pte. Ltd., Singapore). The 

set agar plates were stored at 4 oC until required. All the materials, including pipette tips, 

containers, packaging, saline water, bottles and tubes, were autoclaved at 121 oC for 15 min 

before use. 

 

 

Figure 6.5: Some broth and agar stock products used in this study 

 

 

 

  

Figure 6.6: Water bath (Grant W28, Grant Instrument Ltd., England) (A) and analytical 

balance (Scaltec, SBC-51, Germany) (B) 
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Figure 6.7: Incubator oven (B-12, Heraeus, Thermo Scientific, Germany) (A) and Incubator 

Shaker (Excellar 124, New Brunswick Scientific, USA) (B) 

 

 

  

Figure 6.8: Autoclave (Tomy, SS-325, Germany) (A) and air-filtered clean bench (AC2-4E1, 

Esco Laminar Flow Clean Bench, Esco Micro Pte. Ltd., Singapore)(B) 
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6.2.2.5 Ayran yogurt and serum  

Ayran yogurt sample was made by mixing yogurt and salted distilled water (1 % w/w 

of sodium chloride) at a ratio of 1:1 w/w, using a laboratory blender (Hamilton Beach, USA) 

on setting 1 for 30 seconds. The Ayran sample was then sterilised on a hot plate at a setting of 

200 ºC with stirring 100 rpm for 20 min. Sterilised Ayran was poured into a sterilised bottle 

and stored at 4 ºC for 15 h until processing the following day.  

Ayran serum was prepared following the method of Kincal and co-workers (2005) 

though centrifugation of Ayran yogurt at 6000 rpm for 10 min, at 4 ºC. The serum was 

separated to the top (i.e. supernatant) while its solid remained at the bottom. The serum was 

transferred to a Schott glass bottle and placed in the autoclave at 121 ºC for 15 min to be 

sterilised. Then it was cooled to room temperature and stored at 4 oC until required.  

6.2.2.6 Acid growth adaptation for Escherichia coli 

The adaptation procedure followed the technique described by Kincal et al. (2005) 

where pathogenic microorganisms were inoculated into sterile serum to adapt them to grow in 

a low pH environment. An acidified “TSB + Ayran serum” mixture (pH 4.25), comprising of 

TSB and Ayran serum at 1:1 v/v ratio,  was created to ensure E. coli effectively adapted to the 

acidic and salted Ayran yogurt environment (pH 4.15). 

E. coli culture (50 μL from Incubation 1 medium) was inoculated into the acidic sterile mixture 

and left to grow for a further 15 h to reach its growth stationary phase, which had 108 CFU/mL.  

6.2.2.7 Escherichia coli inoculated Ayran yogurt samples 

Acid growth adapted E.coli culture was inoculated to Ayran yogurt samples, at the 

concentration of approximately 107 CFU/mL. The inoculated samples (30 mL) were packaged 

into sterile high pressure pouches and immediately placed on ice to maintain temperature at 4 

ºC, since lower temperature helped to facilitate the CO2 to be dissolved into liquid and yogurt 

(Taylor & Ogden, 2002). All samples were treated within 2 h of preparation.  

6.2.2.8 Lactobacillus acidophilus culture in probiotic Ayran samples  

Untreated probiotic Ayran was prepared in the same manner as mentioned in section 

6.2.2.5 and left to spoil at room temperature (20-25 ºC) for a period of 9 days to increase the 

growth of its natural flora, mainly Lactobacillus acidophilus (L. acidophilus). The microbial 

count was 106 – 107 CFU / mL on deMan Rogosa Sharpe (MRS) plates, which favours the 

growth of Lactobacilli.  
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6.2.3 Carbon dioxide treatment  

6.2.3.1 E. coli (Batch 1) and Ayran samples 

CO2 treatment was conducted based on our previous study (Ortuño et al., 2013a). Three 

different CO2 levels were considered in this experiment. Level one (HPP only) contained no 

addition of CO2 to examine the effects of HPP treatment only. Level 2 of CO2 (HHPcarb) was 

achieved by carbonation of the sample through bubbling of CO2 at 1.28 L/min from the bottom 

of the samples for 5 min, placed in an ice water bath. Level 3 of CO2 (HHPcarb+CO2) was 

achieved by first carbonation by bubbling CO2 through the sample for 5 min, then adding 8.5 

mL CO2 / g sample into the bag. The bag was agitated regularly and vigorously to facilitate 

mass transfer. They were immediately sealed without gas loss and were placed on ice until 

HHP treatment (Figure 6.9).  

 

 
Figure 6.9: The setting and procedures of CO2 treatment prior to HHP treatment: A/Setting of 

CO2 flow meter, ice bath and packaged inoculated E. coli broth bag. B/ Injection of CO2 by 

agitating gaseous CO2 through the sample from the bottom for 5min. C-D/ Sealing the 

packages. 

 

A B 

D C 
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6.2.3.2 E. coli (Batch 2), B. subtilis and S. cerevisiae 

Three different CO2 levels were used in this experiment with the same level 1 (HHP) 

and 2 (HHPcarb) as mentioned above and a different level 3. HHP, HHPcarb samples were 

treated with CO2 by the same procedure as described in section 6.2.3.1, 120 mL of nutrient 

broth was used instead of 30 mL. Level 3 of CO2 (HHPcarb+CO2) was achieved by first 

carbonation by bubbling CO2 through the sample (120 mL in a 357 mL pressure resistant plastic 

bottle) for 5 min, then adding CO2 into the bottle headspace for a further 1 min to achieve a 

volume ratio of 2:1 (CO2:Sample), equal to 0.4 % w/w CO2 and quickly capped without gas 

loss. The bottle was double sealed by parafilm (Figure 6.10). 

 

  
Figure 6.10: Injection of CO2 into the sample (Batch 2) (A) and bottle samples before and 

after 2nd packaging with parafilm. 

 

6.2.4 High pressure treatment  

6.2.4.1 Preliminary study  

The inoculated E. coli broth and Ayran samples packaged in sterile pouches were 

treated under a series of pressures using Avure HHP machine (Avure Technologies, Middleton, 

Ohio, USA). For each pressure run, 3 sample bags (1 HHP sample, 1 HHPcarb sample and 1 

HHPcarb+CO2 sample) were treated together in the HHP unit. HHP treatment processing 

conditions were different for different samples: 

a) E.Coli inoculated broth samples were treated at 2 different settings (treatments were 

repeated in triplicate):  

A B 
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1. At 100, 300 and 600 MPa, 25 oC, for 5 min  

2. At 100, 250, 400 and 550 MPa, 35 oC for 10 min (Figure 6.11 and 6.12), some 

white marks were observed in packages of treated sample which might be caused 

by dissolved CO2. That was not observed in the samples tested at ambient room 

temperatures (25 oC), 100-600 MPa. 

b) E.Coli inoculated Ayran samples were treated at 300, 450 and 600 MPa, 25 ºC for 5, 

10 and 15 min. All treatments were repeated in triplicate. 

c) L. acidophilus - probiotic spoiled Ayran samples were treated at 200, 300 and 450 MPa, 

25 ºC for 5 and 10 min (Figure 6.13). All treatments were repeated in duplicate. 

  

 

  

Figure 6.11:  E. coli inoculated broth (Batch 1) samples after HHP treatment at 100 (A), 250 

(B), 400 (C) and 550 (D) MPa (top to bottom), 35 oC, for 10 min 

 

 

Figure 6.12: The treated HHPcarb+CO2 E. coli inoculated broth sample after treatment at 

100 MPa, 35 oC for 10min, had white marks on its package corner  
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Figure 6.13: E. coli inoculated Ayran sample after CO2 treatment, from left to right: HHP, 

HHPcarb and HHPcarb+CO2 

 

6.2.4.2 Treatment of E. coli (Batch 2), B. subtilis and S. cerevisiae 

The second batch of inoculated E. coli culture was treated with HHP at 200, 300 and 

400 MPa for 2, 4 and 6 min, 25 oC. B. subtilis and S. cerevisiae samples were treated at 200, 

250 and 300 MPa, 25 oC, for 2, 4 and 6 min. For each pressure run, 2 bags of HHP and HHPcarb 

samples were treated together in the HHP unit. HHPcarb+CO2 sample bottle was treated 

separately due to the limitation of volume capacity of the pressure chamber. All treatments 

were repeated in duplicate. 

A control group of untreated packaged samples were prepared and placed on ice to monitor 

effects of both inoculated nutrient broths and spoiled Ayran samples over time. Untreated 

control samples accompanied each pressure level to ensure no growth/death of microorganisms 

occurred due to causes other than treatments and allowed for suitable comparison on the effects 

of non-thermal treatment before and after processing. The maximum time period before 

microbial analysis was carried out after high pressure treatment was 1 h.  

 

6.2.5 Analysis of treated samples 

6.2.5.1 Microbial analysis 

The treated samples and controls were analysed within 1 h after treatments. The 

samples were spread onto their corresponding growth agar plates (TSA for E. coli, Nutrient 

agar for B. subtilis, MRS agar for L. acidophilus and YPD agar for S. cerevisiae) directly and 

at different dilution factors from 10 to 106, after being diluted with sterilised saline water (0.85 

% w/v of NaCl) (Fig. 6.14). Each dilution was done in duplicate and 3 dilutions were applied 
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for each sample, consequently to a total of 6 plating replicates per sample. The detection limit 

of this method was 100 cfu/ mL. 

 

 
Figure 6.14: Procedure of dilution and spreading on agar plates for microbial samples 

 

  

  
Figure 6.15: Examples of agar count plates of E. coli inoculated samples before and after 

treatments. 
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These plates were incubated aerobically at 37 ºC for 24 h for E. coli and B. subtilis, 37 

ºC for 72 h for L. acidophilus (Karagül-Yüceer et al., 2001) and at 30 oC for 48 h for S. 

cerevisiae prior to counting of colonies (Figure 6.15). The results were recorded as log of 

colony forming unit per millilitre of sample (cfu/mL). N0 was the initial cfu/mL before 

treatment and N was the cfu/mL after treatment. 

 

6.2.5.2 pH 

The pH of the samples were measured by a pH meter (Mettler Toledo, Seven Multi). 

Buffer solutions at pH 4.0 and pH 7.0 were used to calibrate the instrument prior to use. Three 

consecutive measurements were taken in 1 min intervals.   

 

6.2.6 Statistical analysis 

The statistical analysis of results was carried out using SPSS version 21 (IBM SPSS 

Statistics, International Business Machines Corporation, New York, USA). The significance 

values for all of the analyses were set at p < 0.05. The results were used for ANOVA analysis 

and Tukey test.  

 

6.3 Results and discussion 

6.3.1 Escherichia coli 

6.3.1.1  Preliminary study (Batch 1) 

The pressure level range of 100 to 600 MPa was used for preliminary study because it 

is the operational range used in commercial HHP process. E. coli was selected since it is one 

of the most commonly used microorganisms in food safety testing. The combination treatment 

was performed in the growth nutrient broth of E. coli (TSB, pH = 7.3±0.2, not adjusted) with 

3 different levels of added CO2 100, 300 and 600 MPa for 5 min (Fig. 6.16). There were no 

significant differences in log reduction between the HHP, HHPcarb and HHPcarb+CO2 

samples at all tested pressures. The increase in pressure increased the log reduction from 0.5 

log to 8 log reduction at 100 and 600 MPa, respectively. Kincal et al. (2005) studied the effect 

of sub- and supercritical stage on microbial inactivation. In our study, because of the amount 

of CO2 used and the very high pressure, all of the CO2 was dissolved into the aqueous phase. 
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Therefore, the effect of the increasing temperature would be in the increase of the fluidity of 

the microbial cell membrane. The process temperature was increased to 35 oC for the next set 

of experiment to observe the mentioned effect. 

 

 
Figure 6.16: Inactivation E. coli using HHP, HHPcarb and HHPcarb+CO2 at 100, 300 and 

600 MPa, 25 ºC for 5 min. 

 

 
Figure 6.17: Inactivation of E. coli using HHP, HHPcarb and HHPcarb+CO2 at 100, 250, 

400 and 550 MPa, 35 ºC for 10 min (*significant difference at p < 0.05). 

 

0

1

2

3

4

5

6

7

8

9

100 300 600

L
o
g
 r

ed
u

ct
io

n
 (

N
0
/N

)

Pressure (MPa)

HHP

HHPcarb

HHPcarb+CO2

0

1

2

3

4

5

6

7

8

9

100 250 400 550

lo
g
 r

ed
u

ct
io

n
 (

N
0
/N

)

Pressure (MPa)

HHP

HHPcarb

HHPcarb+CO2

* 

HHPcarb+CO2 

HHPcarb+CO2 



 

 

142 Microbial effects of combined HHP and DPCD process 

In Set 2, E.Coli culture was treated at 100, 250, 400 and 550 MPa at 35 oC, for 10 min. 

