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Abstract 

Application of PEF technology and new smart ageing techniques to 

dry ageing venison and lean bull beef 

by 

Tanyaradzwa Emmanuel Mungure 

Dry ageing of red meat is a re-emerging technique and product demand has increased 

considerably in recent years. Dry ageing of meat generates unique flavours and adds value. 

Most dry ageing is done on premium, highly marbled beef. With all its popularity, minimal 

research has been done on dry ageing of lean, low fat content animal models. In this research, 

the main focus was to study dry ageing in two lean red meat models, venison and bull beef 

with fast and slow oxidation, respectively. The two studies investigated the application of 

novel technology to enhance and add value to some low value cuts from lean bull beef. 

The first research project applied pulsed electric field (PEF), a standalone non-thermal 

technology, with the aim of improving meat quality attributes and enhanced moisture transfer 

in the dry ageing process. The results across the two trials showed that High PEF (HPEF-10 

kV, 50 Hz, 20 µs) treatment had sufficient pulsed electrical field strength to cause cell 

electroporation; this was confirmed by the transmission electron microscopy (TEM) images 

that showed reduced myofibril organisation and deformation and rupture of z-lines. 

Application of HPEF improved drying rates during the dry ageing process by up to 6% in the 

two trials run at 65 and 80% relative humidity (RH). Ultrastructural modifications induced by 

HPEF treatment also caused improved meat tenderness by up to 9%. This is of considerable 

interest to meat processors as it would positively impact on consumer repurchase of the 

product. HPEF decreased the polyunsaturated fatty acids (PUFAs) throughout dry ageing but 

it did not affect cis 9, trans 11 conjugated linoleic acid (CLA) across both venison trials. The 
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preference for CLA to be esterified on the sn-2 position of the triacylglycerol strongly reflects 

their oxidative stability regardless of the chosen ageing method of venison. The development 

of secondary oxidation by-products as assayed by thiobarbituric acid reactive substances 

(TBARS) was not influenced by PEF treatment. The PEF treatment groups had no effect on 

mineral content (including pro-oxidant transition elements) of meat samples. This was 

critically important as it showed that at the treatment level, little to no mineral leakage from 

the electrodes to the meat product was occurring.  The derived changes in mineral content 

were due to the concentration effect between the dry ageing and wet ageing processes. 

The investigation into protein oxidative modifications showed similar trends to lipid oxidation 

with both PEF treatment groups not increasing total carbonyl content. Oxidative 

carbonylation increased in the dry ageing regime compared to the wet ageing process. To 

gather more information on specific protein oxidative modifications in the study, the protein 

oxidation biomarkers γ-glutamic semialdehyde (GGS) and α-aminoadipic semialdehyde 

(AAS) resulting from the oxidative deamination of proline, arginine and lysine residues, 

respectively, were investigated. No influence by PEF treatment was observed, but the AAS 

and GGS by-products were higher in dry aged venison compared to wet.   

The second part of this study was done in collaboration with AgResearch Ltd, and explored 

the use of novel smart ageing techniques by using stepwise in-bag dry ageing on lean bull 

beef.  The study established lipid oxidation, protein oxidation and metabolite profile changes 

during ageing under standard operating conditions for in-bag dry ageing (stored at 2°C, 75% 

RH, with air velocity in chiller set at 0.5 m/s for 21 d). This was compared to treatment 

groups where air velocities were set at 0.5 m/s (T2), 1.5 m/s (T3) and 2.5 m/s (T4) all for 7 d 

and then the samples were vacuum packed for another 14 d. PUFA levels declined with 

exposure to the high air velocity treatment group (T4). These changes indicated that the 

increased chiller air velocity exposed the longer chain unsaturated fatty such as linoleic acid 

(C18:2tω-6 and C18:2cω-6) and linolenic acid (C18:3ω-3 and C18:3ω-6) were readily 



 iv 

modified compared to lower air velocity (T2 = 0.5 m/s), although the changes were 

comparable with the control treatment group which was in-bag dry aged for 21 d. Other 

NMR-based lipid oxidation analyses on aliphatic to diallylmethylene proton ratios also 

confirmed these identified changes.  Once again the CLAs showed high oxidative stability as 

they were not impacted by the treatment groups and the product across all treatments retained 

high antioxidant content in the form of α-tocopherols. The influence of the treatment groups 

and ageing time on the metabolomics of lean bull beef were investigated. The high velocity 

treatments did not affect metabolite profiles; however, the metabolite profiles were affected 

by ageing time (p < 0.05). As for protein oxidative modifications, treatments with high air 

velocity reported higher total carbonyl content. The oxidative biomarkers showed the same 

trend but their quantities indicate low accumulation levels. 

In conclusion, the represented studies reported in this thesis demonstrate the improvement in 

meat tenderness as a result of the PEF treatment application. The improved, regulated mass 

and solute transfer via PEF treatment and smart packaging technology has potential industrial 

application to increase product turnover and shorter processing time of this niche product. The 

stepwise ageing process offers the meat processor an opportunity to design the level of 

oxidative modification they would prefer as the air velocity has been shown to play a role in 

protein carbonylation.  

 

Keywords: ageing, dry ageing, wet ageing, meat quality, tenderness, metabolite profiles, 

PEF,  lipid oxidation, CLA, protein oxidation, NMR, proteins, lipids, oxidation  
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Chapter 1 

Introduction 

Ageing of meat is one of the primary techniques used to enhance tenderness and improve 

overall meat quality attributes (Bekhit, Carne, Ha, & Franks, 2014). Premium meat is aged in 

two main ways, either by wet ageing by vacuum packing the meat in oxygen impermeable 

bags, or by dry ageing. In a dry ageing process, the meat is processed under critically 

controlled ambient conditions of temperature, humidity and airflow (Li, Babol, Wallby, & 

Lundström, 2013). Compared to the more conventional common wet ageing process, dry 

ageing is known to provide a uniquely distinctive and desirable flavour as well as multiple 

sensorial and economic benefits, including value addition by improving the eating quality of 

the meat (Kim et al., 2019). Pulsed electric field (PEF) is a novel technology that can induce 

cell electroporation thereby enhancing cell permeation, and consequently can increase 

proteolysis that can substantially contribute to meat tenderization (Bhat, Morton, Mason, & 

Bekhit, 2018). The combination of PEF processing and dry ageing has the potential to 

produce high value, premium quality meat with increased tenderness.  

The first aim of this research project was to understand how dry ageing under specific relative 

humidity conditions coupled with PEF induced modifications could enhance meat 

tenderisation and the drying process of meat. The second goal of this research was to establish 

new knowledge of the effect of PEF treatment and dry ageing on the metabolite profile, 

oxidative lipid stability and protein chemical modifications during the ageing process. 

Particular focus was paid to the oxidative biomarkers α-aminoadipic and γ-glutamic semi 

aldehydes (the major carbonyl products generated on oxidation of proteins).  

The second part of this research project also focussed on the application of a new smart 

ageing method involving in-bag dry ageing packaging. In addition, this research project, in 

collaboration with AgResearch Ltd (Hamilton, NZ) also investigated the effect of stepwise in-
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bag dry ageing of lean bull beef. The introduction of in-bag dry ageing bags was brought into 

the meat processing industry to curb excessive moisture losses that reduce yields (DeGeer et 

al., 2009). The dry ageing bag technology has also had the added benefit of reducing 

microbial contamination of meat product.  The key objective of this collaboration was to 

explore the opportunity to add value to low value beef cuts, in this case lean bull beef which 

contains low fat marbling, since most dry ageing processing is performed on premium cuts 

with high levels of fat marbling (Li et al., 2013). The concept of the stepwise process sought 

to encompass an initial period of in-bag dry ageing to develop unique dry ageing flavours, 

followed by a subsequent period of wet ageing to regulate moisture loss. As a collaborative 

project, the research team at the AgResearch Ruakura centre were allocated the responsibility 

of undertaking the meat quality attribute studies, and my research project focussed more on 

the lipid oxidative modification, protein oxidation and studying the metabolite profile from 

day 0 to the completion of the ageing process at day 21.  

To address the major research goals of this project, 5 experimental objectives were identified 

as follows: 

 To study the effect of variable PEF treatments on microstructural modifications, 

movement of ionic species, dry ageing rates, meat tenderness, and metabolite profiles 

of wet and dry aged venison (Chapter 3). 

 To investigate the effect of variable PEF treatments and ageing conditions on the 

development of primary oxidation products, the oxidative stability of bioactive CLA, 

lipid soluble antioxidant levels and profiling of pro-oxidant transition minerals in 

venison (Chapter 4).  

 To conduct a targeted analysis of protein oxidative modifications using the biomarkers 

γ-glutamic semialdehyde (GGS) and α-aminoadipic semi-aldehyde (AAS) in PEF 

treated wet- and dry-aged venison (Chapter 5). 
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 To investigate the effects of ageing time and chiller air velocity on the development of 

primary oxidation products, the oxidative stability of bioactive CLA, lipid soluble 

antioxidant levels and profiling of pro-oxidant transition minerals in stepwise In-bag 

dry ageing of lean bull beef (Chapter 6). 

 To investigate the metabolomics and protein oxidative modifications in lean bull beef 

dry aged using stepwise in-bag dry ageing (Chapter 7). 

 



 4 

Chapter 2 

Review of the Literature 

2.1 Historical background and definition of ageing of meat 

Ageing of meat has been practiced for centuries, either accidently or on purpose, during 

storage of meat at low temperatures, with the aim of preservation or improving the eating 

quality. Thus, ageing can be defined as the holding of meat under controlled chilling 

conditions for a period of time to improve and enhance meat palatability (Campbell et al., 

2001). Ageing provides a window of time for endogenous enzymes to act on structural 

proteins, resulting in the gradual partial breakdown of myofibrillar proteins and tenderisation 

of meat. The significant moisture loss and the release of peptides and amino acids as a result 

of proteolysis, as well as the generation of lipid hydrolysis/oxidation products contribute 

desirable changes in flavour under appropriate ageing conditions that collectively can enhance 

the palatability and quality of the meat (Lepper-Blilie et al., 2016 & Berg, 2016). There are 

fundamentally two main types of meat ageing processes; wet ageing (carried out in a sealed 

vacuum bag) and dry ageing (uncovered or carried out in a moisture permeable bag) for which 

the latter requires controlled storage conditions of temperature, relative humidity and 

circulated air speed (Ahnström et al., 2006 & Johnson, 2006). For several centuries dry ageing 

was the traditional means of meat preservation and tenderisation, with resultant significant 

loss of weight during the process. The development and advancement of vacuum packaging in 

the last half-century facilitated the wet ageing technique and minimised weight loss (Dashdorj 

et al., 2016 Kim, & Hwang, 2016). As a result, wet ageing has become the predominant 

ageing method, with up to 95% of all US producers of beef products utilising the technique 

(O’Sullivan, Cruz-Romero, & Kerry, 2018). However, dry ageing has also continued to be 
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practiced in local butcheries and in steakhouses, where niche meat products with enhanced 

texture and flavour fetch a premium price and are in demand.  

Dry ageing refers to the ageing of premium meat under critically controlled ambient 

conditions of temperature, relative humidity and airflow. Exposure to optimal environmental 

conditions has been reported to develop a highly unique flavour, disputed enhanced 

tenderness, but generally considered to be niche product with desirable attributes (Kim, 

Kemp, & Samuelsson, 2016; Li et al., 2013 & Lundström, 2013). Dry aged meat has also 

been reported to have a significantly different flavour profile (p < 0.05) compared to wet aged 

meat (Warren & Kastner, 1992b). Wet ageing has been reported to produce beef that is sour 

with a strong blood / serum flavour, whereas dry aged meat typically has a strong brown 

roasted flavour upon cooking that is considered desirable by some consumers. Sensory 

analysis of dry aged M. longissimus dorsi beef muscle reported by Li et al. (2014) suggested 

that dry aged meat has a more buttery and umami taste compared to wet aged meat. These dry 

aged flavours have been reported to be stable for 19 d post-dry ageing under vacuum storage 

(Khan et al., 2016b & Jo, 2016). The majority of consumers from recent generations are more 

familiar with wet aged meat flavours than those of dry aged meat and after experiencing the 

dry aged flavour profile it is reported that they were willing to pay more for the dry aged 

product (Laster et al., 2008). Dry aged steaks are predominantly offered in upscale 

supermarkets, by gourmet food service companies and in most fine dining restaurants and 

steakhouses for a premium price (Dashdorj et al., 2016). Despite the appealing flavour, dry 

ageing has some commercial disadvantages including lower yield due to the evaporative 

weight loss and trimming losses, when compared with wet ageing (Ahnström et al., 2006; 

Warren et al., 1992b). Environmental control during dry ageing needs to be exercised 

emphatically to avoid product contamination as the meat product is aged in most cases 

without any artificial preservation methods other than cooling. The use of permeable bags for 

dry ageing can help to reduce this risk but this potentially increases production costs. The 
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following sections explore the technological advances that have been developed to limit the 

weight loss disadvantage of traditional dry ageing while retaining the flavour benefits.  

2.2 Evolution of ageing regimes 

Technological advancements in innovative packaging technologies have led to the 

development of permeable bag systems that can be used for dry ageing. Such bags, as 

depicted in Figure 2.1, are permeable to water and oxygen and therefore allowing ageing 

under aerobic conditions. This technology, introduced recently in the meat industry is gaining 

popularity, achieves the accentuated flavour benefits of dry ageing meat with improved 

weight yields compared to traditional dry ageing. In addition, this technology provides a 

solution to microbial growth challenges encountered with traditional out-of-bag dry ageing 

techniques. 

 

Figure 2.1 Moisture permeable dry ageing bags allow moisture out and let oxygen in during 

the postmortem ageing process. 

An early study by Ahnström, Seyfert, Hunt and Johnson, (2006) involving in-bag dry ageing 

established that meat can be aged in bags that are highly permeable to water, which simulate 

the dry ageing process. Another report by DeGeer et al. (2009), noted that using water 

permeable bags for dry ageing significantly decreased weight loss and microbial 

contamination compared with the traditional dry ageing, and noted that there could be less 
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need to reduce weight by trimming the meat. In-bag dry ageing has also been reported to 

provide similar preferred quality attributes compared to traditionally dry aged meat, including 

tenderness (Berger et al., 2018).  

Evolution of dry ageing technologies has resulted in development of several techniques that 

have been gradually introduced in the industry (shown in Figure 2.2 below). 

 

Figure 2.2 Various types of meat ageing methods.  

2.2.1 Tublin® / UMAi In-bag dry ageing 

A new type of in-bag technology (TUBLIN® 10, TUB-EXApS, Denmark) was introduced 

into the European meat processing industry (Dashdorj et al., 2016). The same product is 

distributed in the USA market under the name UMAi curing/ dry ageing bags (Stenström et 

al., 2014 & Lundström, 2014; DeGeer et al., 2009).  The dry ageing bags are available with 

different water vapour transmission rate specifications. O’Sullivan et al. (2018) used bags 

(Tublin® 88 10, TUB-EX ApS, Denmark) composed of 50 μm thick polyamide mix (water 
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vapour transmission rate 5000 g of H2O released over 24 h through 50μm thick polyamide 

mix at 38˚C and 50% relative humidity) with higher water vapour permeability than those 

used (2500 g/m
2
/24 h at 38°C and 50% relative humidity) by de Geer et al. (2009). The 

availability of Tublin® in-bag systems with different controlled moisture movement 

technology offers meat processors control of desired drying rate during the drying process. 

This packaging technology has also been applied in the meat curing process with considerable 

success (Costa-Corredor et al., 2009 & Gou, 2009). 

A study performed by Ahnström et al. (2006) with in-bag ageing (8000 g/m
2
/24 h at 38°C and 

50% relative humidity; oxygen transmission of 2.3 mL/m
2
/d at 38°C and 50% relative 

humidity; TUBLIN_ Smoke, Tublin Dry; ZACROS USA, Wayzata, MN) was compared with 

out-of-bag traditional dry ageing for either 14 or 21 d at 3°C. The results showed significant 

weight retention for the 21 d ageing period coupled with decreased trim loss after ageing 

compared with the in-bag aged treatment. No differences in flavour, pH, moisture, fat, 

cooking loss, tenderness and total microbiological plate count (final 4.7 log cfu/cm
2
) were 

noted between beef aged either 14 or 21 d. The adipose tissue of meat in-bag aged had more 

lactic acid bacteria (LAB) (6.6 and 4.6 log cfu/cm
2
) than those traditionally dry aged (3.3 and 

2.4 log cfu/cm
2
). Yeast counts on lean tissue from in-bag aged meat were lower (2.4 to 4.2 log 

cfu/cm
2
) than on traditionally dry aged meat (4.2 and 5.2 log cfu/cm

2
) for both 14 and 21 d 

ageing duration (Ahnström et al., 2006). Mold counts for both adipose and lean meat tissue 

types for both treatments were less than 0.3 log cfu/cm
2 

during ageing. Overall, work reported 

by Ahnström et al. (2006) revealed a lack of difference in most quality traits between 

traditionally dry aged and in-bag aged techniques, demonstrating the effectiveness of the 

novel dry-ageing packaging as an alternative for traditional out-of-bag ageing. Tublin® 

packaging bags are reported to provide a product with equivalent and comparable flavour and 

meat quality to out-of-bag traditional dry ageing. Similar observations were found by de Geer 

et al. (2009) using bone-in and boneless beef strip loins. 
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In subsequent research, Dikeman, Obuz, Gök, Akkaya, and Stroda (2013) compared 

traditional dry ageing, wet (vacuum) ageing and in-bag dry ageing on beef M. longissimus et. 

lumborum steaks. Their results were consistent with previous findings where the three ageing 

methods resulted in generation of similar meat palatability, with a sensory panel evaluation 

also showing no effect of ageing method or quality grade on myofibrillar tenderness, 

juiciness, connective tissue amount, overall tenderness, or off flavour intensity. However, Li 

et al. (2014) carried out a comparative study of three ageing methods, namely in-bag dry 

ageing methods, using (Tublin® 10 (TUB-EXApS, Denmark) with a water vapour 

transmission rate of 5000 g/50 μ/m
2
/24 h at 38 °C and 50% relative humidity), traditional out 

of the bag dry ageing, and wet (vacuum packed) ageing. They found that in-bag dry ageing 

increased tenderness and juiciness of the beef M. longissimus muscle compared to the other 

two ageing regimes at either 8 or 19 d of ageing. A consumer preference study done by 

Stenström et al. (2014) was in agreement with the study of Li et al. (2014), where increased 

tenderness and overall liking for the traditional dry ageing and in-bag dry ageing compared 

with the wet (vacuum packed) ageing. No differences were found for any of the sensory 

attributes between traditional and in-bag dry ageing. This would suggest that the consumers in 

the study preferred the dry-aged beef over the wet (vacuum packed) aged beef.  

It is interesting to note that whilst this particular packaging technology has significant benefits 

(lower microbial counts, and lower weight losses), the particular impact on tenderness of this 

technology is still being debated. Studies that have covered assessment of tenderness using 

mechanical testing such as the Warner-Bratzler shear force (WBSF) method have found no 

differences in overall meat tenderness comparing traditional dry ageing, in-bag dry ageing and 

vacuum ageing methods. On the contrary, consumer preference testing has reported an 

improvement in tenderness with dry ageing methods. 
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2.2.2 Electrospun chitosan fibre wrapping for dry-ageing 

Interest in applying electrospinning technology in the food industry has grown gradually in 

recent years. Electrospinning provides fibres of nanoscale size made of polymers and has 

been predominantly used in the biomedical field as woven wound dressings and for drug 

delivery systems. In the food industry, the technology has been recently applied to the 

development of active packaging materials that aim to preserve foods. Chitosan, which is an 

abundant biomaterial in nature, is a biodegradable, non-toxic environmentally friendly 

biomaterial known to have antimicrobial properties and has been used in an innovative form 

as an electrospun fibre based wrapping material for dry aged beef (Gudjónsdóttir et al., 2015). 

Gudjónsdóttir et al. (2015) assessed the effectiveness of sheets made of electrospun chitosan 

fibre as a wrapping material for modification of meat quality attributes, microbial counts and 

water distribution of dry-aged beef, compared to traditionally dry-aged and wet-aged beef 

after 21 d of ageing. Wrapping the meat in chitosan sheet material increased yield, reduced 

yeast and mould count and delayed the growth of aerobic bacteria. The wrapping did not 

affect the appearance, tenderness or colour of the meat compared to traditional dry-ageing. 

Nuclear magnetic resonance (NMR) transverse relaxation time measurements indicated a 

lower degree of muscle denaturation in the chitosan sheet wrapped dry aged beef, compared 

to traditional dry ageing. This study showed that electrospun chitosan fibre sheets have 

potential as a novel wrapping material for improved quality of dry-aged beef (Gudjónsdóttir et 

al., 2015).  

It is important to note that previous results suggest that the success of the drying process and 

microbiological safety of the dry-aged beef is mostly dependent on the processing 

temperature and kinetics of drying in relation to the meat surface. Thus, packaging in a bag 

that is highly moisture-permeable may be positively impacting on the safety, quality and shelf 

stability of dry-aged beef.  
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2.2.3 Stepwise-in bag dry ageing  

Building upon the development of the in-bag dry ageing concept, more recent work has been 

conducted to develop in-bag dry ageing that is then followed stepwise by wet ageing (Berger 

et al., 2018). This has been developed to further try and improve the yields from the 

conventional dry ageing process and to decrease the microbial count on the meat product. 