Addition of CO2 had no significant difference at low pressure (100 and 250 MPa), but showed 

significant synergistic effect with HHP at 400MPa. HHPcarb and HHPcarb+CO2 samples had 

log reduction values of 5.6 and 8.0 log reduction compared to 3.9 log reduction when treated 

with HHP alone (Figure 6.17). At 550 MPa, all the treated samples were completely inactivated 

at an 8-8.5 log reduction. Addition of CO2 showed synergistic inactivation with HHP at lower 

pressure (i.e. 400 MPa) to achieve the critical 5-log pathogen reduction standard for an 

effective food pasteurisation (CODEX, 2007). It would potentially reduce the operation 

pressure of HHP by approximately 30 % from a standard 600 MPa to 400 MPa for a satisfactory 

non-thermal pasteurisation for high acidic food. The results also suggested that it was 

unnecessary to examine the combined process above 550 MPa since there were 8 log reduction 

were achieved by all treatment conditions and so no differences between treatments could be 

observed. Further experiments on this combination process were carried out within a pressure 

range of 200-400 MPa, for shorter treatment time (2-6 min) to be more applicable to the food 

manufacturing practices.  

 

6.3.1.2 Batch 2 

In Batch 2, the Escherichia Coli culture was treated at 200-400 MPa, 25 oC, for 2-6 min 

with 3 different levels of CO2. The viability of each treated sample was compared to its 

corresponding control sample and the log reductions are presented in Figure 6.18. There were 

no effects of injected CO2 in HHPcarb and HHPcarb+CO2 samples at atmospheric pressure 

(same viability as control untreated samples). No significant differences were found in log 

reduction between the treated samples at 200 and 300 MPa at all treatment times and at 400 

MPa for 2 min. However, addition of CO2 tended to increase the E. coli inactivation of HHP 

within those treatment conditions with an increase in the mean value of 0.5-1.0 log reduction 

unit. E. coli is a gram-negative, facultative anaerobic, rod shape bacteria, which is one of the 

most common bacteria causing food borne illness and considerably baro-resistant and 

insensitive to antimicrobials (Carlos et al., 2003; Mota et al., 2013).  

At 400 MPa, after 4 min, addition of CO2 significantly increased E.Coli inactivation in 

CO2 treated samples with log reduction values of 1.68, 2.67 and 4.33 for HHP, HHPcarb and 

HHPcarb+CO2 samples, respectively. At 400 MPa, 6 min, the log reduction of HHPcarb+CO2 

sample was significantly higher than that of HHP sample (4.09 and 2.53 log, respectively), 
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while there were no significant differences between HHP and HHPcarb samples. The increase 

in CO2 addition also had a positive correlation with the increase of log reduction across all 

treated samples (correlation coefficient of 0.307, p = 0.02).  The synergistic effect of CO2 

increased with increasing pressure and time.  

 

 

Figure 6.18: Log reductions of E. coli treated by HHP, HHPcarb and HHPcarb+CO2 (0.4% 

w/w) at 200, 300 and 400 MPa, 25ºC, for 2, 4, and 6 min, in its growth medium (*significant 

difference at p < 0.05) 

 

In aqueous system, high pressure has compression effect on properties of water 

molecules and the hydrogen bond angles which can cause several chemical and biological 

changes. That can create more compact molecular structures (non-hydrogen and hydrogen 

bonded molecules becoming similar), leading to reduction in molecular space, sample volume 

and elevation of internal temperature (Mújica-Paz et al., 2011; San Martín et al., 2002). With 

DPCD treatment alone, many studies suggested that a long process holding time at above 10 

min were required to produce a 2 log reduction in E. coli inactivation in the broth and other 

juice media (Bi et al., 2014; Liao et al., 2007; Melo Silva et al., 2013; Ortuño et al., 2012a; 
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Ortuño et al., 2012b). The longer contact time of CO2 with the sample is required to allow 

sufficient amount of CO2 molecules to diffuse into the sample medium and microbial cells.  

In this combination process, both high pressure and diffused dense phase CO2 could 

cause a reduction in the sample extracellular pH, while DPCD could penetrate into the cells 

and decrease the intracellular pH, generating an excess of H+ protons (Damar & Balaban, 2006; 

Mújica-Paz et al., 2011). Normally, the cell membrane maintains a pH gradient between 

internal and external environments and pumps H+ protons across the membrane. When this 

process is overwhelmed by excess H+, it could cause damage to cellular membrane and 

leakages of intercellular components. Furthermore, CO2 can affect the cellular metabolism by 

inhibiting the key bacterial enzymes in E. coli. The rapid pressure release and expansion of 

CO2 from ultra-high pressure to atmospheric could also cause a physical damage by bursting 

the cells. Also, the pH lowering effect of CO2 could cause cell deformations and increase the 

sensitivity of bacteria to high pressure. 

Wang et al. (2010) applied a similar combination treatment of dissolved CO2 with HHP 

on E .Coli and observed that a synergistic effect of CO2 started at 150 MPa. That combined 

treatment caused additional 6 log reduction on E. coli inactivation at 250 MPa, 30 oC, 10 min, 

with 3.2 to 4.5 volume ratio of CO2/sample, resulting in 8.1 log reduction compared with 1.8 

log with HHP alone. Their results of scanning electron microscope (SEM) images and 

propidium iodine staining and fluorescence showed that dissolved CO2 significantly caused 

ruptures of cell membrane, deformations of shape and forming of rough surface, whereas HHP-

treated cells retained a relatively smooth surface. The permeability of bacterial cell was also 

increased up to 87 % with the increase of dissolved CO2 while it was unchanged in HHP-treated 

alone cells. Different to the study by Wang et al. (2010), our process had comparatively lower 

amount of added CO2, lower operation temperature and shorter time. Addition of CO2 enhanced 

microbial inactivation on E. coli of HHP with an additional reduction of 1 to 2 log units.  

 

6.3.3 Bacillus subtilis 

Bacillus subtilis was chosen in our study as a model gram-positive, spore-forming 

bacterium, which is halo-resistant, thermal resistant and relatively baro-resistant and can be 

used as a surrogate for other pathogenic Bacillus species. The combined treatment had 

significant effects on B. subtilis inactivation. All CO2 added samples (HHPcarb and 

HHPcarb+CO2 HHP) had significantly greater log reductions (7.5 log units) than that of HHP 
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samples at all tested pressures and times (Figure 6.19). There were no significant differences 

in log reduction between HHPcarb and HHPcarb+CO2 samples. Increase of CO2 level had a 

significant correlation with the inactivation of B. subtilis (correlation coefficient 0.704, p < 

0.001). Addition of in-situ CO2 caused an additional reduction of 6.5-7.5 log units in B. subtilis 

inactivation at low pressure (200 MPa), after short treatment time of 4 min.  

 

 

Figure 6.19: Log reductions of B. subtilis treated by HHP, HHPcarb and HHPcarb+CO2 (0.4 

%w/w) at 200, 250 and 300 MPa, 25ºC, for 2, 4, and 6 min, in its growth medium (*significant 

difference at p < 0.05) 

 

With HHP treatment alone, no inactivation effects were found at 200 to 250 MPa at all 

tested treatment times and at 300 MPa, 2 min. HHP inactivation was only found after 4 and 6 

min at 300 MPa with small log reductions of 1.81 and 2.76, respectively. Since B. subtilis is 

generally known as a strict aerobe (requiring oxygen to grow), there is a hypothesis that the 

absence of oxygen in the environment and sample media could lead to cell death. The effect of 

added CO2 level 2 (carbonated sample) and level 3 (carbonated and added headspace), at 

ambient pressure, were tested and presented in the 1st two bars in Figure 6.19. There were no 

significant differences in log reduction between those samples and untreated sample. Nakano 
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and Zuber (1998) demonstrated that B. subtilis has ability to switch to anaerobic growth using 

nitrate or nitrite or by fermentation when glucose and pyruvate or other amino acids are present. 

Some genes of B. subtilis can be expressed by oxygen limitation to adapt to anaerobic growth 

(Nakano & Zuber, 1998). 

At the minimum tested pressure and time (200 MPa, 2 min), addition of CO2 

significantly increased HHP inactivation by 4 log units from 0.03 to 4.03 and 4.43 logs in HHP, 

HHPcarb and HHPcarb+CO2 respectively. By 4 min at 200 MPa, a complete inactivation (7-

7.5 log reduction) were achieved in CO2 added samples. The results suggest that the addition 

of CO2 in HHP process can produce a satisfactory inactivation of B. subtilis of more than 5 log 

reduction at the minimal pressure of 200 MPa, 4 min, or 2 min at pressure at or above 250 

MPa. The effect was greater than that on E. coli.  

Heinz and Knorr (1996) studied the inactivation kinetics of HHP on B. subtilis and 

observed no inactivation of B. subtilis after approximately 10 min, at 250 MPa, 20 oC. Pressure 

at above 400 MPa was required for satisfactory inactivation. Spilimbergo et al. (2003b) used 

dense phase CO2 process and thermal treatment to treat spores of B. subtilis and demonstrated 

that supercritical CO2 had significant lethal effect on B. subtilis. A complete inactivation of B. 

subtilis spore was achieved after 2 h at 75 oC in CO2 while no reduction could be achieved by 

thermal process at the same temperature and time. The effect of DPCD occurred in 2 possible 

steps: 1/ Promoting germination of bacterial spores and activate their uptake of water molecules 

and external constituents and 2/ Penetration of CO2 through cell membrane of vegetative cells 

and increases its fluidity and permeability, resulting in damage of cell membrane and leakage 

of cellular components (Spilimbergo, et al., 2003b). 

Park et al. (2003) used sequential combination treatment of DPCD and HHP on B. 

subtilis and shown no significant effect of carbonation alone on its viability. HHP at 200 MPa 

only gave slight reduction of 0.5-1 log and a maximum of 5 log reduction was achieved at 600 

MPa. Synergistic effect of CO2 was also obtained at a pressure range from 200 to 500 MPa, 

which was most prominent at 300 MPa. Transmission electron microscopy (TEM) results 

showed that combination treatment of DPCD and HHP could significantly alter the intercellular 

arrangement in gram positive bacterial cell. A different gram-positive bacterium, 

Staphylococcus aureus, was treated with the combined process of dissolved CO2 in HHP by 

Wang et al. (2010). Similar to our finding, a 7 log reduction was achieved with addition of CO2 

in HHP at 350 MPa, 30 oC, 10 min, meanwhile HHP treatment had only 0.9 log reduction at 

the same level. Without CO2 added, a maximum log reduction of 1.7 log were observed at 440 
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MPa at 30 oC, 10 min. Their results also indicated significant cell shrinkage, membrane damage 

and 69 % leakage in treated S. aureus bacterial cells by dissolved CO2 in HHP.  

HHP inactivates microorganisms mostly by affecting microbial membrane functions, 

causing extensive loss in intracellular fluid constituents and inactivation of key enzymes or 

disabling membrane selectivity (Mújica-Paz and others 2011). Gram positive bacteria are 

generally more resistant to pressure than gram-negative bacteria due to the rigidity of their 

thick peptidoglycan layer, consisting of teichoic acids. However, B. subtilis was highly 

sensitive to our combined treatment of HHP and CO2. That might be due to CO2 effect on the 

membrane lipids bound to teichoic acids in the peptidoglycan layer, which weakens the cell 

membrane and so bacterial cells become more sensitive to HHP. Addition of CO2 would 

significantly enhance microbial inactivation of HHP. 

 

6.3.4 Saccharomyces cerevisiae  

Saccharomyces cerevisiae is a common yeast used in wine and beer fermentation, and 

also a model organism for microbial inactivation study of yeast species in food processing. The 

results of log reduction of S. cerevisiae inactivation by our treatments are presented in Figure 

3. Increases in time and pressure significantly increased yeast inactivation. At 200 MPa, there 

were no significant differences between log reductions of HHP, HHPcarb and HHPcarb+CO2 

treated samples at all tested times, with an average inactivation of 1-2 logs. At 250 MPa, 2 min, 

there was no significant effect of added CO2 in samples with an average log reduction of 2.9, 

2.1 and 2.8 units in HHP, HHPcarb and HHPcarb+CO2, respectively. However, at 250 MPa, 4 

min, HHPcarb+CO2 sample had significantly higher log reduction (6.2 log) than that of HHP 

and HHPcarb samples (4.7 and 4.8 log unit, respectively). At 250 MPa, 6 min, addition of CO2 

further improved the inactivation of HHP, with reductions of 6.4 and 6.3 log unit in HHPcarb 

and HHPcarb+CO2 samples while 5.73 log unit in HHP sample. At 300 MPa, 6.5 log reduction 

was obtained in all treated samples. Addition of CO2 could increase the yeast inactivation with 

HHP. 
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Figure 6.20: Log reduction of S. cerevisiae treated by HHP, HHPcarb and HHPcarb+CO2 

(0.4% w/w) at 200, 250 and 300 MPa, 25ºC, for 2, 4, and 6 min, in its growth medium 

(*significant difference at p < 0.05) 

 

Compared with bacterial cells, S. cerevisiae, or yeast, is relatively more sensitive to 

HHP due to its bigger size and higher compression stress distribution, but more resistant to 

DPCD process due to its thicker cell wall (Garcia-Gonzalez et al., 2007; Norton & Sun, 2008). 

Shimada et al. (1993) investigated the effect of HHP on yeast cells at 100-600 MPa (25 oC) 

using SEM and TEM and showed that the organelles of S. cerevisiae cells were highly sensitive 

to pressure. The yeast cell wall started to be affected at 100 MPa with bud scars on the surface 

and all cellular membrane and organelles, including nucleus, mitochondria, endoplasmic 

reticulum and vacuole, were disrupted at 400 MPa (Shimada et al., 1993). According to Norton 

and Sun (2008), it is evident that cell inactivation by HHP is dependent on the geometry of the 

microorganisms related to the mechanical stress of pressure on the cell wall and osmotic 

pressure gradient.  

In DPCD process, a treatment time of above 15 min was required to achieve adequate 

yeast inactivation (Ortuño et al., 2013b; Spilimbergo & Ciola, 2010). Spilimbergo and Ciola 

(2010) investigated the effect of supercritical CO2 and nitrous oxide (N2O) on inoculated yeast 

in peach and kiwi juices and indicated that significant inactivation of DPCD (10 MPa, 35 oC) 

only appeared after 10 min treatment, but a 5 log reduction was achieved after 15 min. Ortuño 
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et al. (2012a) modelled kinetic inactivation of DPCD on S. cerevisiae in nutrient broth at 

different growth phases, showed that S.cerevisiae at stationary phase (as the one in our study) 

was most resistant to DPCD (35 MPa, 35 oC) treatment, no inactivation effect was obtained 

after 60 min of treatment time and satisfactory inactivation of 6.7 log unit could only be 

achieved after 140 min. In a later study, Ortuño et al. (2013b) reported that the combination of 

DPCD and high power ultrasound (HPU) (40 ± 5 W and 30 kHz) produced 7 log reduction of 

S. cerevisiae after 2 min treatment. It was suggested that application of CO2 required a 

substantial contacting time or driving force to diffuse into the yeast cells for significant 

inactivation (Ortuño et al., 2013b). 

Overall, there could be 3 possible mechanisms for the combination treatment of in-situ CO2 

and HHP effect on microbial cells: 

1. Disruption of cell membrane caused by penetration and diffusion of small, lipophilic 

CO2 molecules into the cell plasma layers, aided by HHP. That could damage the 

phospholipid bilayer and extract the internal components of the cell plasma, especially 

for gram positive bacteria.  

2. pH lowering effect by both HHP and DPCD and diffused CO2 molecules could further 

reduce intracellular pH and cause interior cell changes. 

3. The possible enrichment of CO2 on the surface of the bacterial cells, which could 

possible shield the cells from metabolic exchanges between cells and aqueous 

environment and cause cell narcosis (Wang et al., 2010). 

 

6.3.5 Inactivation of E. coli in Ayran yogurt 

The results of this work were obtained from the work of 4th year Engineering Project of 

(Bent, 2013), which was conducted in collaboration between Bent and the author of this thesis, 

for examining the microbial effect of the combination process in a food system. The acid 

adapted E. coli culture was inoculated to a salted Ayran yogurt sample and treated with HHP 

with or without addition of in-situ CO2 at 300-600 MPa, 25 oC, for 5-15 min. The results of the 

log reduction are presented in Figure 6.21. At 300 MPa, addition of CO2 tended to increase E. 

coli inactivation with HHP with higher mean log reduction in HHPcarb and HHPcarb+CO2 

sample from 1.7 log unit in HHP to 3.5 log unit in HHPcarb+CO2, after 10 min. At 450 MPa, 

after 5 and 10 min, the E.Coli viability level was only reduced by 4 logs with HHP alone, while 

addition of CO2 in HHPcarb+CO2 sample had an average of 6.1 log reduction at 10 min. 

Complete inactivation was achieved in all treated samples with 8.5 log reduction after 15 min, 
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at 300 and 450 MPa and at 600 MPa. In general, increase of pressure and time significantly 

increased the inactivation of E. coli of HHP and HHP with added CO2.  

 

 
Figure 6.21: Log reduction of Escherichia coli in Ayran yogurt using HHP, HHPcarb and 

HHPcarb+CO2 at different pressures 300, 450 and 600 MPa (25 ºC, 5, 10 and 15 min) 

 

Kincal et al. (2005) used a continuous DPCD system for microbial inactivation of 

pathogenic E. coli O157:H7, Salmonella typhimurium and Listeria monocytogenes in orange 

juice and reported a satisfactory 5-log reduction on all acid adapted pathogenic bacteria after 

DPCD treatment of and no viable cell were observed after 14 days storage at 22 oC. The 

pathogenic E. coli cells were fully inactivated at 107 MPa, 0.66 CO2/ juice ratio, 25 oC and 

34.5 oC. Treatment at 10 MPa, 30 oC, for 6 h was required for a 6.4 and 7.2 log reductions of 

E. coli in whole milk and skim milk, respectively (Erkmen, 2001). These results were in 

agreement with our findings on E.Coli inactivation in its nutrient broth, which suggested that 

the same positive effect of in-situ CO2 addition could occur in an acidic food system.  

 

6.3.6 Natural flora in spoiled Ayran yogurt sample 

The main natural flora in the probiotic Ayran yogurt sample were Lactobacillus 

acidophilus and bifidobacterium lactis. They are both Gram-positive, lactic acid bacteria that 
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grow in acidic conditions (pH below 5) and are usually present in dairy products. The spoiled 

salted Ayran yogurt (1 % w/w of NaCl, pH 4.15) with a growth of 6 log of its natural flora was 

treated with the combined treatments at 200, 300 and 450 MPa for 5 and 10 min and the results 

are presented in Figure 6.22. Addition of CO2 tended to assist the microbial inactivation with 

HHP. However, HHPcarb and HHPcar+CO2 did not show significant differences in log 

reduction compared to that of HHP sample, thus a synergistic effect of added CO2 with HHP 

could not be concluded in this case.  

 

 
Figure 6.22: Log reduction of natural floral in probiotic Ayran yogurt using HHP, HHPcarb 

and HHPcarb+CO2 at different pressures 200, 300 and 450 MPa (25 ºC, 5 and 10 min) 

   

Inactivation of food borne pathogens by HHP in dairy products such as yogurt has been 

reported at pressures that vary from 300 MPa to 600 MPa. However, HHP preservation is 

mostly suitable for acidified dairy products (e.g. yogurt) since it can cause denaturation of milk 

proteins and cause formation of clusters in milk. HHP application can improve the rennet (acid 

coagulation of milk) without affecting other important sensory and nutritional characteristics. 

HHP can effectively inactivate spoilage organisms in yogurt samples to increase the shelf life 

and improve the quality by preventing the syneresis (separation of an aqueous whey phase) 

since yogurt made from HHP treated milk had stronger gel network (Trujillo et al., 2002). 

There is increasing research effort in combined treatments for HHP, such as with mild thermal 
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effect and addition of antimicrobial compounds, to reduce the severity of applied pressure and 

in turn its impacts on physio-chemical properties of dairy products (Evrendilek & 

Balasubramaniam, 2011; Trujillo et al., 2002). Treatment of DPCD in dairy products also has 

shown significant microbial inactivation, thus addition of CO2 would be a promising approach 

(Erkmen, 2001; Erkmen & Doǧan, 2004). 

  

6.5 Conclusion  

Addition of CO2 in HHP processing had significant synergistic effect on microbial 

inactivation of E. coli and B. subtilis. That synergistic action could be due to combination effect 

of CO2 and HHP on the diffusion of dense phase CO2 under strong driving force of high 

pressure and pH lowering, causing cell disruptions and death. Addition of CO2 had no 

significant effect in the reduction of E. coli and lactic acid bacteria in a salted, acidic food 

system like Ayran yogurt. Further investigations at different concentrations of added CO2, 

pressure and process times in food products are required to understand the mechanisms and to 

validate this combination treatment for food processing. 
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CHAPTER 7 

Sensory evaluation of Feijoa products 

treated with combined HHP and DPCD 
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7.1 Introduction  

Feijoa, Feijoa sellowiana (synonym, Acca sellowiana), is a fruit-bearing evergreen shrub 

also known as “pineapple guava” due to its distinctive aroma and flavour between pineapple 

and guava (Weston, 2010). It is a unique exotic fruit and has high nutritional value, containing 

high amounts of vitamin C, polyphenols, folate and essential minerals. Feijoa pulp has been 

widely used in juice production, addition to dry muesli and smoothies and making Feijoa wine 

and vodka. However, its availability is limited by low fruit yield, the variation of fruit size and 

shape and fast ripening (Argüelles & Watson, 2011). A quick harvesting and processing has 

been essential for this fruit and a non-thermal process would be desirable to retain its fresh-like 

quality and health benefits.  

Non thermal food processing has rapidly increased in the food industry, especially in the 

fruit juice sector. High hydrostatic pressure (HHP) process has been commercialised widely, 

but it fails to inactivate some undesirable enzymes which deteriorate the product quality during 

storage. Dense phase carbon dioxide (DPCD) is the most promising technology for the 

beverage industry to overcome that problem and to maintain the freshness of the products 

during storage. There were no significant differences in sensory attributes, including colour, 

flavour, aroma and overall likeability, between untreated (fresh) and DPCD treated Muscatine 

grape juice (34.5 MPa at 8% and 16% CO2, up to 10 weeks storage at 4 oC) (Del Pozo-Insfran 

et al., 2006), beer products (20.7 and 27.6 MPa, 10 % CO2, for 5 min and after 30 day storage 

at 1.67 oC and at 21 oC) (Dagan & Balaban, 2006) and Roselle beverage (34.5 MPa, 8 % CO2, 

6.5 min and 40 oC) (Ramírez-Rodrigues et al., 2012).  

In this research, the combination of HHP and DPCD technology was studied and proven 

to enhance the enzymatic and microbial inactivation in feijoa puree samples, as shown in 

Chapters 3 to 6. This potentially increases the shelf-life of good quality feijoa products and 

may be extended to other beverages processed with HHP. The effects of this new combination 

technology on the sensory attributes (appearance, colour, texture, flavour) of the products is 

unknown. The presence of carbon dioxide can cause a sharp organoleptic effect which results 

in irritant sensation, or a refreshing perception (Carstens et al., 2002; Dessirier et al., 2000). 

Carbonated drinks are known to give an immediate fizzy sensation due to the bursting of CO2 

bubbles against the oral mucosa, followed by a trigeminal perception (Carstens et al., 2002). 

Unlike common carbonated drinks that have high amount of CO2 injected (approximate 2:1 

volume ratio) after pasteurisation, our products have a relatively low amount of CO2 as after 
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high pressure application, the dissolved CO2 would change back to its gaseous phase and 

release from sample medium. However, a certain amount of CO2 would still be trapped in the 

sample matrix, resulting in possible changes in appearance and a percepted trigeminal 

sensation. 

This study aimed to investigate differences in sensory attributes (appearance, colour, 

flavour and texture) between the control (untreated) and treated samples by this combined 

HHP+DPCD and HHP treatments and to evaluate the preference of panellists for different 

samples. 

  

7.2 Materials and methods 

7.2.1 Sample preparation 

Two sensory sessions were conducted to examine the effect of the process on the original 

Feijoa product (i.e. no additives) and to a conventional market product (i.e. with sugar addition) 

to mask the sharp sourness of Feijoa.  

Fresh feijoas (Acca sellowiana) were obtained from Frans and Tineke de Jong growers, 

Southern Belle Orchards (Matamata, Waikato), New Zealand. They were stored at 4 oC for 2 

weeks and taken out for ripening at room temperature for 1 week. Ripened feijoas were washed, 

peeled (approximately 2 mm from the skin surface), packed in vacuum bags and stored at -20 

oC until required. 