While inconsistent results have been reported regarding the effects of dry and wet ageing on 

enhancing meat palatability and overall quality, some researchers have combined these two 

ageing methods as a stepwise process, by conducting carcass dry-ageing first, followed by 

wet-ageing sub-primals for an additional period of time. Work reported by Kim, Meyers, 

Kim, Liceaga, and Lemenager (2017) reported that the technique could provide equivalent 

beef quality attributes from the conventional carcass only dry-aged counterpart for the same 

ageing period. Observations from this study indicated that stepwise drying resulted in an 

improved water holding capacity (WHC) (as demonstrated by lower drip and purge losses), 

and tenderness was higher in stepwise dry aged beef compared to traditionally dry aged 

carcass loin (Kim et al., 2017). 

2.3 Quality attributes of dry ageing compared with wet ageing of red meat 

During dry ageing, lipids undergo substantial hydrolysis that is effected by both lipases and 

phospholipases that remain active throughout the ageing process (Khan et al., 2016b). Lipids 

are also subject to oxidation through exposure to air, which generates numerous volatile 

compounds such as butanedione and 2-propanone that contribute aroma and flavour notes 

typically associated with dry-aged meat products that are perceived desirable in aged meat 

(Khan et al., 2016b; Gorraiz et al., 2002). 
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2.3.1 Metabolite profiles, flavour development and sensorial attributes in dry 

aged meat 

Dry ageing has been reported to enhance meat palatability, as moisture loss during dry ageing 

leads to, in particular, concentration of flavour (Kim et al., 2017; Parrish et al., 1991 & Olson, 

1991). Previous reports on dry aged meat, and in particular on beef, has reported development 

of strong buttery, nutty, and beefy/earthy flavour profiles as a result of dry ageing (DeGeer et 

al., 2009; Campbell et al., 2001; Kastner et al., 1993). As the dry ageing process enhances the 

proteolysis and lipolysis, it has been further reported that considerable modification of the 

levels of flavour precursors occur, leading to the liberation of flavour–related compounds and 

generation of intense nutty, and earthy flavours that are associated with dry aged beef 

(Dashdorj et al., 2016; DeGeer et al., 2009). As the ageing process proceeds, various 

compounds are produced, including nucleotides such as 5’inosinate (IMP) and  5’-guanylate 

(GMP), sugars such as glucose that contribute to Maillard reaction upon cooking, other 

flavour related volatile compounds such as n-aldehydes (e.g. pentanal and hexanal), and 

ketones resulting from lipid oxidation  (Yaylayan, Keyhani, & Wnorowski, 2000; Maga, 

1994; Martins, Jongen, & Van Boekel, 2000). The umami/beefy taste and flavour highly 

characteristic of dry aged meat is reported to result from a complex interaction between 

sulphur containing amino acids, aspartic acid, glutamic acid, nucleotide compounds, and β-

histidyl dipeptides (Dashdorj, Amna, & Hwang, 2015).  

Most of the physicochemical modifications in dry aged meat are a result of hydrolytic 

activity. The activity of various hydrolases, such as the calcium dependent calpain 

proteinases, have been implicated in hydrolysing muscle proteins, and the cathepsins have 

been implicated in the production of flavour peptides, that together may play a crucial part in 

the temporal generation of flavour in meat during post-mortem ageing (Khan et al., 2016b). 

Over extended storage times, some proteins are hydrolysed to small peptides and free amino 

acids. The released aliphatic free amino acids are reported to account for the sweet tasting 
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flavour of cooked beef (Dashdorj et al., 2015 2015; Perry, 2012). Released free amino acids 

such as cysteine, methionine, glutamic acid and aspartic acid are known to contribute to the 

umami taste of dry aged meats, along with the breakdown of carbohydrates into free sugars 

that provide the sweet flavour notes.  

When dry aged steaks are cooked, flavour precursors are known to react with each other to 

form volatile compounds that enrich the aroma further (Perry, 2012). From a chemical 

standpoint it is plausible that dry aged beef could contain different flavour precursors or 

volatile flavour compounds compared with wet aged beef, however, only limited information 

is available on flavour components in dry aged meat generated by proteolysis and lipolysis 

and the related palatability perspective (Baird, 2008). Most of the focus has been on the 

effects of ageing treatments and the packaging system on the sensory traits of dry aged meat, 

and in particular on beef (DeGeer et al., 2009; Laster et al., 2008; Smith et al., 2008; Warren 

et al., 1992b).  

Studies on the sensorial traits of wet vs dry aged meat have provided varying and inconsistent 

results. The studies showed that wet aged beef provides a strong serum, and sour flavour, with 

metallic and livery notes, whereas dry aged beef provided a more beefy and roasted flavour as 

determined by a trained sensory panel (Jeremiah & Gibson, 2003; Campbell et al., 2001). The 

results from these studies showed that dry ageing produces a more flavourful beef product 

than wet ageing, however that is not in agreement with other studies, which found no 

differences in dry versus wet aged generated flavours, as evaluated by consumer panellists 

(Ahnström et al., 2006; Jeremiah & Gibson, 2003; Sitz, Calkins, Feuz, Umberger, & 

Eskridge, 2006; Smith et al., 2008). Periods of wet ageing before or after dry ageing were 

observed to exert little influence on development of dry aged flavour (Campbell et al., 2001). 

These studies indicate some consumers are more familiar with wet than dry aged flavours, but 

those who recognized or preferred the dry aged flavours were willing to pay more for that 

product (DeGeer et al., 2009). 
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Research work of the last few years has suggested that dry aged beef flavour begins to 

develop over the first 2 weeks and then intensifies further subsequently (Dashdorj et al., 

2016). It was found that the longer beef ages, the more intense and complex the flavours 

become, ranging from a subtle nuttiness to slight mushroom and umami flavours, and after 45 

days of ageing,  bold blue cheese notes were reported to be developed (Dashdorj et al., 2016).  

According to Matsuishi (1993) dry ageing for 20 d produced a sweet, buttery aroma, which 

improved the flavour, which was not observed in wet aged beef. Moreover, Lepper-Blilie et 

al. (2016) reported that the flavour of aged meat intensify with ageing and highest flavour was 

found after 42 and 49 d of ageing. 

2.3.2 Meat tenderness 

Postmortem ageing allows the degradation of myofibrils via loss of integrity of structural 

proteins. Published research offers varying information on whether dry ageing improves meat 

tenderisation or not. A study by Parish et al, (1991) demonstrated that dry ageing improved 

tenderness (determined using the Warner-Bratzler shear force measurement) more than wet 

ageing, while another study by Warren & Kastner, (1992) found no difference in meat 

tenderization generated by the two methods. A recent study by Li et al. (2014) found that beef 

loins dry-aged for 21 d had greater sensory scores (e.g. tenderness, juiciness and umami 

flavour) compared to the wet-aged beef loins. Berger et al. (2018) also demonstrated that 

consumer panels found greater flavour and tenderness in steaks from beef loins dry-aged for 

28 d compared to steaks from wet-aged counterparts.  Other factors such as the extent of 

ageing have more impact compared to the ageing method. Beef dry aged for 2 weeks was 

observed to be significantly improved in sensory tenderness compared to that dry aged for 1 

week and as the ageing period was extended to 4 weeks the tenderness was further improved 

(Campbell et al., 2001; Lepper-Blilie et al., 2016). Smith et al. (2008) observed a 17% 

improvement in tenderness by extending the ageing time from 2 weeks to 5 weeks. Studies 
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shared light on improved tenderisation with additional days of dry ageing but no observable 

difference from wet aged counterparts obtained from same sources and handled under similar 

conditions (Baird, 2008; Sitz et al., 2006). Some of the studies investigating the effects of 

ageing regimes on tenderness are summarised in Table 2.1. 

In a nutshell, the majority of research suggests comparable meat tenderness (see summary in 

Table 2.1) with no extra improvement due to dry ageing. This in turn leads to flavour 

development as being the primary determining factor for influencing beef palatability 

(Behrends et al., 2005a, 2005b; Goodson et al., 2002; Savell, 2008). From consumer studies 

performed in multiple cities showed that with tenderness held constant, flavour profile was 

found to be the biggest influencing factor on decision to purchase meat (Sitz, Calkins, Feuz, 

Umberger, & Eskridge, 2005). 
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Table 2.1 Summary of studies done on effect traditional dry ageing (DA), in-bag dry ageing (BDA), stepwise dry ageing (SDA), wet ageing 

(WA) on meat quality attributes. 

Animal 

model 

Muscle applied Ageing regime Effect on meat tenderisation General flavour and 

palatability Remarks 

Reference 

Beef Longissimuss thoracis et 

lumborum and rib-eye 

steaks 

Dry ageing of subprimal cuts for 

21 d 

No difference compared with 

wet aged 

No statistical differences in 

palatability attributes 

of loin steaks were detected by 

consumer panellists 

(Parrish et al., 

1991) 

Beef Longissimus thoracis et 

lumborum and rib-eye 

steaks 

Sub-primal cuts dry aged for 21 

or 28 d (traditional dry ageing 

vs in-bag ageing) 

No improvement in tenderness  No differences (p > 0.05) in any 

of the sensory traits between 

shell and strip loins or dry 

ageing using a traditional 

method or in a bag 

(DeGeer et al., 

2009) 

Pork Loin (Longissimus 

thoracis et lumborum) 

In-bag dry ageing for 2 , 7 and 

14 d 

No tenderness difference 

between dry and wet aged meat 

No significant improvements in 

pork flavour or tenderness 

attributes due to dry ageing 

(Juárez et al., 

2011) 

Beef (Longissimus 

thoracis et lumborum) 

Stepwise dry ageing 17 d Stepwise dry ageing improved 

meat tenderness compared with 

conventional carcass dry aged 

loin 

Trained sensory panel did not 

find the difference in flavour 

between carcass dry-aged and 

wet-aged beef 

loins 

(Kim et al., 

2017) 
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Table 2.2 continued… 

Animal 

model 

Muscle applied Ageing regime Effect on meat tenderisation General flavour and 

palatability Remarks 

Reference 

Beef (Longissimus 

thoracis et lumborum) 

Traditional sub-primal 

Dry-ageing, 

In-bag sub-primal dry ageing for 

11 d or 21 d 

 

There were no differences in 

tenderness between the ageing 

regimes 

High rating for both 

traditionally dry and in-bag dry 

aged in flavour attributes, 

(brown roasted flavours) 

(Ahnström et 

al., 2006) 

Beef Whole beef carcass dry 

ageing 

Whole beef carcase dry ageing Improved tenderness with dry 

ageing 

No flavour studies done (Hulánková, 

Kameník, 

Saláková, 

Závodský, & 

Borilova, 

2018) 
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2.3.3 Water holding capacity and juiciness 

Water holding capacity (WHC) is the ability of meat to retain or hold water even through 

pressures like gravity, heating, stress are applied to it (Honikel & Hamm, 1994). 