In session 1, frozen peeled feijoas were thawed 16-18 hours prior to processing. Thawed 

fruits were chopped to 3-4 cm cubes and blended with water at a ratio of 1:1 w/w, using a 

blender (Model 38BL40, Waring Commercial, USA) at setting 1 for 10 s and setting 2 for 10 

s, until the product was well mixed and looked like a feijoa smoothie. The blended sample was 

then divided into different transparent PET-1 bottles (34 mm bottle neck diameter, 60 mm 

bottom diameter and 183 mm height, LinkPlas Ltd., New Zealand) (392 mL) and labelled as 

“Control” (fresh, untreated) or treated. For high hydrostatic pressure (HHP) treated samples, 

the bottle was fully filled to the bottle neck. For high hydrostatic pressure and CO2 (HHP+CO2) 

treated samples, 120 g of sample was poured into the bottle, which was then carbonated by 

bubbling CO2 (Food Grade CO2 gas, BOC Ltd., New Zealand) at 1.28 L/min from the bottom 

of the puree for 5 min to reach saturation, then further CO2 was injected to fill the headspace, 

for 1 min, resulting in a volume ratio 1:2 (sample:CO2) (i.e 0.4 % w/w CO2, since this CO2 
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concentration showed synergistic effect on microbial inactivation of HHP). Then the bottles 

were processed at 600 MPa, 20 oC, for 5 min. The time to pressurisation was 1.5–2 min and 

depressurisation was within 5 s. The internal temperature of HHP chamber increased to 36-37 

oC during pressurisation and gradually decreased during holding time to 30-31 oC, which 

dropped back to about 20 oC after depressurisation.  

In session 2, Feijoa samples were sweetened after HHP processing by adding sucrose at 

10% w/w to mask the strong tingling sourness of Feijoa. This did not affect the solubility of 

CO2 into the samples during HHP processing. All the Feijoa samples were prepared and 

processed as described in Session 1 above. Then sucrose (commercial caster/fine crystal sugar, 

Homebrand, Woolworths Ltd., Australia) was mixed into the untreated and treated samples 

with stirring till fully dissolved. The concentration of sugar was chosen following a popular 

commercial Feijoa product (“Feijoa frenzy”, Simply Squeezed Ltd., New Zealand), which had 

12 % w/v sugar. Sugar level was slightly reduced to 10 % w/w to be suitable to our samples. 

The samples were served within 1 hr after processing (Fig. 7.1). 

 

 

Figure 7.1: Feijoa samples after treatments 

 

7.2.2 Subjects and testing conditions 

There were 38 untrained panellists (25 women and 13 men) in session 1 and 60 panellists 

(42 women and 28 men) in Session 2. They were given informed consent to participate in the 
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sensory evaluation test. The panellists were within the 18–34 year old age group, with 

ethnicities of Asian, European, Indian and Arab. They were non-smokers and consumed fruit 

products frequently (from “daily” to “once a week” consumption).  

The sensory evaluations were conducted in a controlled environment sensory room to 

ensure consistency. The room had a controlled ventilation system to maintain the room 

conditions at 20-25 oC, 30-65 % relative humidity, positive pressure to prevent external 

volatiles and natural white lighting. There were 6 separate sensory white booths, connected 

with the Sample Preparation room and equipped with a lifting window covers and serving table 

(Fig. 7.2 and 7.3). The sensory evaluation testing was approved by the University of Auckland 

Human participants Ethics committee on 07 May 2014 for 3 years, Reference number 011185. 

 

   

 

Figure 7.2: Sensory lab with internal desk for experimenter to give the samples (A), open 

connected window at each serving booth (B) and external sitting area for panellists in a separate 

room (C). 

A B 

C 
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Figure 7.3: Individual sensory serving booth 

 

7.2.3 Difference-from-control test procedure 

The “Difference – from – Control” test, an analytical “Overall difference” test, was 

chosen for sensory evaluation of our samples (Meilgaard et al., 2007). This test is used to 

determine if there is a detectable or perceivable difference between one or more test samples 

and a control and if there is a difference, its magnitude can also be quantified.  

The samples were prepared fresh in the test day and treated with the non-thermal 

processes HHP and HHP+CO2 as described above. The panellists were required to read the 

consent and evaluation forms for 5 min prior to be served with the samples. Verbal instruction 

on the tasting procedure was also given. A 5-mL volume of each product was placed in a 15 

mL portion cup coded with a “C” for control sample, or randomly selected 3-digit number for 

test samples (treated samples and Blind control) and given to the panellist with a plain cream 

cracker (Huntley & Palmers Ltd., New Zealand) (Table 7.1). The panellists were asked to taste 
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the “C” sample first then take sip of water and a bite of cracker to clean out their palates, then 

taste the Test sample. Panellists were asked to rate the differences between Control and test 

samples based on their Appearance, Colour, Flavour and Texture on a numerical scale of 1 to 

5 with words description, where 1 = No difference, 3 = Moderate Difference and 5 = Extreme 

difference (Question 1) (Appendix 8). There were 3 pairs of the samples given to panellists: 

Pair 1/ Control vs Product A – HHP treated, Pair 2/ Control vs Product B – HHP+CO2 treated 

and Pair 3/ Control vs Blind control. In order to randomise the presentation of the samples to 

the panellists, the sequence presented in Table 7.2 was applied. 

 

Table 7.1: Sample set up 

Sample  Description 

Control Untreated/ fresh sample 

A Treated sample with High hydrostatic pressure process at 600 MPa, 5 min. 

B Treated sample with combination of high pressure process and dense phase 

CO2 at 600 MPa, 5 min and 0.4 % w/w CO2  

Blind 

control 

Control sample with code number 

 

Table 7.2: Serving sequence and time 

Block Panellist number Pair 1 Pair 2 Pair 3 Hour 

1 1 – 6 C – A C – B C –C 9:00 – 9:30 

2 7 – 12 C – B C – A C – C 9:30 – 10:00 

3 13 – 18 C – A C – C C – B 10:00 – 10:30 

4 19 – 24 C – B C – C C – A 10:30 – 11:00 

5 25 – 30 C – C C – B C – A 11:30 – 12:00 

6 31 – 36 C – C C – A C – B 12:30 – 13:00 

7 37 – 42 C – A C – B C – C 13:30 – 14:00 

8 43 – 48 C – B C – A C – C 14:30 – 15:00 

9 49 – 54 C – C C – B C – A 15:30 – 16:00 

10 55 – 60 C – C C – A C – B 16:30 – 17:00 
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7.2.4 Preference test procedure 

On the Sensory Evaluation sheet, a Preference test question was given for each pair of 

tested samples (Question 2). The panellist had to choose the sample that was preferred (Forced 

Preference test).  

A question on level of Purchase Willingness was also included at the end of the 

evaluation form to determine the potential of commercialisation of the products. 

 

7.2.5 Statistical analysis  

The statistical analysis of results was carried out using SPSS version 21 (IBM, USA). 

The mean scores of difference-from-control for each sample and for the blind controls, were 

calculated and evaluated by Analysis of Variance (ANOVA) using Tukey test. A z-test was 

used to analyse the results of preference test. The significance value for all of the analyses was 

defined at p < 0.05. 

 

7.3 Results and Discussion 

7.3.1 Unsweetened Feijoa products 

In Session 1 (no sucrose added in the samples), the sample means for Appearance 

(surface look and particle appearance) and Colour were not significantly different between 

Control (untreated, fresh samples) and HHP or HHP+CO2 treated samples. However, there 

were significant differences in Flavour between Control and HHP and between Control and 

HHP+CO2 samples, with the mean scores of difference of 2.63 and 3.16, respectively (Fig. 

7.4). HHP+CO2 treated samples was also significantly different to Control in Texture attribute. 

This finding was in agreement with other studies on DPCD and HHP effects on the colour of 

fruit and vegetable-based samples (Damar & Balaban, 2006; Del Pozo-Insfran et al., 2006; 

Fernández García et al., 2001; Ferrentino et al., 2009; Oey et al., 2008). Damar and Balaban 

(2006) mentioned that DPCD had a protective effect on colour substances from oxidation in 

the process environment and sample medium and its pH reduction during the process aided the 

stability of vitamins and colours. HHP has no effects on the covalent bonds of low molecular 

weight compounds (i.e. colour and flavour molecules) at 20 oC (Oey et al., 2008). 
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Figure 7.4: The mean score of difference in sensory attributes between fresh and treated 

(unsweetened) Feijoa samples in Session 1 (n = 38) (a,b Columns that have the same letter(s) in 

the same attribute section are not significantly different at p < 0.05) 

 

According to written comments of panellists, HHP samples were more sour than the 

Control, while the HHP+CO2 samples had a stronger taste compared with the Control. 

Although the texture difference between Control and HHP sample was not significant 

compared to that of Blind control versus Control, some panellists commented that HHP-treated 

samples were slightly thicker than Control. Meanwhile, panellists commented that HHP+CO2 

samples had a thinner texture than that of Control sample. HHP process can cause disruption 

of cell walls and membranes, which induced the release of internal cell contents, including 

volatile compounds, polysaccharides, proteins, enzymes and fatty acids, resulting in possibly 

greater intensity of colour and flavour (Considine et al., 2008). HHP process also tended to 

increase the activity of pectinases, caused higher amounts of released pectin that bound to water 

molecules forming a gel-network and in turn higher viscosity in the fruit puree products (Oey 

et al., 2008).   

On the other hand, DPCD process has shown significant inactivation on pectinases (e.g. 

pectin methyl esterase, PME) in many fruit juices, such as orange, carrot, grape and melon 

juice (Balaban et al., 1991; Balaban & Liao, 2012; Chen et al., 2010). Similarly, the 

combination of HHP and DPCD treatment significantly decreased the activity of PME in carrot 
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juice and feijoa puree (Ortuño et al., 2013a; Park et al., 2002). This combination treatment 

could reduce the formation of de-esterified pectin, which could eliminate the gelation effect of 

HHP on fruit purees and improve cloud stability of juices during storage. Besides, the presence 

of CO2 in carbonated beverages could activate lingual nociceptors on the tongue due to the 

conversion of CO2 to carbonic acid by carbonic anhydrase. The nociceptors further excite 

trigeminal neurons which generate oral irritation signalling (Dessirier et al., 2000). Alongside 

with the sharp natural sourness of feijoa, this tingling sensation could be extremely prominent 

and unpleasantly irritating. That could explain the outcomes of the preference test, in which 

the Control sample was significantly preferred over the HHP+CO2 treated sample while it was 

not significantly preferred over the HHP sample (Table 7.3).  

 

Table 7.3: Preference test results for the treated unsweetened sample versus Control Feijoa 

sample in Session 1 (n = 38) 

Pair Sample Session 1 

Preferred N (%) Significant differences (p<0.05) 

1 HHP treated 24 (63) No 

Control 14 (37) 

2 HHP+CO2 treated 13 (34) Yes 

Control 25 (66) 

 

Most panellists perceived that the unsweetened feijoa products were excessively sour 

and bitter and not pleasurable to taste. The products could not be commercially acceptable. Due 

to those comments, we decided to re-formulate the feijoa samples with addition of sucrose 

similar to a commercial feijoa product.  

7.3.2 Sweetened Feijoa products 

In session 2, for sweetened feijoa products (10 % w/w sucrose), the sample means were 

very close and not significantly different among all the treated samples and Controls in all the 

sensory attributes (Fig. 7.5). Besides, there were no significant preference between any treated 

and control samples (Table 7.4). Sucrose molecules could compete with the dissolved CO2 in 

interacting with the subject taste buds and so suppress the irritation perception of nociceptors 

(Labbe et al., 2009). Interactions of sucrose with water in the samples could cause an increase 
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in its viscosity thus the significant differences in texture between Control and HHP+CO2 

sample was subdued and no longer perceptible. Addition of sucrose positively overcame and 

masked the undesirable sourness and overexpressed irritation of dissolved CO2 in HHP+CO2 

treated sample.  

 

 

Figure 7.5: The mean score of difference in sensory attributes between fresh and treated 

(sweetened) feijoa samples in Session 2 (n = 60) (a Columns that have the same letter in the 

same attribute section are not significantly different at p < 0.05) 

 

The panellist willingness of purchase was also affected: the mean of 3.5 (Might/ Might 

not purchase) in session 1 increased to 4 (Probably would purchase) in Session 2, on a 5-point 

scale (1 = “Definitely would not purchase” to 5 = “Definitely would purchase”) (Appendix 8). 

All the panellists in this study were informed that those products were treated with non-thermal 

processes and still showed high purchase willingness, although another study reported that 

consumers are resistant to the non-thermal food processing (Lee et al., 2015).  