Juiciness, which is associated with mouthfeel, is a quality attribute that contributes to 

consumer acceptability of meat product. Dry ageing in general is known to impact the 

juiciness of beef positively (Teye & Okutu, 2009). In addition, tenderness can improve 

with ageing may have a synergistic effect on juiciness. Some studies have suggested a 

halo effect, where improved tenderness can improve the perceived juiciness of meat, and 

vice versa (Hughes, Oiseth, Purslow, & Warner, 2014). More recently, an improvement 

of juiciness coinciding with the early activation of calpain-2 was found, which suggests 

postmortem proteolysis possibly plays a role in juiciness development (Colle et al., 2018).  

Considering the various ageing regimes, dry ageing has been reported to improve the 

juiciness of beef steaks as the ageing time increased (Campbell et al., 2001). In a study by 

Campbell et al. (2001), trained panellists showed a preference for juiciness of dry aged 

beef compared to the wet aged counterpart. A recent study by Li et al. (2014) found that 

beef loins dry-aged for 21 d had greater scores for juiciness compared to wet-aged beef 

loins. This possibly is attributed to the decreased WHC in dry aged meat thereby allowing 

more eased release of juices on chewing. The intensity of flavour is related to the 

moisture content since water loss during ageing results in pronounced concentration of 

flavour. The loss of moisture also increases the concentration of the fat in steak leading to 

increased palatability (Campbell et al., 2001; Dashdorj et al., 2016). 
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2.3.4 Colour stability 

Postmortem ageing has a considerable influence on initial colour and colour stability of 

meat during retail display (Vitale, Pérez-Juan, Lloret, Arnau, & Realini, 2014). The effect 

of traditional dry-ageing, in-bag dry ageing and stepwise dry ageing methods, on colour 

and colour stability has not been fully studied in detail. Since dry-aged meat is considered 

a high-end product that is available in local niche/ gourmet markets and high-end 

restaurants, retail display colour is not primarily considered in the meat industry. Limited 

studies have focussed on reporting the impact of dry-ageing on the initial (bloomed) meat 

colour. There is general agreement that dry-aged beef steaks were slightly darker and had 

lower redness values compared with wet-aged counterpart steaks (Dikeman et al., 2013; 

Kim et al., 2016). The darker colour of dry-aged beef is mostly due to moisture loss due 

to surface drying during ageing (Kim & Hunt, 2011). 

More recently, the colour stability of steaks from dry-aged beef loins was determined 

over 7 d of retail display simulation (Kim et al., 2018). In this study, steaks from dry-aged 

beef loins had a similar colour stability compared to steaks from wet-aged counterparts, 

while steaks that were from dry-aged loins in bags showed more rapid discoloration after 

4 d of retail display compared to steaks from other ageing treatments. This observation 

indicates that steaks from dry aged beef loins can be merchandised at the retail consumer 

level without adverse impacts resulting from colour/display shelf-life (up to 5 d for dry-

ageing in bags). Further understanding of the influence of dry-ageing on colour would be 

warranted, because readily available retail product will soon be needed to fulfil the future 

demand.
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2.4 Application of a non-thermal technology, PEF, in improvement of 

meat quality 

2.4.1 PEF mechanism of action 

Pulsed electric fields (PEF) is a non-thermal technology that involves short treatment 

times and limited heating effects under the conditions typically used, compared to other 

technologies. PEF technology uses electric field pulses of short duration (several 

nanoseconds to several milliseconds) with electric field strengths ranging from 0.1 – 80 

kV/cm applied to a food product inserted or passed between two electrodes (Barba, de 

Souza Sant'Ana, Orlien, & Koubaa, 2017). The three most important parameters 

identified for PEF processing include electric field strength, treatment temperature and 

energy density (Toepfl, Siemer, Saldaña-Navarro, & Heinz, 2014). PEF has been used as 

a non-thermal decontamination / preservation technology, enabling the inactivation of 

vegetative cells and has been demonstrated to be lethal to several pathogenic and spoilage 

bacteria (Álvarez, Pagán, Condón, & Raso, 2003; Haughton et al., 2012) 

During PEF treatment, the (solid) food product is placed between 2 electrodes and an 

external electrical field is applied between the two electrodes. The applied external 

electrical field induces ionic movement inside and outside the cell, along the direction of 

the applied field. This leads to the polarized accumulation of ions on the membranes 

causing polarization of the cell. The thickness of the cell membranes are reduced due the 

attractive forces between the positive and negative charged ions on either side of the 

membrane, and when the electric field strength is greater than the critical threshold value 

of transmembrane potential, this will result in disruption of the cell membrane forming 

pores, which is known as electroporation, and increases the permeability of the cellular 
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membrane (Weaver, 2000; Zimmermann, Pilwat, Beckers, & Riemann, 1976). For 

electroporation to occur, the intensity of the electric field should exceed the critical 

strength of the cell membrane (Barbosa-Cánovas, Tapia, & Cano, 2005). When the 

intensity of the electrical field is below the critical strength the electroporation process 

can be reversible although the pores become extensively large, the membrane will 

ultimately have electropores (Buckow, Chandry, Ng, McAuley, & Swanson, 2014). 

Multiple factors will dictate whether an electric field strength will induce electroporation 

(Saulis, 2010), such as the cell size, type, shape and ionic strength and membrane 

thickness (Toepfl, Siemer, Saldaña-Navarro, et al., 2014). 

It is reported that pore formation in meat muscle cell membranes can be achieved by 

using electric field strengths of 1–10 kV/cm with an energy input of 0.5–10 kJ/kg (Toepfl, 

Siemer, & Heinz, 2014). Studies on fresh meat have indicated that at 10 kV/cm intensity, 

heating effects start to appear on the meat edges that resemble cooking (Bekhit et al. 

2014c). PEF could be a useful treatment to exert desirable structural modifications (e.g 

tenderisation, enhancing drying rates) in meat. The following section discusses the 

reported effects of PEF on meat quality attributes. 

2.4.2 The application of PEF technology on meat and meat products and 

effects on meat quality 

Meat tenderness and meat processing 

Tenderness, colour, juiciness, flavour and palatability of a meat cut are some of the prime 

attributes that consumers consider during the purchase of fresh meat (Bekhit, Suwandy, 

Carne, van de Ven, & Hopkins, 2016). Of all the above listed attributes tenderness is 

regarded as the most important attribute as it determines whether consumers will 

repurchase the product (Troy & Kerry, 2010). The application of PEF treatment of meat 
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has recently been reported to positively influence meat tenderness and overall quality 

attributes. PEF treatments have the ability to improve the mass transfer of cellular 

components after electroporation. The enhancement of the movement of intercellular 

constituents such as calcium from the sarcoplasmic reticulum facilitating activation of 

endogenous calpain proteases results in limited proteolysis of myofibrillar structure, 

leading to improved tenderisation post ageing (Bekhit, van de Ven, Suwandy, Fahri, & 

Hopkins, 2014). Studies done on beef have reported improved tenderness of muscles 

treated with PEF prior to ageing. PEF (10 kV, 90 Hz and 20 μs) had a positive impact on 

the tenderization of beef M. longissimus et. lumborum muscles after repeated PEF 

treatment (Suwandy, Carne, van de Ven, Bekhit, & Hopkins, 2015). Several studies have 

confirmed the potential of PEF for improving meat tenderness in both pre-rigor and post-

rigor muscles during ageing, and other studies on the application of PEF technology on 

meat products have been summarised in Table 2.2. 

PEF has been successfully applied to enhance mass transfer during drying and brining of 

meat products in curing processes (Gómez et al., 2019). The influence of PEF to improve 

the uptake of additives in curing processes can help industry reduce the concentration of 

additives and the process duration required, as a result of improved absorption rates into 

the meat following PEF treatment. Work reported in this regard by McDonnell, Allen, 

Chardonnereau, Arimi, and Lyng (2014) described the use of PEF for accelerating the 

salting of pork without causing significant effect on weight change post-curing, water-

binding capacity or texture, but also highlighted the need to optimize the treatment 

parameters. Table 2.2 summarises some of the effects of PEF on meat tenderness (shear 

force) and other meat quality attributes. 
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Table 2.3 Application of PEF technology on meat muscle and its effect on meat quality. 

Animal and muscle analysed PEF treatment parameters Effects on meat quality attributes Reference 

Pork, shoulder and haunches 0.5–5 kV/cm, 50–1000 pulses, 

1–25 kJ/kg 

Improved tenderness (Toepfl, 2006) 

Pork, shoulder and sausage 

products 

0.5–5 kV/cm, 50–1000 pulses, 

1–25 kJ/kg 

The rate of curing was hastened, better water binding capacity (Toepfl, 2006) 

Pork, longissimus thoracis et 

lumborum 

1.2 or 2.3 kV/cm, 100 or 200 

Hz, 150 or 300 pulses 

 Reduced curing time, no PEF effect on cooking loses and WHC, no 

effect on the profile of texture 

(McDonnell et al., 2014) 

Beef loin and topsides 0.27-0.56 kV/cm; 5 and 10 kV; 

20,50 and 90 Hz; 20 μs; and a 

variety of pulse numbers 

Improved tenderness with reduced cooking losses (Bekhit et al., 2014) 

Beef Semitendinosus muscle 1.4 kV/cm; 50 Hz; 20 μs; 1032 

pulses, 250 kJ/kg 

PEF affected microstructure of beef tissue, influenced WHC and 

textural properties. 

The applied PEF conditions and sample pre-treatment (fresh or 

frozen-thawed) should be considered for determining the effect of 

PEF on meat tenderness 

(Faridnia et al., 2015) 

Beef Longissimus et lumborum 5 kV, 10 kV, 20, 50, 90 Hz Tenderness increased regardless of intensity, shear force reduced by 

21.6% 

(Suwandy, Carne, van de 

Ven, Bekhit, & Hopkins, 

2015) 
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Table 2.4 continued… 

Animal and muscle analysed PEF treatment parameters Effects on meat quality attributes Reference 

Beef Longissimus et lumborum, 

cold boned 

0.58 - 0.73 kV/cm; voltage 10 

kV; 10 Hz; 20 μs 

Tenderness increased in cold-boned beef and PEF improved 

proteolysis of low pH meat. 

(Carne, van de Ven, 

Bekhit, & Hopkins, 

2015b) 

Beef Semimembranosus muscle 5 kV, 10 kV , 20, 50, 90 Hz Increased purge loss, no effect on cooking loss and improved meat 

tenderness 

(Carne, van de Ven, 

Bekhit, & Hopkins, 

2015a) 
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From a consideration of the literature, very few studies have been done on the 

combination of PEF treatment prior to dry ageing meat to establish the impact on meat 

quality attributes, and in addition, the analysis of lipid and protein oxidative modifications 

on PEF treated dry aged meats is also either lacking or limited. 

2.5 Lipid and protein oxidative processes in aged meat. 

Oxidative modifications play a pivotal role in the development of the desirable 

characteristic flavours with dry aged meat products, however excessive lipid (and protein) 

oxidation can lead to off-flavour development in muscle foods. In addition, oxidation can 

lead to other detrimental changes in colour, texture, nutritive value and possible formation 

of potentially toxic compounds such as reactive aldehydes and free radicals (Gray, 

Gomaa, & Buckley, 1996; Jacobsen, Let, Nielsen, & Meyer, 2008; Chaijan, 2008; 

Cameron Faustman, Sun, Mancini, & Suman, 2010). Hence there has been an increasing 

awareness that the extent of oxidation processes occurring in meat is a fundamental 

consideration in meat processing. In the next section the mechanistic processes of 

oxidative modifications of meat lipids and proteins are reviewed. 
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2.5.1 Mechanistic processes of lipid oxidation in meat 

Oxidation pathways 

Apart from microbial spoilage, lipid oxidation is the major factor reducing quality and 

acceptability of meat and fat products (Estévez & Cava, 2004); Cheng, 2016). Lipid 

oxidation is a complex process where substrates required for these oxidative processes 

include unsaturated fatty acids in the subcellular membrane interacting with molecular 

oxygen in the presence of chemical species that catalyse / accelerate the process 

(Faustman et al., 2010; Morrissey et al., 1998). Muscle lipids are particularly labile and 

polyunsaturated fatty acids will readily undergo oxidative modifications (Min & Ahn, 

2005). Excessive production of oxidative products are well known for producing 

undesirable sensorial effects such as colour change and textural effects on the meat 

product over time (Marquez-Ruiz et al 2007).  

There are three major reaction pathways for lipid oxidation as shown in Figure 2.3. These 

are first, an autoxidation (pathway 1), a free radical chain reaction that is initiated by 

atmospheric oxygen activation yielding hydroxyl radicals, or via radical formation by 

irradiation or oxidants. The second reaction pathway is via enzymatic formation of lipid 

hydroperoxides through lipoxygenase activity  (pathway 2, Figure 2.3), and the third 

reaction pathway (pathway 3, Figure 2.3) is via photoxidation, involving photosensitized 

formation of lipid hydroperoxides through formation of singlet oxygen or through direct 

radical generation (Carlsen, Møller, & Skibsted, 2005). 

The most common oxidation mechanism pathway that is of the most interest is lipid 

autoxidation, that also known as thermal lipid oxidation, by atmospheric air and involving 

free radical intermediates. Lipid autoxidation is a three step process that includes 

initiation, propagation and termination steps (Carlsen et al., 2005; Shahidi & 

Wanasundara, 2002). Autoxidation requires initial activation energy for the initial step to 
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commence. The initiation step starts with hydrogen abstraction from the double bond on 

the unsaturated fatty acid RH molecule to form a very reactive free radical (R*). This step 

occurs more easily with more double bonds available (i.e the higher the degree of 

unsaturation in the lipid) and is enhanced by higher temperatures and the presence of 

traces of metals or modified metalloproteins in the meat matrix which act as catalysts 

(Barriuso, Astiasarán, & Ansorena, 2013; Choe & Min, 2006; Halliwell & Chirico, 1993; 

Halliwell & Chirico, 1993). Free radicals R* that are generated  react rapidly with 

atmospheric oxygen to form a peroxyl radical (ROO*), which abstracts another hydrogen 

atom from another unsaturated centre in a fatty acid due to its instability towards 

oxidation, forming a hydroperoxide (ROOH) and another fatty acyl radical R*, which 

then initiates further oxidation (as a propagation step). 

The termination step occurs when two fatty acyl radicals react to form a non-radical 

product. The flow diagram below summarises the lipid oxidation process.  
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Figure 2.3 The three main reaction pathways of lipid oxidation. Reaction pathway 1, free 

radical chain reaction initiated by oxygen activation to yield hydroxyl 

radicals, or by radical formation by irradiation, or by oxidants. The second 

pathway (2) is the enzymatic formation of lipid hydroperoxides through 

lipoxygenase activity, and pathway 3, photo-oxidation of lipid hydroperoxides 

through formation of singlet oxygen or through direct radical generation. R* 

=free radical, ROO* = peroxyl free radical, ROOR= hydroperoxides, O= 

oxygen, RH = unsaturated fatty acid, HO*- hydroxyl radical, H=hydrogen, 

Adapted with modifications from (Carlsen et al., 2005; Shahidi & 

Wanasundara, 2002). Permission Granted Elsevier. 
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Exposure of meat to oxidative conditions increases peroxide formation, as primary 

peroxide products and subsequently peroxides undergo scission to form lower molecular 

weight secondary oxidation products such as hydroxy compounds, aldehydes, ketones and 

epoxides (Faustman et al., 2010).  

It is important to note that a variety of intrinsic and extrinsic p2roperties (e.g. 

concentration of pro-oxidants, endogenous ferrous iron, myoglobin, enzymes, pH, 

temperature, ionic strength, oxygen consumption rate and the fatty acid composition of 

the meat), and some of the processing steps, can predispose meat to lipid oxidative 

modifications (Andreo, Doval, Romero, & Judis, 2003). For instance, with non-ruminants 

such as ostrich (that produces a red meat product) contains greater concentrations of 

unsaturated fatty acids in triacylglycerols and generally displays more rapid lipid 

oxidative modifications compared with other ruminant meats (Tichivangana & Morrissey, 

1985). Muscles with greater proportions of red fibres (such as venison) are susceptible to 

oxidation because they contain more pro-oxidants such as ferrous iron and phospholipid, 

than muscles containing predominantly white fibres (such as chicken meat) (Wood et al., 

2004). Minced meat can experience higher lipid oxidation than whole meat cuts because 

the grinding process incorporates oxygen, ruptures some cells in the tissue, mixes reactive 

components, and increases the surface area exposed to air as a result of mincing (Gray et 

al., 1996, Faustman et al., 2010). Venison was found to have higher oxidation capacity 

compared to beef (Farouk, Beggan, Hafejee, Freke, & Bekhit, 2007) due to venison 

having a higher content of polyunsaturated fatty acids and phospholipid content compared 

with beef (West & Chrystall, 1989). The next subsection explores the factors that 

accelerate/promote lipid oxidation and the compounds present in meat that act as 

antioxidants to limit oxidative spoilage. 
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Pro-antioxidant and anti-oxidant factors in meat 

Pre-slaughter factors such as muscle tissue damage and aggravated stress can act as pro-

oxidant factors by affecting the rate and extent of lipid oxidation in meat.  After animal 

slaughter, there is a loss of homeostasis followed by destruction of antioxidant defences, 

which together with the postmortem impairment of cell compartmentalization as the meat 

ages, play a critical role in the exposure and eventual oxidation of muscle components by 

pro-oxidants (Bekhit, Hopkins, Fahri, & Ponnampalam, 2013; Estévez, 2017).  

Ferric heme proteins in meat, haemoglobin and specifically myoglobin have been 

implicated as the major pro-oxidants in tissue lipid oxidation (Min & Ahn, 2005). Lipid 

oxidation and meat pigments are interrelated since greater concentrations of iron and 

myoglobin are associated with greater rates of lipid oxidation (Carlsen et al., 2005; 

Faustman, Yin, & Nadeau, 1992). This was observed in venison, which is well known to 

have higher myoglobin levels (Okabe et al., 2002). Heme-initiated lipid peroxidation is 

autocatalytic and can be classified into four groups: (a) Fenton-like reaction mechanism; 

(b) Fe (III)/Fe(IV) mechanism; (c) pseudo peroxidase mechanism; and (d) Fe(II)/Fe(IV) 

mechanism. As the meat is ageing postmortem, partly proteolysed myoglobin becomes 

catalytic by a Fenton-type one-electron Fe (II)/Fe(III) cycling mechanism, forms lipid 

hydroperoxides, and is further linked to cross-linking of proteins that will be discussed in 

the coming sections.  

The abundance of phospholipids in meat has been reported to increase susceptibility of 

raw and cooked meat products to oxidative modification and development of rancid lipid 

flavours. A study conducted by Pikul et al. (1984) highlighted that the phospholipid 

fraction contributes up to 90% of the total malondialdehyde measured in chicken meat.  

External factors such as the quality of dietary fat in the animal feed and the genetics 

relating to the predisposition of the animal storing fatty acids in membrane phospholipids 
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can be a significant factor in lipid susceptibility to oxidative modifications (Song & 

Miyazawa, 2001). 

Antioxidants and chelating agents are the most effective inhibitors of lipid oxidation in 

meat products. Meat muscle has a defence mechanism against lipid oxidative 

modification due to non-enzymatic water and lipid soluble compounds. This includes 

compounds such as vitamins E, C, ubiquinols, polyphenols, carotenoids and cellular 

thiols. These combined by enzymatic systems such as catalase, glutathione peroxidase, 

and superoxide dismutase, all serve to reduce and prevent lipid oxidation (Chan, Decker, 

& Feustman, 1994). Vitamin E (as α-tocopherol) (TOH) is the most important and most 

abundant of these compounds. α-tocopherol functions as a chain-breaking electron donor 

antioxidant by competing with the substrate for the chain-carrying peroxyl radicals. 

Moreover, α-tocopherol is also reported to be associated with retarding the decomposition 

of hydroperoxides (Georgantelis, Blekas, Katikou, Ambrosiadis, & Fletouris, 2007). α-

tocopherol is present in concentrations at least 15 times higher than any of the others 

isomers (Burton et al., 1983). It is also an indispensable component of cell membranes. 

When TOH encounters a peroxyl radical (ROO
•
), it donates a proton from its chromanol 

phenolic group to form a hydroperoxide and a tocopheroxyl radical (TO
•
) (Packer, 1993): 

TOH + ROO
•
     ROOH + TO 

In recent decades there has been increasing interest in the application of antioxidant to 

meat products. For example, rosemary extract which has high polyphenol content has 

been added either individually or in combination with other antioxidants such as chitosan 

and α-tocopherol to meat. As a result of this treatment, the effect on lipid oxidation and 

colour stability of frozen (−18 °C) beef burgers stored for 180 d, was found to result in 

improved oxidative stability. 
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2.5.2 Analytical techniques for monitoring and assessing lipid oxidation in 

muscle foods 

Analytical techniques and methods used for the assessment and monitoring of lipid 

oxidative modifications have advanced significantly in the past 50 years. Table 2.3 below 

summarises some of the key analytical techniques utilised for assessing lipid oxidative 

modifications in meat products. 
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Table 2.5 Analytical techniques used to assess lipid oxidation in meat research and the meat industry. 