 

 

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

Appearance Colour Flavour Texture

M
ea

n
 s

co
re

 o
f 

d
if

fe
re

n
ce

Sensory attributes

HHP vs Control HHP+CO2 vs Control Blind control vs Control

a 
a a 

a 
a 

a 

a 

a 
a 

a a 
a 

HHP+CO2 



 

 

164 Sensory evaluation of Feijoa products treated with combined HHP and DPCD 

Table 7.4: Preference test results for the treated sweetened sample versus Control Feijoa 

samples in Session 2 (n = 60) 

Pair Sample Session 2 

Preferred (N (%)) Significant differences (p<0.05) 

1 HHP treated 28 (47) No 

Control 32 (53) 

2 HHP+CO2 treated 27 (45) No 

Control 33 (55) 

 

Positive written feedbacks from panellists indicated that the samples had the right 

sweetness and texture. Since most commercial products have sugar or sweeteners added, this 

combination process would not cause an impact on consumer acceptance. Labbe et al. (2009), 

reviewed the sensorial and psychophysiological foundation of refreshing perception and stated 

that the sensory attribute “acid” was positively correlated with “refreshing” perception by the 

consumers which is an important selling factor for beverages. Hence, the presence of CO2 in 

the samples could be an advantage for HHP processed fruit products.    

 

7.4 Conclusion 

The combination process did not alter the appearance and colour, while significantly 

affecting the texture and flavour of unsweetened feijoa samples. Addition of CO2 into HHP 

process could eliminate the gelation effect of high pressure on the texture of fruit products. The 

dissolved CO2 in HHP+CO2 sample could create a tingling sensation, which could be easily 

masked by addition of sucrose. Consequently, there were no significant differences in sensory 

attributes and preferences between all treated samples and the fresh sweetened samples. 

Therefore, addition of CO2 into HHP process needs to be further exploited and applied to 

improve the quality of HHP processed fruit products. 
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CHAPTER 8 

Summary and General Discussion  
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High hydrostatic pressure (HHP) and dense phase carbon dioxide (DPCD) have been 

used as two separate non-thermal technologies for food preservation, with different 

mechanisms. The combination of HHP and DPCD process was shown to enhance the efficiency 

of current HHP technology in enzyme and microbial inactivation (Corwin and Shellhammer, 

2002; Park et al.; 2002; Park et al., 2003; Wang et al., 2010). However, no study investigated 

the combined treatment effect on the enzymes at the molecular level and no sensory evaluation 

was performed. The previous studies were generally a combination of sequential applications 

of DPCD followed by HHP (Park et al., 2002; Park et al., 2003), or addition of saturated CO2 

at atmospheric pressure followed by HHP (Corwin & Shellhammer, 2002). Only one study 

applied a simultaneous application of DPCD and HHP (i.e. addition of different levels of CO2 

inside the container to be placed into the HHP chamber) for microbial inactivation, however, 

the CO2 concentration was only up to 1.08 % w/w (Wang et al., 2010). 

Our hypothesis was that an appropriate amount of CO2 added into the container before 

HHP treatment would result in a synergistic effect of combined HHP and DPCD treatment for 

improved enzyme and microbial inactivation. This model needed to be studied by starting with 

a real food regarding microbial, enzymatic and sensory perspectives and evaluate shelf life for 

possible industrial application. Then the combined process needed to be applied to a pure 

enzyme to examine its kinetic mechanism of inactivation and size and conformation related 

changes at a molecular level. Therefore, this research aimed to establish a simultaneous 

combined application of HHP and DPCD, to examine this combined technology on fruit 

enzymes of feijoa puree, to optimise the process parameters for enzyme inactivation, to 

investigate the changes in pure polyphenoloxidase secondary structure, overall size, 

inactivation kinetics and recovery and microbial and sensory effects.  

The primary challenge of simultaneously combining HHP and DPCD was how to add 

a specific amount of CO2 in a specific container to be processed by HHP above 200 MPa 

without bursting. This research developed methods to use pouches (in Chapters 2 and 3) and 

flexible bottles (in Chapters 4, 5 and 7) to apply this combined technology. The sealing and 

pressure holding ability of packaging were carefully tested prior to experiments. In uses of both 

packaging methods, the effects of addition of CO2 were significant in improving the enzyme 

and microbial inactivation of HHP, which generally increased with increasing CO2 levels.  

The preliminary study in Chapter 2 on feijoa puree showed that the combined HHP and 

DPCD process had synergistic effects on enzyme inactivation with an additional reduction of 
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10 to 40 % of residual enzyme activity (REA). Meanwhile, HHP treatment alone could increase 

the REA of POD to 140 % of original at 300 MPa, 5 min.  A similar finding was reported by 

Gomes and Ledward (1996) on mushroom PPO crude exact that had 140 % REA after HHP 

treatment at 400 MPa, 10 min. Addition of CO2 caused no significant differences on appearance 

and colour compared to that of HHP alone. These results indicated that the combined method 

gave results in agreement with our hypothesis and it could be used for further investigation. 

The process conditions, including pressure (200-600 MPa), time (1-13 min), CO2 level 

(HHP, HHPcarb and HHPcarb+CO2 (1.7 % w/w)) and pH (3.0-3.6) were then investigated 

using response surface methodology to examine the effect of each parameter and to find the 

optimal process conditions (Chapter 3). The level of CO2 had the most significant effect on 

PME, while longer treatment time significantly increased the combined process effect on all 3 

feijoa enzymes. Meanwhile, pressure and pH reduction had negligible effect on all 3 enzymes. 

The optimal conditions of combined HHP and DPCD process for feijoa enzyme inactivation 

were found to be at 600 MPa, 13 min, CO2 saturation and pH 3.0, resulting in 26, 30 and 50 % 

activity reduction in POD, PPO and PME, respectively. The optimal pressure condition was 

found to be at 600 MPa, thus this was used for further examinations of the combined effect 

with wider range of CO2 addition (Chapter 4). 

At pressure of 600 MPa, 5 min, (internal temperature of HHP chamber were between 

32 and 40 oC), increasing CO2 from 0.1 to 2.4 % w/w significantly decreased the enzyme 

activity of PME, PPO and POD by 30 to 50 %, while HHP treatment only could decrease 5 to 

10 % REA. There was no recovery in activity of treated feijoa samples after 4 weeks frozen 

storage, although freezing effect on enzyme activity reduction was observed in all samples. 

The effect of CO2 was confirmed and suggested to be due to its molecular effect on the protein 

secondary structure and possibly related to enzyme overall size (Chen et al., 1992; Hu et al., 

2010).   

Kinetic and storage studies on the activity, structure and size of pure mushroom PPO 

(EC1.14.18.1) were performed (Chapter 5), since its structure is known and has been studied 

in many inactivation kinetics by HHP and DPCD systems. Hence, the results could be 

sufficiently compared and contrasted. The effect of added CO2 was significant in pure PPO 

with activity reduction at 70-80 % at 600 MPa, only after 1-2 min, respectively. Meanwhile, 

HHP (600 MPa, 1 to 9 min) caused no change in pure PPO activity. Interestingly, although 

enzyme reduction was only observed in HHPcarb+CO2 (3.6 % w/w CO2) samples, there were 
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changes in enzyme secondary conformations in both HHP and HHPcarb+CO2 treated PPO. 

The main differences between HHP and HHPcarb+CO2 samples were their protein size, in 

which the sizes of HHPcarb+CO2 samples were 5-6 folds greater than that of HHP. This 

indicated an overall change in protein chain interactions, possibly related to its active sites and 

distances between all the protein subunits rather than a particular secondary structure fraction. 

The inactivation kinetics of combined HHP and DPCD followed a 2-fractional model 

with one fast and one slow first order steps, contributing to 70 % and 30 % of PPO original 

activity, with inactivation constants of klabile = 12.15 min-1 and kstable = 0.07 min-1, respectively. 

That was in line with other studies on enzyme kinetics in which enzyme appeared to be 

characterised by several isozymes that could be divided into 2 fractions: a stable and a labile 

one (Nunes et al., 2006; Yi et al., 2012). The enzyme inactivation mechanisms of combined 

HHP and DPCD was proposed as shown in Fig. 5.12 and explained in section 5.3.3. In general, 

those mechanisms would mainly follow the mechanism of DPCD (5-6 folds increase in 

molecular size). The increasing of temperature as the result of compression would increasing 

the diffusion coefficient of CO2. Overall, addition of CO2 in HHP caused enzyme 

conformational changes and size enlargement, resulting in substantial loss of enzyme activity 

with no recovery over 1 month storage at 4 oC.   

In microbial inactivation, addition of CO2 in HHP also had synergistic effect in 

inactivation of Gram negative (E. coli) and Gram positive (B. subtilis) bacteria and yeast. The 

combined process resulted an additional 1-2 logs reduction in E. coli and yeast and reduction 

of more than 7.5 log in B. subtilis (starting from 250 MPa, 2 min) compared with HHP 

treatment alone. Combining HHP and DPCD also showed positive effect in microbial 

inactivation of acid adapted E. coli and natural flora of Ayran yogurt (a salted, acidic food 

model). The microbial inactivation mechanism would be caused by presence of CO2 in HHP 

affecting microbial cells by 3 means: 1/ Disruption of cell membrane caused by penetration 

and diffusion of CO2 molecules causing membrane damages and extraction of components, 

especially in Gram positive bacteria and 2/ pH lowering effect on the extracellular and 

intercellular environments, 3/ Possible enrichment of CO2 on the surface of the bacterial cells 

which could shield cells from metabolic exchanges (Wang et al., 2010). 

For sensory evaluation, a pressure of 600 MPa, 5 min treatment was used corresponding 

to the conditions used in Chapter 4 that resulted in significant enzyme inactivation. Also, this 

would ensure the safety of treated products for consumption (Chapter 6). From the Difference-
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from-Control test results, the combination process did not affect the appearance and colour, 

while influencing the texture and flavour of unsweetened feijoa samples. HHP treated samples 

seemed to be more viscous than HHPcarb+CO2, which was possibly due to gelation by PME 

activity. However, this could not be proven because there was no direct sensory comparison 

between HHP and HHPcarb+CO2. In future studies, this could be evaluated by using Triangle 

test for each pair of samples and rheological measurements.  HHPcarb+CO2 sample had a 

detectable tingling sensation possibly due to interaction of CO2 molecules forming carbonic 

acid and producing sour sensation on the tongue taste buds. This was masked by addition of 

sucrose (10 % w/w). Consequently, there were no significant differences in sensory attributes 

and preferences between HHPcarb+CO2 samples and the Fresh sweetened purees. Also, there 

is possibility that the tingling effect of CO2 could enhance the refreshing sensation of beverages 

(Carstens et al., 2002; Dessirier et al., 2000). That should be further examined in different 

beverage products. Overall, this research has added more knowledge to HHP and DPCD 

applications (Fig. 8.1), which should be further studied (red arrow).  

 

 
Figure 8.1: The fitting of our research within the literature of HHP, DPCD and other combined 

HHP and DPCD studies: Corwin and Shellhammer, 2002; Park et al, 2002; Park et al, 2003; 

Wang et al., 2010; corresponding to the applied pressures and CO2 concentrations (red arrow: 

indicating direction for further study of this combination treatment) 
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Conclusions 

 This research successfully combined simultaneous HHP and DPCD technologies and 

contributed to the knowledge in this area: 

 Addition of CO2 in HHP increased enzyme inactivation in feijoa POD, PPO and PME 

enzymes without affecting the product colour. 

 Best process conditions to reduce activity of feijoa enzymes were: 600 MPa, 13 min, 

saturation with CO2, pH = 3.  

 This combined process altered pure mushroom PPO enzyme secondary conformations 

(decrease of alpha helix -> increase of unordered chains) and enlargement of protein 

size with no recovery after 1 month storage at 4ºC.  

 Inactivation kinetic of pure mushroom PPO enzyme was described by Weibull, Peleg 

and 2-fractional models. 

 Addition of CO2 improved microbial inactivation of HHP in E. coli and B. subtilis, 

especially in B. subtilis in growth media.  

 The combined process caused no significant differences in sensory attributes and 

preferences in sweetened feijoa products compared to fresh. 

Future Recommendations 

 Design and build a device that can hold specific levels of gaseous CO2 and allow 

movement of CO2 gas to be dissolved into and released out of the samples, for process 

verification and commercial applications.  

 Test the process effect on pathogens in food environments.  

 Test the process effect on more enzymes to further understand the process mechanisms. 

 Investigate the morphological, compositional and crystallographic information of 

treated enzymes (after purification) and microbial cells using transmission electron 

microscopy (TEM).  