Analytical 

techniques 

Study Treatment 

parameters 

Impact on lipid 

oxidative stability 

Application in meat 

oxidation research 

Reference 

UV-Vis 

spectrophotometry 

Primary lipid oxidation 

products (conjugated 

dienes) 

Short prep time 

(λ=232nm) 

High amount of solvents  

Low concentration range 

Technique was applied to 

assess the conjugated dienes 

in fresh duck and pork 

patties. 

(Georgantelis et al., 

2007) 

(Choe, Kim, Kim, & 

Kim, 2017) 

Chromatography Peroxides, volatiles, 

oligomers, MDAs, 

secondary oxidation 

products  

Long prep time Laborious experimental 

procedure and data 

processing-low to 

medium sensitivity 

Used to analyse the change 

in unsaturated fatty acids 

with GC-MS volatiles in 

meat 

(Sakai, Habiro, & 

Kawahara, 1999) 

(Fernández, Pérez-

Álvarez, & 

Fernández-López, 

1997) 

Raman Scattering Peroxides, PUFA Very short sample 

preparation 

Some molecules are 

inactive 

Raman signals used to 

follow lipid oxidation in 

mechanically separated 

turkey. The signals had high 

correlation with the 

concentration of lipid 

oxidation products in 

muscle tissue based on 

(TBARS). 

(Kathirvel, Ermakov, 

Gellermann, Mai, & 

Richards, 2008) 
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Table 2.6 continued… 

Analytical 

techniques 

Study Treatment 

parameters 

Impact on lipid 

oxidative stability 

Application in meat 

oxidation research 

Reference 

Fluorescence 

spectroscopy 

Aldehydes, ketones and 

volatiles 

Very short with 

minimal sample 

required 

 Solid sample auto-

fluorescence spectroscopy 

well suited for non-

destructive determination of 

lipid oxidation level poultry 

meat product. 

(Wold & Mielnik, 

2000) 

Electron 

paramagnetic 

resonance 

Free radicals Very short and small 

sample required 

High sensitivity Explored the generation and 

mechanisms of radical 

formation in beef and 

chicken meat 

(Bolumar, Andersen, 

& Orlien, 2014) 

Nuclear magnetic 

resonance 

Peroxides, POP, 

aldehydes, dienes 

Very short, minimal 

sample required 

High sensitivity Monitored the loss of fatty 

acid unsaturation with 

processing conditions 

(Mungure, Bekhit, 

Birch, & Stewart, 

2016) 
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2.6 Protein oxidation in meat 

Research on protein oxidation has been lagging compared to research on oxidative 

modifications in lipids. However, research on mechanisms of protein oxidative 

modifications in foods, and fresh meat, in particular, is an area of growing interest. 

Protein oxidation is known to produce a number of oxidation derivatives, with the main 

modifications occurring on amino acid side chains. These include aromatic hydroxylation, 

formation of carbonyl derivatives and thiol oxidation (Lund, Heinonen, Baron, & 

Estévez, 2011;  Zhang, Xiao, &Ahn, 2013a), with methionine and cysteine containing the 

reactive sulphur atoms being readily oxidised (Shacter, 2000). 

Protein oxidation can be defined as the covalent modification of a protein, induced either 

by direct reactions with reactive oxygen species (ROS), or indirect reactions with 

secondary oxidative stress by-products (Zhang et al., 2013a). ROS (their generation in 

meat is discussed in the following section), such as hydroxyl radical (HO
•
), superoxide 

radical anion (O2
•
), hydroperoxyl (HOO

•
), alkoxyl (RO

•
), and non-radicals such as 

hypochlorous acid (HOCl), singlet oxygen(
1
O2) and ozone (O3), are known to initiate 

both amino acid side chain oxidation and protein backbone changes resulting in protein 

fragmentation and/or protein-protein cross-linkages (Zhang, Xiao, & Ahn, 2013b). The 

backbone of a protein can be attacked directly leading to fragmentation and 

conformational modifications in the secondary and tertiary structures. The insoluble 

myofibrillar proteins, in particular are susceptible to oxidation with myosin in meat being 

the more sensitive to oxidative modifications followed by troponin T and actin (Gallego, 

Mora, & Toldrá, 2018; Martinaud et al., 1997).  
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2.6.1 Free radical generated oxidation in meat 

As mentioned in the previous section, several reactive oxygen species (ROS) s, such as 

HO2
•
, hydroxyl radicals and other non-radical species (H2O2 and ROOH) can initiate 

oxidation of amino acids. Tyrosine, phenylalanine, tryptophan, proline, arginine, 

methionine and lysine are well known for their high susceptibility to oxidative 

modifications (Stadtman & Levine, 2003). The electron reduction of O2 is known to form 

the O2
•− 

anion and the non-radical species H2O2, which can lead to the generation of the 

extremely reactive HO
• 

radical by reacting, via the Fenton reaction, with other 

components, leading to the initiation of oxidative modifications of proteins, nucleic acids 

and lipids (Davies, 2005). Enzymes known to catalyse the generation of reactive oxygen 

species include nitric oxide synthase, NADPH oxidase, xanthine oxidase, ribonucleotide 

reductase, glucose oxidase, myeloperoxidase, cytochrome P450 lipoxygenase, and 

prostaglandin synthase.  The exposure of meat products to factors such as visible light, 

UV, chemical agents like ozone, transition metals, N2O2, ketoamines, deoxyosones, HOCl 

can lead to ROS generation (Davies, 2005; Tetik, Uras, & Yardimci, 2007). Other pro-

oxidant heme-proteins such as myoglobin present in meat can play a key role as initiators 

in the trigger of protein oxidation (Baron & Andersen, 2002). The most significant 

oxidative modifications in meat products are known to lead to the protein carbonyl 

formation, protein cross-linking and/or loss of sulfhydryl groups, all which are discussed 

further in the following sections. 
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2.6.2 Cross link formation 

Oxidation and nitrosylation of sulfhydryl groups and tyrosine residues leads to the 

generation of disulfide and dityrosine bonds, respectively, resulting in cross-linked 

proteins (Giulivi & Davies, 1993). The intra- and inter-molecular cross-linking of muscle 

proteins involves the formation of a variety of cross-linked oxidation products and 

ultimately polymerization of the proteins. A cross-linked compound, dityrosine, has only 

been observed in meat model systems (Lund, Luxford, Skibsted, & Davies, 2008). The 

hypervalent myoglobin species have been shown to induce both intra- and inter-molecular 

protein cross-linking. Park et al. (2006) have recently reported that the oxidation of 

muscle protein in a metmyoglobin oxidizing system also promotes extensive, dose-

dependent cross-linking while the effect of other systems (i.e. a lipid-oxidizing system) 

were minimal. MbFe(IV)=O has been observed to react rapidly with myosin to form 

myosin radicals and cross-linked products in a concentration-dependent manner at 

physiological pH, and the formation of cross-linked myosin induced by H2O2-activated 

Mb does not seem to be greatly affected by lowering pH to values relevant for meat 

systems.  The identification of disulphide and dityrosine cross-linking by Lund et al., 

(2008) has been observed in myosin oxidized by H2O2-activated heme proteins. 

Assessment of published literature on oxidative crosslinking of myosin suggests both 

disulphide and sulphide crosslinks, with a fewer researchers believing metal catalysed 

oxidation generates the disulphide linkages (Lund et al., 2011; Xiong, 2000). 
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2.6.1 Formation of carbonyl group derivatives  

Metal ion catalysed oxidation of amino acid side chains of myofibrillar proteins is known 

to be the primary cause of carbonyl compound formation. This involves direct oxidation 

of the amino acid side chains of arginine, lysine, proline and threonine (Amici, Levine, 

Tsai, & Stadtman, 1989; Zhang et al., 2013a). There are three other major pathways that 

lead to their generation. The first is fragmentation of backbones through the α-amidation 

pathway and β-scission. The second is by the binding of non-protein carbonyl compounds 

from lipid peroxidation by Michael addition reaction to protein amino acid chains. Lastly, 

by addition of reactive carbonyl derivatives generated by reducing sugars and their 

oxidation products after reacting with lysine (Decker, Livisay, & Zhou, 2000). 

2.6.2 Loss of sulfhydryl group 

 As meat ages, there is hydrogen peroxide build-up in cells that expose the thiol group of 

cysteine to oxidative modifications. The oxidation of thiol groups leads to a series of 

complex reactions resulting in formation of various oxidized products such as sulfenic 

acid (RSOH), sulfinic acid (RSOOH) and disulphide cross-links (RSSR). Equations 

(Carrick E. Devine*, 1, & )-(3) show examples of such reactions: 

RSH+ H2O2 ⇋ RSOH+ H2O …. (Carrick E. Devine* et al.)  

RSOH+RSH ⇋ RSSR+ H2O …. (2) 

2RSH+ O2 ⇋ RSSR+ H2O2 …. (3) 

More complex reactions involving thiyl radicals may also take place, as shown in Eq. (4), 

but a number of other reactions may also occur during oxidation 

..... (4) 
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The total content of thiol groups in meat does not seem to be affected by post-mortem 

ageing suggesting that the content of thiol groups is a good marker of oxidation (Lund et 

al., 2011). A protocol has been published for thiol determination based on a fluorescent 

maleimide-derivative, the ThioGlo-1, which is reported as being more sensitive than 

Ellman’s reagent (Lund et al., 2008). 

2.6.3 Lipid-protein oxidation reactions in muscle foods. 

Protein oxidative modifications to heme-proteins such as myoglobin lead to loss of meat 

colour stability. Lipid oxidation leads to the development of off-flavours and reduced 

meat nutritional content (Faustman et al., 2010). The mechanism of lipid–protein 

oxidation interaction is still under debate amongst meat scientists. The current general 

consensus supports the notion that lipid-protein interactions under oxidative conditions 

include reactions of amino acids, peptides, and proteins with lipid oxidation products such 

as hydroperoxides, alkenes ketones, epoxides and aldehydes, which result in several 

outcomes including accumulation of protein carbonyls, adduct formation, crosslinking, 

and fragmentation (Faustman et al., 2010). Amino acids (AA) have been reported to be 

more susceptible to attack from lipid secondary oxidation products such as aldehydes 

compared with hydroperoxides due to their ability to readily interact with the AA residues 

of proteins thus regulating their structure and function (Zhang et al., 2013a). The amino 

acid side chains can react with lipid aldehydes by Michael additions, Schiff base reaction 

or both simultaneously to produce aldehydic adducts.  The Michael addition or Michael 

reaction is the nucleophilic addition of a carbanion or another nucleophile to an α, β- 

unsaturated carbonyl compound, and for instance lysine residues can react with aldehydes 

to form pyrrole derivatives (Hidalgo, Alaiz, & Zamora, 1998). Schiff base reactions 

involve the carbonyl group of aldehydic lipid reacting with the functional groups of 
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certain nucleophilic amino acid side chains to form imines in the food matrix (Rysman et 

al., 2016). Lipid oxidation by-products and amino acid residue derivatives have also been 

reported to trigger cross-linking in proteins (Zamora, Alaiz, & Hidalgo, 2000).The 

reaction between 4,5-epoxy-2-alkenals and the amino groups of amino acids results in the 

formation of N-substituted pyrroles (II), which can polymerize rapidly and lead to the 

development of brown colour (Zamora et al., 2000). 