 Perform longer shelf-life study at 4 ºC and -20 ºC for treated samples. 
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APPENDICES 

APPENDIX 1- Statistic analysis of preliminary study 

Table A1.1: Correlation coefficient between analysis assays 

  Total Phenol Content DPPH ABTS 

DPPH 0.991 1  

ABTS 0.998 0.996 1 

FRAP 0.998 0.996 0.999 

 

Table A1.2: Mean values of enzyme activity of all the feijoa puree sample 

Sample Residual enzyme activity (%) 

 

 POD PPO PME 

Control 100.0±5.4 100.0±13.1 100.0±6.7 

HHP 88.9±14.8 126.0±14.3 114.1±24.1 

HHPcarb 106.4±10.5 85.5±14.9 124.2±15.2 

HHPcarb+CO2 115.3±10.5 85.5±24.5 74.1±7.4 

 

Table A1.3: REA of POD, PPO and PME enzyme activity of feijoa puree samples 

Sample %REA of POD %REA of POD % REA of PME 

Control 1  100.0±0.0 100.0±14.1 100.0 

HHP S1 83.3±8.7 140.0±0.0 127.1±25.5 

 S2 79.2±9.1 130.0±10.9 96.8 

 S3* 104.2±6.9* 120.0 155.8 

Control 2  100.0±6.7 100.0±0.0 100.0±4.1 

HHPcarb S1 103.8±0.0 72.2±35.3 128.7±13.8 

 S2 111.5±6.0 83.3±0.0 128.5±17.4 

 S3 103.8±19.2 72.2±13.3 120.8±20.2 

Control 3  100.0±0.0 100.0±10.2 100.0±4.8 

HHPcarb+CO2 S1 120.8±6.0 100.0±10.2 77.0±1.8 * 

 S2 116.7±12.4 88.2±0.0 67.3±3.8 

 S3 108.3±13.3 47.1±21.7* 66.4±3.4* 

    S1 ≠ S3 

Mean values Control 100.0±5.4 100.0±13.1 100.0±6.7 

 HHP 88.9±14.8 102.0±33.0 114.1±24.1 

 HHPcarb 106.4±10.5 82.0±19.4 124.2±15.2 

 HHPcarb+CO2 115.3±10.5 80.0±32.0 74.1±7.4 
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APPENDIX 2 – Response surface methodology analysis data for enzyme 

activity of treated feijoa puree samples 

 

Table A2.1: Correlations between the process parameters and enzyme activities and colours 

of samples 

Variables POD PPO PME L* a* b* 

Time -0.606* -0.499* -0.221* 0.065 0.637* 0.172 

Pressure -0.395* -0.473* -0.083 0.256* 0.266* 0.138 

pH 0.021 -0.189 0.136 -0.212 0.222* 0.059 

CO2 level -0.035 -0.122 -0.400* -0.214 0.311* 0.039 

POD  0.750* 0.111 -0.154 -0.640* -0.167 

PPO 0.750**  0.231* -0.156 -0.663* -0.202 

PME 0.111 0.231*  -0.081 -0.169 -0.093 

* Correlations significant at 0.05 level  

L*: Lightness, a*: redness,  b*: yellowness 
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Figure A2.1: Effect of CO2 on POD enzyme activity at different treatment times and pH 
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Figure A2.2: Effect of CO2 on PPO enzyme activity at different treatment times and pH 
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Figure A2.3: Effect of CO2 on PME enzyme activity at different treatment times and pH 
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APPENDIX 3 – Optimisation analysis by RSM 

 

 

Figure A3.1: Optimisation plot of response surface optimiser design for individual enzyme 

and for a composite of all 3 enzyme 

 

 

Figure A3.2: Optimisation plot of response surface optimiser design for peroxidase enzyme 
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Figure A3.3: Optimisation plot of response surface optimiser design for polyphenoloxidase 

enzyme 

 

 

Figure A3.4: Optimisation plot of response surface optimiser design for pectin methyl 

esterase enzyme 
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The optimisation analysis in the Minitab programme was set as Goal: Minimise, Target: 30%, 

Upper limit: 100 %, which meant to find the levels of factors to minimise the responses (i.e. 

enzyme activity) to a Target of 30 %, which has the upper limit of 100 %. 

Those optimization plot shows how the factors affect the predicted responses and allows us to 

modify the factor settings interactively. 

    Each column of the graph corresponds to a factor.  

    The top row of the graph corresponds to the composite desirability, if shown. Each 

remaining row corresponds to a response variable.  

    Each cell of the graph shows how the corresponding response variable or composite 

desirability change as a function of one of the factors, while all other factors remain fixed.  

    The numbers displayed at the top of a column show the current factor level settings (in 

red) and the high and low factor settings in the experimental design.  

    At the left of each response row, Minitab shows the goal of the response, the predicted 

response, y, at the current factor settings and the individual desirability score.  

    The composite desirability, D, is displayed in the top row and the upper left corner of the 

graph.  

    The vertical red lines on the graph represent the current factor settings. 

    The horizontal blue lines represent the current response values. 

    The grey regions indicate factor settings where the corresponding response has zero 

desirability. 
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APPENDIX 4 - Images of the Feijoa samples taken by Machine Vision and 
image analysis of LENSeye software 

 

 
Figure A4.1: Appearances of Control sample and treated sample S1-S7 (left to right) 

 
Figure A4.2: Appearances of treated sample S8-S13 (left to right) 

 
Figure A4.3: Appearances of treated sample S14-S19 (left to right) 

 

 
Figure A4.4: Appearances of treated sample S20 - S25 (left to right) 

 

 
Figure A4.5: Appearances of treated sample 26-27 (left to right) 
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Figure A4.6: Standardised images of treated feijoa puree samples by LENSEye software.  
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Figure A4.7: Colour plot with the % of total colour area vs their colour hue data of all feijoa 

samples 

 

 

Figure A4.8: Colour plot of L, a*, b* data of all feijoa samples from LENSEye program 
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APPENDIX 5 – Kinetic analysis and model fitting of enzyme inactivation 

 

Two Fractional model for enzyme inactivation, assuming that there were two isozyme 

fractions of different resistances. 

A(t): Total enzyme activity at a time t 

A1(0): Initial activity of isozyme 1, labile isozyme fraction 

A2(0): Initial activity of isozyme 2, stable isozyme fraction 

k1: inactivation constant of isozyme 1 

k2: inactivation constant of isozyme 2 

Function equation: 

A(t) = A1(0) exp(-k1 t) + A2(0) exp(-k2 t) 

 

We also know that  

A(0) = A1(0)+A2(0) 

Knowns: 

At t = 0:  A(0) total initial enzyme activity 

At t: A(t), t: total enzyme activity at time t 

The preliminary unkowns are: 

A1(0), A2(0), k1, k2 

Replace: 

A1(0) = A(0) - A2(0) 

Then: 

A(t) = [A(0)-A2(0)]exp(-k1 t) + A2(0) exp(-k2 t) 

Now there are 3 unknowns: 

A2(0), k1, k2 

 

Apply the Newton-Raphson non-linear solution method: 

Develop a function of the form F(x, y, z) = 0 

F = A(t) - [A(0)-A2(0)]exp(-k1 t) - A2(0) exp(-k2 t) = 0 

Also denote A2(0) as x, k1 as y, k2 as z 

F = A(t) - [A(0)-x]exp(-y t) - x exp(-z t) = 0 

Develop the sum of squares error (SS): 

 
Now, develop the partial differentials to minimize SS based on x, y, z. This is the vector F: 
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Apply the Newton-Raphson iterative method: 

Develop the Jacobian matrix as: 

 
 

The iterative procedure is: 

1) Guess an initial set of x, y, z 

2) Calculate the vector (F1, F2, F3) using these x, y, z values 

3) Calculate the Jacobian matrix using the x, y, z values 

4) Invert the matrix J to have J-1 

5) Multiply J-1 with the vector F. The result is another vector 

6) Subtract the resulting x, y, z vector from the used x, y, z vector. This is the new x, y, z 

vector. 

7) go to step 2 

8) stop when the difference between two sets of x, y, z values is less than a threshold. 

The following Visual Basic subroutine was developed: 

(to be replaced) 

Sub Fractional(Times() As Double, TotalAct() As Double, ByVal NData As Long, ByVal 

InitActivity As Double, ByVal InitA2Zero As Double, _ 

     ByVal InitK1 As Double, ByVal InitK2 As Double, ByVal TolErr As Double, ByRef 

FinalA2Zero As Double, ByRef FinalK1 As Double, _ 

     ByRef FinalK2 As Double, YCalc() As Double, ByRef SS As Double) 

' Date last modified December 19, 2014 

' Times() has the experimental time data 

' TotalAct() has the experimental total measured activity data 

' NData is the number of data pairs in the arrays above 

' InitActivity is the experimentally measured activity at time zero 

'TolErr is the tolerated error: absolute of the difference in two consecutive iterations must be 

lower than this to stop 
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' These are initial guesses: 

' InitA2Zero will be the initially guessed x value 

' InitK1 will be the initially guessed y value 

' InitK2 is the initially guessed z value 

' These are the results" 

'FinalA2Zero, FinalK1, FinalK2 

' The SS is the calculated final deviation from experimental values 

' 

     Dim Fct(3) As Double, Jacobian(3, 3) As Double, Interim(3) As Double 

     Dim AINV(3, 3) As Double, ier As Long 

     Dim temporary(3) As Double 

     Dim i As Long, j As Long, NCounter As Long 

     Dim X As Double, Y As Double, z As Double 

     Dim a As Double, b As Double 

 

     On Error GoTo ErrFractional 

 

     X = InitA2Zero 

     Y = InitK1 

     z = InitK2 

     b = InitActivity 

 

' Zero the vectors and matrix 

 

          For i = 1 To 3 

          Fct(i) = 0 

               For j = 1 To 3 

               Jacobian(i, j) = 0 

               Next j 

          Next i 

 

     NCounter = 0 

          Do While NCounter < 1000  ' ================================ 

' This is the start of iterations 

               For i = 1 To NData 

               Fct(1) = Fct(1) + Exp(-Times(i) * Y) * (2 * TotalAct(i) - 2 * Exp(-Times(i) * z) * (2 

* X - b)) + 2 * Exp(-2 * Times(i) * Y) * (X - b) - _ 

                    2 * TotalAct(i) * Exp(-Times(i) * z) + 2 * X * Exp(-2 * Times(i) * z) 

               Fct(2) = Fct(2) + Exp(-Times(i) * Y) * (2 * Times(i) * X * Exp(-Times(i) * z) * (X 

- b) - 2 * TotalAct(i) * Times(i) * (X - b)) - _ 

                    2 * Times(i) * Exp(-2 * Times(i) * Y) * (X - b) ^ 2 

               Fct(3) = Fct(3) + 2 * Times(i) * X * Exp(-Times(i) * Y - Times(i) * z) * (X - b) + 2 

* TotalAct(i) * Times(i) * X * Exp(-Times(i) * z) - _ 

                    2 * Times(i) * X ^ 2 * Exp(-2 * Times(i) * z) 
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               Jacobian(1, 1) = Jacobian(1, 1) - 4 * Exp(-Times(i) * Y - Times(i) * z) + 2 * Exp(-2 

* Times(i) * Y) + 2 * Exp(-2 * Times(i) * z) 

               Jacobian(1, 2) = Jacobian(1, 2) + Exp(-Times(i) * Y) * (2 * Times(i) * Exp(-

Times(i) * z) * (2 * X - b) - 2 * TotalAct(i) * Times(i)) + _ 

                    4 * Times(i) * Exp(-2 * Times(i) * Y) * (b - X) 

               Jacobian(1, 3) = Jacobian(1, 3) + 2 * Times(i) * Exp(-Times(i) * Y - Times(i) * z) * 

(2 * X - b) + 2 * TotalAct(i) * Times(i) * _ 

                    Exp(-Times(i) * z) - 4 * Times(i) * X * Exp(-2 * Times(i) * z) 

               Jacobian(2, 1) = Jacobian(2, 1) + Exp(-Times(i) * Y) * (2 * Times(i) * Exp(-

Times(i) * z) * (2 * X - b) - 2 * TotalAct(i) * Times(i)) + _ 

                    4 * Times(i) * Exp(-2 * Times(i) * Y) * (b - X) 

               Jacobian(2, 2) = Jacobian(2, 2) + Exp(-Times(i) * Y) * (2 * TotalAct(i) * Times(i) ^ 

2 * (X - b) - 2 * Times(i) ^ 2 * X * Exp(-Times(i) * z) _ 

                    * (X - b)) + 4 * Times(i) ^ 2 * Exp(-2 * Times(i) * Y) * (X - b) ^ 2 

               Jacobian(2, 3) = Jacobian(2, 3) + 2 * Times(i) ^ 2 * X * Exp(-Times(i) * Y - 

Times(i) * z) * (b - X) 

               Jacobian(3, 1) = Jacobian(3, 1) + 2 * Times(i) * Exp(-Times(i) * Y - Times(i) * z) * 

(2 * X - b) + 2 * TotalAct(i) * Times(i) * Exp(-Times(i) * z) - _ 

                    4 * Times(i) * X * Exp(-2 * Times(i) * z) 

               Jacobian(3, 2) = Jacobian(3, 2) + 2 * Times(i) ^ 2 * X * Exp(-Times(i) * Y - 

Times(i) * z) * (b - X) 