The diet that animals are exposed to prior to slaughtering can influence PUFA 

distribution in the final meat product, and as such lipid oxidation can have a significant 

influence on protein oxidation. Increased levels of protein carbonyls were subsequently 

found in chicken breast meat after the chickens consumed highly oxidised oils in their 

diet (Zhang, Xiao, Lee, & Ahn, 2010). Lambs raised on a concentrated diet of grains 

produced a greater amount of protein carbonyls than those on pasture during storage time 

(Sante-Lhoutellier, Aubry, & Gatellier, 2007).  

2.6.4 Protein oxidation and its effect on meat quality 

 Protein oxidation in meat results in the alteration of protein solubility and functionality, 

such as gel forming ability, water holding capacity (WHC) and emulsifying and 

nutritional properties.  Work reported by Liu, Xiong, & Chen (2010) on pork longissimus 

muscle showed that protein oxidation enhanced hydration but at the same time 

significantly reduced the WHC. As the protein carbonyl content and cross-linkages 

between myofibrillar and sarcoplasmic proteins increases, the WHC declines. This can be 

observed through an increase in denaturation of sarcoplasmic proteins and a decline of the 

main contractile proteins, myosin and actin, in the presence of elevated levels of H2O2 

and OH
•
. Their interaction can be a potential contributing factor to the change in the 

water binding properties of muscle. The oxidation of proteins such as μ-calpain can have 
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a dramatic effect on meat properties such as the WHC and tenderness. Calpains autolyze 

in the presence of calcium and this autolysis is indicative of their proteolytic activation in 

postmortem muscle (Bhat, Morton, Mason, & Bekhit, 2018). As M- and μ-calpain are 

cysteine proteases, their oxidation may regulate their proteolytic activities, and 

consequently influence fresh meat quality (Bhat et al., 2018; Geesink & Koohmaraie, 

1999). The oxidation of myofibrillar proteins can lead to a significant decrease in their 

nutritional value in terms of availability of essential amino acids and digestibility of 

oxidized muscle proteins. Among them, the basic amino acids lysine, histidine, arginine, 

and threonine are essential amino acids for the diet of humans and their oxidation causes 

a depletion of such amino acids in the dietary meat products (Zhang et al., 2013a). 
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2.7 Analytical techniques for assessing protein carbonylation 

2.7.1 Spectrophotometric methods and development of chromatographic 

techniques 

The general assessment of protein oxidation has been generally done using the 

dinitrophenylhydrazine (DNPH) spectrophotometric method in food systems. This 

method was introduced in 1990 by Levine et al. (1990). In this method, protein carbonyls 

react with DNPH in solution, generating a yellow hydrazone derivative that can be 

measured spectrophotometrically at 370nm. The technique, however, has limitations as 

DNPH does not bind exclusively to protein carbonyls. DNPH can also bind to lipid 

carbonyls thereby presenting an overestimation of protein oxidation in muscle food 

systems. Another limiting factor with the DNPH method is a lack of reaction specificity, 

as it does not provide any information on the mechanisms involved, and the chemical 

structures of the protein carbonyls formed remain largely unknown. More specific 

methodologies to fully understand the basic chemistry behind the occurrence of protein 

carbonylation in muscle foods have been gradually developing. Based on a procedure 

originally conceived for medical research, Akagawa et al., (2006) and Estévez, Ollilainen, 

and Heinonen (2009) identified two specific protein carbonyls namely, α-aminoadipic 

semialdehyde and γ-glutamic semialdehyde (AAS and GGS, respectively), as potential 

protein oxidation markers in several oxidized meat, soy and diary proteins by using high 

performance liquid chromatography (HPLC) coupled to electrospray ionization and 

multi-stage tandem mass spectrometry (LC–ESI– MS). AAS is an oxidation product of 

lysine, while GGS is generated by the oxidation of arginine and proline (see Figure 2.4).  
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Figure 2.4 Formation of γ-glutamic (GGS) and α-aminoadipic (AAS) semialdehydes from 

the oxidation of arginine and lysine, respectively. Source (Lund et al., 

(2011)). Permission granted Elsevier. 
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Carbonyls (aldehydes and ketones) as oxidation products are formed mainly from three 

amino acid residues; Lys, Arg and Pro. AAS and GGS are reported to account for around 

70% of the total protein carbonyls formed in oxidized animal proteins. It is worth noting 

that the formation of these semialdehydes does not require a previous cleavage of the 

peptide bond, as protein-bound amino acids can be degraded into their corresponding 

semialdehydes. AAS and GGS have already been used as indicators of protein oxidation 

in raw meat, and for a large variety of processed muscle foods such as cooked patties, 

frankfurters and dry-cured meats (Armenteros, Heinonen, Ollilainen, Toldrá, & Estévez, 

2009). 
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2.8  Summary, research gaps and aims of the study 

 This review of the literature shows that the main focus on dry ageing has been on high 

premium beef cuts with little to no focus on comparing animal species or different meat 

cuts from the same species (for instance venison and low value lean beef cuts). 

Considerable opportunities exist to develop niche products with different animal species 

meats, such as venison, as well as the potential for adding value to low value meat 

products via processes such as dry ageing.  

It is apparent from this review of literature that novel technologies such as PEF treatment 

have the potential to induce microstructural changes that could possibly regulate and 

accelerate the meat tenderisation process. Smart ageing techniques including water 

permeable packaging have the potential of improving yields and increasing microbial 

control. It is from all this information that a need is inherently recognised for an in-depth 

knowledge of lipid and protein oxidative modifications in meat products, and an 

increasing interest in using dry ageing to produce value-added niche meat products. From 

the gathered literature it is also evident that that characterisation and metabolomic 

profiling of dry aged lean beef and in particular venison has not been researched and fully 

understood. 

Therefore, the purpose of the study was to explore meat quality attributes, metabolic 

profiles, and lipid oxidative modifications in 2 different animal models, and characterise 

oxidative interactions involving the lipids through the drying ageing process. 

I. The first model is of lean fast oxidation model (venison) 

II. Second model is of lean, slow oxidation model (lean bull beef) 

Some of the key objectives 

 To investigate the effect of combining using novel non-thermal technology PEF 

treatment (low and high), ageing conditions on morphological structure, meat 
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quality attributes and metabolic profile of wet and traditionally dry aged venison. 

As the combination of PEF and dry ageing of venison has not been characterised 

before, characterisation and metabolite profiling of was studied compared with wet 

ageing. 

 To characterise the lipid oxidative modifications, analyse the pro-oxidants and 

antioxidants present post dry ageing across the 2 animal models using both 

traditional and novel techniques and tools. Key emphasis will be following 

changes in unsaturated lipid, characterising the long chain oxidative products and 

gather some understanding of the physicochemical changes of animal lipid profile 

from pre ageing to post ageing period.  

 To assess the protein oxidative modification (targeted analysis) in the different 

model systems using specific carbonyl compounds used as oxidative biomarkers 

AAS and GGS in both 2 animal models.  

 To use the metabolomics profiling to determine the effect of postmortem ageing / 

ageing conditions on the lipid and protein oxidative stabilities of step-wise In-bag 

dry aged lean bull beef. 
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Chapter 3 

The effect of PEF treatment and ageing conditions on the 

morphological structure, meat quality attributes and 

metabolite profiles of wet and dry aged venison 

3.1 Introduction 

Application of pulsed electric fields (PEF) in enhancing meat quality has attracted 

considerable interest in the meat science field (Bhat et al., 2018). PEF is a novel non-

thermal food processing technology using rapid short high voltage pulses that can induce 

cell electroporation which can cause irreversible structure modifications with a potential 

to improve meat tenderisation (Bekhit et al., 2014b).  These muscle fibre modifications 

have been reported to affect quality attributes of beef such as water holding capacity and 

colour (Faridnia et al., 2015; Gudmundsson & Hafsteinsson, 2005). The general 

consensus on the effect of PEF treatment on meat tenderisation, however, is conflicted. 

Improved tenderisation has been shown with PEF (3.55 kV/cm, 20 Hz, 5 s) on triceps 

brachii muscle (Lopp & Weber, 2005). Other studies reported PEF (0.2 - 0.6 kV/cm, 1 - 

50 Hz, 20 µs) treatment on beef longissimus thoracis muscle (Faridnia et al., 2014) and on 

fresh beef M. Semitendinosus muscle (1.1 – 2.8 kV cm
−1

, 5 – 200 Hz, 12.7 – 226 kJ kg
−1

) 

(O'Dowd et al., 2013) did not affect the tenderisation. The work by Faridnia et al, (2014) 

and O’Dowd et al, 2013), however, did not take into account the effect of ageing on 

tenderisation and only focused on immediate post PEF effect. Considering post-mortem 

ageing effects after PEF treatment (combinations of voltages (5 and 10 kV) and 

frequencies (20, 50 and 90 Hz)) demonstrated significant tenderisation improvement in 

beef M. semimembranosus and M. longissimus et. lumborum muscle (Bekhit et al., 2014). 

Although a considerable amount of work on PEF in the meat science field has been 

conducted, no research has been done to investigate the impact of PEF treatment prior to 
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post-mortem dry ageing. PEF treatment is well known to exert its beneficial effects 

through electroporation, the formation of pores in cell membranes, which can facilitate 

movement of cell molecules, both intra- and inter-cellular components (Janositz, Noack, 

& Knorr, 2011). Such action may be beneficial in accelerating mass transfer in meat 

during subsequent dry ageing. Dry ageing is an important meat processing technique that 

caters for a significant segment of meat consumers through supplying meat products with 

unique and desirable eating quality. Dry aged meat is commonly processed under 

critically controlled low ambient conditions of temperature, relative humidity (RH) and 

airflow to facilitate mass transfer and biochemical/microbial processes that lead to the 

desired quality.  This ageing technique is re-emerging and attracting considerable interest 

in the meat industry due to its unique flavour, and possible enhanced tenderness (Kim et 

al., 2016; Li et al., 2013). Dry aged meat has been reported to have significantly different 

flavour  and metabolite profiles compared to the main stream wet/vacuum packaged meat 

(Warren & Kastner, 1992a). Wet aged beef is reported as having a sour and a strong 

blood/serumy  flavour whereas dry aged beef has a strong beefy, brown roasted flavour 

that is considered desirable by many consumers (Campbell et al., 2001).  Most of the 

reported research on dry aged meat has been predominantly carried out on beef, with little 

or no studies investigated the dry ageing of venison. Previous research has explored the 

metabolite profile of dry aged beef (Kim et al., 2016). The changes in metabolite 

compound groups including sugars, nucleotides, and proteolytic degradation including 

both the breakdown of proteins to smaller peptide fragments and the formation of amino 

acids during ageing have been studied by a number of research groups (Graham et al., 

2012; Koutsidis et al., 2008a; Koutsidis et al., 2008b). Metabolites, which are known to be 

flavour precursors, have not been studied in venison. 