               Jacobian(3, 3) = Jacobian(3, 3) + 2 * Times(i) ^ 2 * X * Exp(-Times(i) * Y - 

Times(i) * z) * (b - X) - 2 * TotalAct(i) * Times(i) ^ 2 * X * _ 

                    Exp(-Times(i) * z) + 4 * Times(i) ^ 2 * X ^ 2 * Exp(-2 * Times(i) * z) 

               Next i 

 

' Now invert Jacobian. The old Jacobian can be destroyed 

          ier = 0 

          Call InvertMatrix(3, Jacobian(), AINV(), ier) 

               If ier <> 0 Then 

               MsgBox "Error " & ier & " in InvertMatrix" 

               Exit Sub 

               End If 

' Now multiply inverse Jacobian by Fct. The result is Temporary() 

          Call MATXVECT(AINV(), Fct(), temporary(), 3, 3) 

        '  L   = number of rows of matrix [ A ] 

        '  M   = number of columns of matrix [ A ] 

 

          Interim(1) = X - temporary(1) 

          Interim(2) = Y - temporary(2) 

          Interim(3) = z - temporary(3) 

 

               If Abs(temporary(1)) < TolErr And Abs(temporary(2)) < TolErr And 

Abs(temporary(3)) < TolErr Then 
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               FinalA2Zero = Interim(1) 

               FinalK1 = Interim(2) 

               FinalK2 = Interim(3) 

'calculate SS 

               SS = 0 

                    For i = 1 To NData 

                    SS = SS + (TotalAct(i) - (b - Interim(1)) * Exp(-Interim(2) * Times(i)) - 

Interim(1) * Exp(-Interim(3) * Times(i))) ^ 2 

                    Next i 

               Exit Sub ' ends here 

               End If 

 

          NCounter = NCounter + 1 

          MsgBox "Iteration " & NCounter & " SS = " & SS & " X= " & X & " y = " & Y & " z 

= " & z 

          X = Interim(1) 

          Y = Interim(2) 

          z = Interim(3) 

 

          Loop '================================================== 

MsgBox "1000 iterations done" 

     FinalA2Zero = Interim(1) 

     FinalK1 = Interim(2) 

     FinalK2 = Interim(3) 

'calculate SS 

     SS = 0 

          For i = 1 To NData 

          YCalc(i) = (b - Interim(1)) * Exp(-Interim(2) * Times(i)) - Interim(1) * Exp(-

Interim(3) * Times(i)) 

          SS = SS + (TotalAct(i) - YCalc(i)) ^ 2 

          Next i 

 

Exit Sub 

 

ErrFractional: 

     errors ("Error in Fractional") 

 

End Sub 
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Correlation of X Y data 

 

Define average X and Average Y: 

  

Then the correlation coefficient is: 

 Implementation: 

1- Calculate average X and Y values 

2- Define 3 accumulators: ACC1, ACC2, ACC3 

3- Calculate Xi-Xavg, and Yi-Yavg 

4- Multiply these and add to ACC1 

5- Square values in 3 and add to ACC2 and ACC3 

6- When N is reached, multiply ACC2 and ACC3 

7- Take square root 

8- Calculate rXY 

 

Sub CorrelCoeff (X() as double, Y() as double, N as double, rxy as double, Ier as long) 

Dim i as long, Acc1 as double, Acc2 as double, Acc3 as double 

Dim AvgX as double AvgY as double, TempX as double, TempY as double 

 

On error goto ErrCorr 

 

Ier = 0 

If N<2 then 

Ier = 1 

Exit sub 

Endif 

 

AvgX = 0 

AvgY = 0 

 

For i=1to N 

AvgX = AvgX + X 

AvgY = AvgY + Y 

Next N 

 

AvgX = AvgX / N 

AvgY = AvgY /N 

 

Acc1 = 0 

Acc2 = 0 

Acc3 = 0 

 

For i=1 to N 

TempX = X(i)-AvgX 
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TempY = Y(i)-AvgY 

Acc1 = Acc1+TempX*TempY 

Acc2 = Acc2 + TempX^2 

Acc3 = Acc3 + TempY^2 

Next N 

 

If acc2 < 0.001 then 

Ier = 2  

Exit sub 

Endif 

 

If acc3 < 0.001 then 

Ier = 3 

Exit sub 

Endif 

 

RXY = Acc1/(sqrt(Acc2*Acc3)) 

 

Exit sub 

ErrCorr: 

Ier = 4 

Exit sub 
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Table A5.1: Excel worksheet of calculated values based on the above equations for 2-fractional model 

 

Red: the selected parameters 

F1 F2 F3 J1,1 J1,2 J1,3 J2,1 J2,2 J2,3 J3,1 J3,2 J3,3

time %activity

t a

0 100 0 0 0 0 0 0 0 0 0 0 0 0

0 100 0 0 0 0 0 0 0 0 0 0 0 0

1 34 -10.4816324 0.00151814 319.387863 1.73381924 -0.00027296 -42.3498896 -0.00027296 -0.00151811 0.00765204 -42.3498896 0.00765204 1290.4524

1 22.98 10.0393667 -0.00145409 -305.911498 1.73381924 -0.00023021 -62.8709314 -0.00023021 0.00145412 0.00765204 -62.8709314 0.00765204 1915.75176

3 24.1 0.79957074 -1.5076E-15 -73.0914753 1.30303742 -2.4353E-15 -121.513786 -2.4353E-15 4.5229E-15 2.246E-13 -121.513786 2.246E-13 11107.9876

3 18.66 9.58154869 -1.8067E-14 -875.881886 1.30303742 -2.1971E-15 -147.85972 -2.1971E-15 5.42E-14 2.246E-13 -147.85972 2.246E-13 13516.3588

5 22 -0.948872 1.294E-26 144.566017 0.97928286 -1.3541E-26 -144.454923 -1.3541E-26 -6.47E-26 2.0347E-24 -144.454923 2.0347E-24 22008.5246

5 27.7 -8.92595166 1.2172E-25 1359.91923 0.97928286 -1.5105E-26 -104.569524 -1.5105E-26 -6.0862E-25 2.0347E-24 -104.569524 2.0347E-24 15931.7586

7 22.7 -5.11461768 4.2374E-37 1090.93731 0.73596882 -6.7069E-38 -121.178294 -6.7069E-38 -2.9662E-36 1.3006E-35 -121.178294 1.3006E-35 25847.0779

7 22.2 -4.5080005 3.7349E-37 961.547127 0.73596882 -6.6346E-38 -125.424614 -6.6346E-38 -2.6144E-36 1.3006E-35 -125.424614 1.3006E-35 26752.8092

9 12.4 3.81192039 -1.762E-48 -1045.38174 0.55310894 -2.3033E-49 -185.991979 -2.3033E-49 1.5858E-47 7.0115E-47 -185.991979 7.0115E-47 51006.4743

9 10.56 5.74717522 -2.6566E-48 -1576.10638 0.55310894 -2.1746E-49 -203.409273 -2.1746E-49 2.3909E-47 7.0115E-47 -203.409273 7.0115E-47 55782.996

0.0005075 6.4057E-05 -0.01543591 10.6104345 -0.00050317 -1259.62293 -0.00050317 -6.3984E-05 0.01530409 -1259.62293 0.01530409 225160.191

Jacobian Inverse Function Mult Calc. values

10.6104345 -0.00050317 -1259.62293 0.28039488 -1.82978644 0.00156875 0.0005075 8.7335E-07 30.4711305

-0.00050317 -6.3984E-05 0.01530409 -1.82978644 -15616.6233 -0.00917499 6.4057E-05 -1.00114274 14.1541861

-1259.62293 0.01530409 225160.191 0.00156875 -0.00917499 1.3218E-05 -0.01543591 4.378E-09 0.07140819

To find constant SS

A2 30 30.1780498 30.4593424 30.4711533 30.4711382 30.4711314

k1 9.3 9.48027255 10.1134562 11.1408502 12.1498847 13.1530434

k2 0.09 0.06413048 0.07100898 0.07140708 0.07140823 0.07140819

256.685468 215.817584 211.93218 211.932483 211.932483 211.932593

40.8678833 3.88540418 -0.00030266 0 -0.0001105
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Table A5.2: Changes in secondary structure fractions of PPO enzyme over 1 month storage at 4oC 

 Secondary structure fraction (%) 

 α-helix β-sheet Turns Un-ordered 

Sample Day0 Day7 Day30  Day0 Day7 Day30 Day0 Day7 Day30 Day0 Day7 Day30 

Ctrl 75±6 a,b 77±3 a 74±6 a-d 8±3 a-c 7±2 c 10±1 a-c 7±2 a,b 6±1 a 7±4 a,b 11±3 b,c 10±1 b,c 9±3 c 

HHP_1 67±4 a-f 72±9 a-c 66±0 a-f 8±0 b,c 11±6 a-c 10±1 a-c 9±3 a,b 6±2 a,b 9±1 a,b 17±1 a-c 12±1 b,c 14±4 b,c 

HHP_3 70±1 a-e 63±4 a-g 51±11 f-i 8±0 b,c 13±1 a-c 19±10 a-c 8±3 a,b 10±2 a,b 10±1 a,b 16±2 b,c 17±2 a-c 21±2 a-c 

HHP_5 57±1 b-h 67±3 a-f 63±2 a-g 12±0 a-c 11±2 a-c 17±8 a-c 11±4 a,b 13±8 a,b 10±1 a,b 22±1 a-c 11±2 b,c 13±4 b,c 

HHP_7 63±0 a-g 62±3 a-g 62±2 a-h 12±1 a-c 15±0 a-c 25±11 a 12±2 a,b 8±4 a,b 6±4 a,b 16±2 b,c 16±1 b,c 10±6 b,c 

HHP_9 51±1 f-i 64±2 f-i 47±1 g-i 13±1 a-c 11±1 a-c 25±1 a-c 14±3 a,b 11±1 a,b 7±5 a,b 24±1 a,b 16±1 b,c 22±4 a-c 

HHP+CO2_1 55±1 c-h 51±9 e-i 48±6 g-i 14±6 a-c 18±6 a-c 23±2 a-c 11±0 a,b 15±2 a,b 12±1 a,b 21±7 a-c 17±1 a-c 18±4 a-c 

HHP+CO2_3 53±2 e-i 52±10 b-h 52±0 e-i 22±2 a-c 20±3 a-c 15±5 a-c 9±1 a,b 11±3 a,b 15±1 a,b 16±1 b,c 17±4 a-c 20±7 a-c 

HHP+CO2_5 54±1 d-i 59±1 c-h 44±1 h-i 15±6 a-c 15±3 a-c 22±4 a-c 14±2 a,b 9±3 a,b 12±3 a,b 17±3 a-c 16±3 a-c 22±5 a-c 

HHP+CO2_7 51±1 f-i 55±1 g-i 48±1 g-i 20±4 a-c 18±3 a-c 18±1 a-c 13±1 a,b 12±1 a,b 16±1 a,b 17±3 a-c 17±1 a-c 20±0 a-c 

HHP+CO2_9 44±0 h-i 48±1 a-d 37±1 i 25±0 a 21±2 a-c 20±2 a-c 12±0 a,b 13±1 a,b 16±1 a 20±1 a-c 20±4 a-c 30±4 a 

Numbers with different letters in the same type of secondary fraction (i.e. including Day 0, 7 and 30) are significantly different (p<0.05). The “-” symbol 

between 2 letters of a number represents the letter sequence, for example: a-c = a, b, c; b-d = b, c, d; f-k = f, g, h, i, k. 

 

 

 



 

 

206 APPENDICES 

 

 

 

Figure A5.1: Examples of protein size distribution of pure PPO by intensity (%) 

and by volume (%) of Control (A, B), HHP_9 min (C, D) and HHPcarb+CO2_9 

min (E, F) samples, respectively. 
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APPENDIX 6 - Participant information sheet 

 

PARTICIPANT INFORMATION SHEET 

 

Project: Participation in sensory evaluation of feijoa products treated with non-thermal 

processing. 

Researcher: Trang Duong  

To: Student/ Staff members at the University of Auckland 

 

You are invited to participate as part of a sensory panel to evaluate the effects of the new non-

thermal processing in feijoa products. Please find below a brief description of the project and 

how to participate. 

Project Description and Invitation  

The aim of this research is to determine any detectable sensory effect of the new non-thermal 

process on the flavour and texture of the fruit juice samples and whether those effects are 

preferable. The sample will be a feijoa product that made of feijoa puree and water, which will 

be treated with different non-thermal pasteurisation processes to ensure the safety and also may 

generate different sensory perceptions of texture and flavour during consumption it.  

Project Procedures    

Participation in this research will involve being part of a sensory panel. You will need to follow 

written instruction and evaluate the samples by marking the intensities of texture and flavour 

attributes on number scales. You will also need to taste the juice samples by taking a sip of 

each sample and do the evaluation. Then you can expectorate (spit out) the samples if decided. 

As a participant you will at no stage be required to swallow the samples. 

The sensory evaluation session will take approximate 10-20 minutes. 

Please note that the samples contain feijoa puree, water and sugar. If you have any intolerance 

or allergy to this fruit, you should not participate in this study. 

Please be aware that if you are a smoker, on medication, which could affect your palate, you 

are ineligible for this study. 

Data storage and use 

The data collected form this study will be in a paper form for the Participant to write on. The 

result will be converted to an electronic form (i.e. excel files) and the written forms will be 

scanned and converted to PDF files. The paper data sheets will be stored at the School of 
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Chemical Science and electronic data will be stored in USBs and computers of the researchers. 

The data will be used for PhD thesis of Trang Duong and possible journal publication. 

Right to withdraw from participation  

Participants have the right to withdraw from participation at any time during the session.  

Anonymity and Confidentiality 

The participants are ONLY required to provide their ages, genders and ethnicities (optional), 

other information about the participants will remain anonymous to researchers and any further 

use of the data.   

Contact Details 

If you have any concerns or questions about this study, you can contacts the flowing people: 

Researcher:   Trang Duong 

Room: 303-191, City Campus, 23 Symonds Street, Auckland 

Phone: +64 210349220 

   Email: t.duong@auckland.ac.nz 

Supervisor:  Professor Murat Balaban, Chair of Food Process Engineering 

Room: 401.813, City Campus, 20 Symonds Street, Auckland 

Phone: +64 9 373 7599 ext 83962 

Email: m.balaban@auckland.ac.nz 

Head of Department:  Professor Brent Young  

Room: 401.809, City Campus, 20 Symonds Street, Auckland 

Phone: +64 9 923 5606 

Email: b.young@auckland.ac.nz  

For any queries regarding ethical concerns you may contact the Chair, The University of 

Auckland Human Participants Ethics Committee, The University of Auckland, Research 

Office, Private Bag 92019, Auckland 1142. Telephone 09 373-7599 extn. 87830/83761. Email: 

humanethics@auckland.ac.nz.‖  

 

APPROVED BY THE UNIVERSITY OF AUCKLAND HUMAN PARTICIPANTS ETHICS 

COMMITTEE ON 07 May 2014 for (3) years, Reference Number 011185 

 

mailto:t.duong@auckland.ac.nz
mailto:m.balaban@auckland.ac.nz
mailto:b.young@auckland.ac.nz
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APPENDIX 7 - Consent form 

 

CONSENT FORM 

 
THIS FORM WILL BE HELD FOR A PERIOD OF 6 YEARS 

 

 

Project title: Participation in sensory evaluation of feijoa products treated with non-thermal 

processing. 

Researcher: Trang Duong 

 

I have read the Participant Information Sheet, have understood the nature of the research and 

why I have been selected. I have had the opportunity to ask questions and have them 

answered to my satisfaction.  

 

 

 

 and to withdraw any data 

traceable to me up to a specified date (give an actual date) / period.  

 

 

 

 

 

 

Name ___________________________  

 

Signature ___________________________ Date _________________  

 

 

APPROVED BY THE UNIVERSITY OF AUCKLAND HUMAN PARTICIPANTS ETHICS 

COMMITTEE ON 07 MAY 2014 FOR (3) YEARS REFERENCE NUMBER 011185 
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APPENDIX 8 - Sensory evaluation questionnaire form 

Sensory Evaluation for Feijoa Drink 
(“Difference-from-Control” Test) 

 
PARTICIPANT INFORMATION 
Age (select one) 18-24  25-34     35-44    45+ 
Gender (select one) Male/ Female 
Ethnicity (optional): 
What is the frequency of consumption of fruit products (eg. Fresh fruit, fruit juice, 
canned fruit, dried fruit)?  
Daily  3 times a week   Once a week  Once a month 
Other:________________________________________ 
PRODUCT ATTRIBUTES 
Tasting Instructions 

1- You will receive a Control sample “C” and a “Test” sample labelled with a 3-digit 
number.  

2- Please take a bite of the cracker and a sip of water to rinse your mouth before 
tasting each sample.  

3- Taste the “Control” sample first by taking a sip of the sample. You are not 
required to swallow the sample; you can spit the sample out to the provided long 
cup if desired.  

4- Enter the number of the “Test” sample and then taste it.  
5- Rate the “Test” sample on the given scale. You are not required to swallow the 

sample; you can spit the sample out to the provided long cup if desired. 
6- Please answer question 2 and feel free to add comments at the bottom of the 

sheet.  

IMPORTANT: If you have any questions regarding the use of the given scale. Please ask 
for assistance before starting the evaluation.  

AFTER tasting the “Test” sample: Please circle a corresponding answer number 
for the following questions (1 = No difference, 5 = extreme difference) 

Pair 1 – Test Sample Number:  __ __ __    

1. Please rate the sample 
Appearance   1  2  3  4  5 
 
Colour   1  2  3  4  5 
 
Flavour  1  2  3  4  5 
 
Texture  1  2  3  4  5 
                             No                       Moderate          Extreme  
                     difference         difference        difference 
 

2. Which sample you prefer? (please circle one)  Control  Test sample 
Please have a sip of water and a cracker.  
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Pair 2 – Test Sample Number:  __ __ __   

1. Please rate the sample 
Appearance   1  2  3  4  5 
 
Colour   1  2  3  4  5 
 
Flavour  1  2  3  4  5 
 
Texture  1  2  3  4  5 
                                        No                       Moderate          Extreme  
                  difference         difference        difference 
 

2. Which sample you prefer? (please circle one)  Control  Test sample 
Please have a sip of water and a cracker.  

Pair 3 – Test Sample Number:  __ __ __   

1. Please rate the sample 
Appearance   1  2  3  4  5 
  
Colour   1  2  3  4  5 
 
Flavour  1  2  3  4  5 
 
Texture  1  2  3  4  5 
                             No                       Moderate          Extreme  
                   difference         difference        difference 
 
Which sample do you prefer? (please circle one)  Control  Test sample 
 

NOT taking price into consideration, would you purchase your preferred feijoa product 

for yourself? (select one) 

o Definitely would purchase (1) 
o Probably would purchase (2) 
o Might/might not purchase (3) 
o Probably would not purchase (4) 
o Definitely would not purchase (5) 

Additional comments: 

 

Thank you for participating       
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APPENDIX 9 - Ethic Approval form 

 
Office of the Vice-Chancellor 
Finance, Ethics and Compliance 

 
 

UNIVERSITY OF AUCKLAND HUMAN PARTICIPANTS ETHICS COMMITTEE 
(UAHPEC) 

 

07-May-2014 
 

MEMORANDUM TO: 
Murat Balaban 
Chemical & Materials Engineering 

 
Re: Application for Ethics Approval (Our Ref. 011185): Approved with 

comment 
 
The Committee considered your application for ethics approval for your project entitled 

Sensory evaluation of feijoa products treated with non-thermal processing. 

 

Ethics approval was given for a period of three years with the following comment(s): 

 

The Committee recommends that there needs to be a specified date for the withdrawal 

of participation and data and the statement “I agree to not disclose anything discussed 

in the focus group” should be deleted as there is no focus group in the study (refer to 

the answer at B:6). 

The expiry date for this approval is 07-May-2017. 

 

If the project changes significantly you are required to resubmit a new application to 

UAHPEC for further consideration. 

 

In order that an up-to-date record can be maintained, you are requested to notify 

UAHPEC once your project is completed. 

 

The Chair and the members of UAHPEC would be happy to discuss general matters 

relating to ethics approvals if you wish to do so. Contact should be made through the 

UAHPEC Ethics Administrators at roethics@auckland.ac.nz in the first instance. 

 

All communication with the UAHPEC regarding this application should include this 

reference number: 011185. 

 

(This is a computer generated letter. No signature required.) 

 

Secretary 

University of Auckland Human Participants Ethics Committee 

 

c.c. Head of Department / School, Chemical & Materials Engineering 

      Miss Trang Duong 

 

Additional information: 

1. Should you need to make any changes to the project, write to the Committee giving 

full details including revised documentation. 
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2. Should you require an extension, write to the Committee before the expiry date giving 

full details along with revised documentation. An extension can be granted for up to 

three years, after which time you must make a new application. 

3. At the end of three years, or if the project is completed before the expiry, you are 

requested to advise the Committee of its completion. 

4. Do not forget to fill in the 'approval wording' on the Participant Information Sheets 

and Consent 

Forms, giving the dates of approval and the reference number, before you send them 

out to your participants. 

5. Send a copy of this approval letter to the Awards Team at the, Research Office if you 

have obtained funding other than from UniServices. For UniServices contract, send a 

copy of the approval letter to: Contract Manager, UniServices. 

6. Please note that the Committee may from time to time conduct audits of approved 

projects to ensure that the research has been carried out according to the approval that 

was given. 
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Provisional patent  

Patent application April 17, 2014. Method and Apparatus for Processing a Product. US 

61/980648 and PCT patent application PCT/NZ2015/050046 on April 17, 2015. 

Peer-reviewed papers 

Duong, Trang, Balaban, Murat, Perera, Conrad (2015). Effects of Combined High 

Hydrostatic Pressure and Dense Phase Carbon Dioxide on the Activity, Structure and 

Size of Polyphenoloxidase. Journal of Food Science (Under Revision). 

Duong, Trang, Bi, Xiufang, Balaban, Murat, Perera, Conrad (2015). Microbial and sensory 

effects of combined high hydrostatic pressure and dense phase carbon dioxide process 

on feijoa puree. Journal of Food Science (Under Revision). 

Duong, Trang, Balaban, Murat (2014). Optimisation of the process parameters of combined 

high hydrostatic pressure and dense phase carbon dioxide on enzyme inactivation in 

feijoa (Acca sellowiana) puree using response surface methodology. Innovative Food 

Science & Emerging Technologies, 26(0), 93-101.  

Ortuño, Carmen, Duong, Trang, Balaban, Murat, & Benedito, Jose (2013). Combined high 

hydrostatic pressure and carbon dioxide inactivation of pectin methylesterase, 

polyphenol oxidase and peroxidase in feijoa puree. The Journal of Supercritical 

Fluids, 82(0), 56-62.  

Conference paper 

Balaban, Murat O., Duong, Trang. (2014). Dense Phase Carbon Dioxide Research: Current 

Focus and Directions. Agriculture and Agricultural Science Procedia, 2(0), 2-9. 

Oral Presentation  

Combined high hydrostatic pressure and carbon dioxide inactivation of pectin methylesterase, 

polyphenol oxidase and peroxidase in feijoa puree. Ortuño, Carmen, Duong, Trang, 

Balaban, Murat, & Benedito, Jose. The 6th International Symposium on High 

Pressure Processes 8-11 September 2013, Belgrade, Serbia. 

Poster presentations 

Effects of Combined High Hydrostatic Pressure and Dense Phase Carbon Dioxide on the 

Activity, Structure and Size of Polyphenoloxidase. Duong, Trang, Balaban, Murat, 

Perera, Conrad. IFT15 Annual Meeting, 12th July 2015, Chicago, Illinois, USA. 

First Place in the George F. Stewart International Research Paper Competition.  

Microbial and Sensory Effects of Combined High Hydrostatic Pressure and Dense Phase 

Carbon Dioxide Process. Duong, Trang, Bi, Xiufang, Balaban, Murat, Perera, Conrad. 

IFT15 Annual Meeting, 12th July 2015, Chicago, Illinois, USA. 

Improvement of High Hydrostatic Pressure Process by Addition of Dense Phase Carbon 

Dioxide for Inactivation of Spoilage Enzymes in Fruit. Duong, Trang, Balaban, 

http://ift.planion.com/Web.User/AbstractDet?ACCOUNT=IFT&ABSID=11002&CONF=IFT15&ssoOverride=OFF&CKEY=
http://ift.planion.com/Web.User/AbstractDet?ACCOUNT=IFT&ABSID=11002&CONF=IFT15&ssoOverride=OFF&CKEY=
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Murat, Perera, Conrad. The 28th European Federation of Food Science and 

Technology International Conference, 27th November 2014, Uppsala, Sweden. 

Effect of combined high hydrostatic pressure and dense phease CO2 on enzyme activity in 

Feijoa puree. Duong, Trang, Ortuño, Carmen, Balaban, Murat, & Perera, Conrad. The 

New Zealand Institute of Food Science and Technology (NZIFST) Annual Conference, 

2-5 July, 2013, Hastings, New Zealand. 

Evaluation of antioxidant activities and phenolic profiles of New Zealand Passionfruit seed 

residues. Duong, Trang, Balaban, Murat, Quek, Siew-Young. The 17th Shizuoka 

Forum on Health and Longevity and The 1st International Conference in Pharma and 

Food, 15-16 November 2012, Shizuoka, Japan. 

Poster presentation prize 
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