PEF treatment, with its capability to increase membrane permeability leading to improved 

mass transfer, can be a useful tool in dry ageing processes. Studies by Suwandy et al. 
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(2015) and Bekhit et al. (2014b) have reported increased purge and drip loss in PEF-

treated beef samples due to less restrictions on cellular material mobility as shown by 

increased conductivity. While increased mobility of moisture in PEF-treated meat can be 

problematic due to losses that can occur during storage, such phenomenon can be 

advantageous for dry aged meat products. For example, facilitating a faster rate of 

moisture loss will be an advantage; improving product stability and reducing processing 

time. The use of PEF and controlled RH can improve mass transfer and enhance drying 

kinetics leading to reduced processing time and improved control over weight loss. 

However, there are a limited number of published studies that have compared the effects 

of different RH levels on dry aged beef with no research reported on farmed venison. 

The present study aimed at investigating the effects of four variable PEF treatment groups 

(high PEF-10kV, 50Hz, 20µs; low PEF-2.5kV, 50Hz, 20µs, no PEF control and heated 

control), combined with ageing method at different levels of RH (65% and 80%) on the 

myofibrillar structure, modifications to cellular permeability, the dry ageing rates and the 

meat tenderisation effect on venison. To achieve this goal, conventionally dry aged, and 

PEF-treated dry aged venison samples dried at 4°C and were compared to vacuum packed 

samples under the same processing conditions.  The samples were analysed for their 

physicochemical properties and characteristic polar metabolites in the two different ageing 

regimes.  A full experimental design of the research reported in this chapter is shown below 

(Figure 3.1). 



 50 

 

Figure 3.1 Schematic overview of experimental analyses performed and discussed in chapter 3.  
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Figure 3.2 Physical measurements pre- and post-PEF treatment. of venison before ageing process. 
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3.2 Methods and Materials 

3.2.1 Reagents and chemicals 

Chemicals and reagents were all of analytical grade. Methanol and diethyl ether were 

from Riedel-de Haen, Seelze, Germany. Trichloromethane, sulphuric acid (H2SO4) and 

hydrochloric acid HCl (32%) were from Fisher Scientific, England. Sodium chloride 

(NaCl) sodium dihydrogen orthophosphate (NaH2PO4) was from BDH Chemicals, Poole, 

England. 

3.2.2 Instruments and Equipment 

A PEF HPV5 system in batch mode was from DIL Elcrack (Quakenburck, Germany). A 

puncture pH electrode Inlab 427 was from Mettler-Toledo Process Analytical Inc, 

Wilmington, MA and was attached to a pH meter Hanna HI 9025 from Hanna 

Instruments, Woonsocket, RI. An electrical conductivity meter was from LF-Star 

Matthaus, Pottmes, Germany. An electronic balance was from Kern & Sohn GmbH, 

ABT-4M, Balingen, Germany, and a POLYTRON® system homogeniser was from 

Kinematica AG Switzerland. The Ultra spec 3300 pro spectrometer was from Amersham 

Biosciences Corporation (Amersham, UK). The centrifuge used in the centre for Protein 

Research, Department of Biochemistry, was from Beckman Coulter, Inc. (California, 

USA). A Milli-Q water reference water system production unit was from Millipore 

Corporation (Referred to as Milli-Q water in chapter) (Billerica, MA, USA). A vortex 

mixer was from Cenco Instruments, Breda, Netherlands 
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3.2.3 Meat samples and PEF treatments 

Venison meat samples were obtained from twelve 2-year-old red deer (Cervus elaphus) 

hinds raised on pasture and slaughtered at two processing plants in the South Island of 

New Zealand, from two different slaughter seasons, (6 animals for the 80% RH trial (with 

an average cold carcass weight of 108.0 ± 9.8 kg) were obtained on 15
th

 September 2016, 

from the Lorneville plant/abattoir (Alliance Group, Invercargill, New Zealand). The 

second set of 6 animals for the 65% RH trial (with an average cold carcass weight of 

112.9 ± 9.1 kg) were obtained from the Otago Venison abattoir (Duncan and Co. Ltd, 

Mosgiel, New Zealand) on the 17
th

 November 2016 under normal operational procedures. 

Due to the logistical limitations and sample availability, the 2 trials/experiments could not 

be run concurrently, and as a result the samples ended up being collected from 2 different 

abattoirs. 

The left and right loins (M. Longissimus dorsi) from each animal were excised at 24 h 

post-mortem. After removal of all visible fat and connective tissue, the trimmed meat 

samples were processed into blocks with an average weight of 318 ± 11.6 g of dimensions 

to fit into the PEF treatment chamber that had two parallel stainless-steel plates 

“electrodes” positioned 8 cm apart and isolated by a Teflon insulating material. The PEF 

chamber dimensions were 13 x 8 x 11 cm. Each loin muscle was divided into four blocks. 

The blocks were randomly allocated to PEF treatment combinations as described in Table 

3.1 below.  The samples were treated with PEF within 6 h of sectioning as follows; low 

intensity PEF treatment (LPEF = 2.5 kV at 50 Hz, 20 μs) and high intensity PEF treatment 

(HPEF = 10 kV at 90 Hz, 20 μs) plus a non-treated and a heated control. The PEF total 

treatment time was 30 s. 

  

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/red-deer
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Table 3.1 Schedule of the randomised distribution of cut venison loin blocks for the 

different treatments. 

PEF treatments Animals 

 1 2 3 4 5 6 

No PEF control-dry ageing (DAC) A B C D E F 

No PEF control wet ageing (WAC) B C D E F G 

Heated control (HC) C D E F G A 

Low PEF-dry ageing (DALPEF) D E F G A B 

Low PEF-wet ageing (WALPEF) E F G A B C 

High PEF-dry ageing (DAHPEF) F G A B C D 

High PEF- wet dry ageing (WAHPEF) G A B C D E 

 

The mean values of various processing parameters, electric field strength, total specific 

energy and temperature increase were 0.2 kV/cm and 0.5 kV/cm; 1.93 kJ/kg and 

70.2 kJ/kg; for LPEF and HPEF treatments, respectively. The PEF conditions (2.5 kV, 

50 Hz, 20 μs and 10.0 kV, 50 Hz, 20 μs) used in this study were based on the findings of 

previous studies (Bekhit et al., 2014; Bekhit et al., 2016; Suwandy et al., 2015a, Suwandy 

et al., 2015b) that reported differential effects for high and low PEF treatment intensities 

on tenderness and proteolysis of beef muscles. The PEF system (Elcrack-HPV5, DIL, 

Quakenbruck, Germany) was used in batch mode, with a bipolar square wave form, and 

the meat fibre direction was aligned parallel to the electrodes. The present study consisted 

of two trials where in the first trial the meat blocks were aged for 21 d at 4 ± 1 °C and 

https://www.sciencedirect.com/science/article/pii/S1466856418311548#bb0030
https://www.sciencedirect.com/science/article/pii/S1466856418311548#bb0025
https://www.sciencedirect.com/science/article/pii/S1466856418311548#bb0195
https://www.sciencedirect.com/science/article/pii/S1466856418311548#bb0200
https://www.sciencedirect.com/science/article/pii/S1466856418311548#bb0200
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80% RH. The second trial was carried out at 65% RH with a stepwise process was 

undertaken, the dry ageing was done for 10 d followed by 11 d of vacuum packaged 

ageing. In all instances, a separate set of samples were wet aged in vacuum packaging for 

the entire 21 d. In both studies, the HC (also known as temperature control samples) were 

placed in a water bath set at the highest temperature (20.7°C for 80% RH) and (21.3°C 

for 65% RH) found with the HPEF treatment samples.  The HC samples were not 

different from the control untreated samples and thus were not reported further to 

simplify the presentation of the study. 

Electrical input 

The following treatment electrical parameters were recorded immediately after PEF 

treatments; pulse electric field strength, pulse peak energy, pulse peak current, pulse peak 

voltage, pulse peak power, pulse count, resistance and pulse energy. The energy density 

was calculated as described by Zhang et al. (1995) O’Dowd et al. (2013) and Suwandy et 

al. (2014) using the following equation: 

Q =
V2t

Rv
 

where Q is the energy density (kJ/kg), V is the voltage (volts), t is the treatment time (t = 

number of pulses*pulse duration in μS), R is the resistance (ohms), and v is the weight of 

the sample (g). 

3.2.4 Methods 

pH measurement 

The pH of the meat samples was measured using the puncture pH meter both pre- and 

post-PEF treatment. The pH was also measured post- the ageing period. To measure the 

pH, 1.0 g of muscle was mixed with 10 mL deionised water and homogenised for 20 s 
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using a Polytron (Polytron-PT-MR 2100; Kinematica AG, Littau-Lucerne, Switzerland) 

at 12,000 rpm. The pH of the homogenate was measured using a glass electrode 

connected to a calibrated pH meter at 25°C. 

Electrical conductivity measurement 

A hand-held meat conductivity meter (LF-STAR, R. Matthaeus, Germany) was used to 

determine the electrical conductivity (σ) of venison samples before and after the PEF 

treatment by inserting the twin probes directly into the samples at three different 

locations. The electrical conductivity of the samples was also measured after the ageing 

period. 

Temperature measurement 

The temperature was recorded using a handheld infrared thermometer (Thermo-tech 

digital, location). The temperature was measured at different positions and the average of 

the measurements was used for further analysis. 

Transmission Electron Microscopy  

Microstructural analysis 

Microstructural changes in the meat samples resulting from the treatments were analysed 

using transmission electron microscopy. Samples were frozen in liquid nitrogen and 

stored at -80°C. Samples were subsequently fixed with 2.5% glutaraldehyde in 0.1 mol/L 

cacodylate buffer containing 5% sucrose and stored at 4°C. The tissue was then washed 

with 0.1 mol/L cacodylate containing 5% sucrose buffer. The tissue was cut into 

approximately1mm pieces and placed into 1mL vials. The tissue was further washed with 

0.1 mol/L cacodylate containing 5% sucrose buffer and then the tissue was fixed in 1% 

(w/v) OsO4 in 0.1 mol/L cacodylate buffer containing 5% sucrose for 60 min. The 

extracted tissue was washed in 0.1 mol/L cacodylate buffer containing 5% sucrose for 15 
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min and then stored in 0.1 mol/L cacodylate containing 5% sucrose buffer. Tissue was 

transferred to a Lynx Tissue Processor (Lynx11, L12600, for Histology and Microscopy, 

EMS, Hatfield, PA) with the sucrose and agitated at 20°C, then washed in double distilled 

water for 2 min and stained with 1% uranyl acetate in distilled water for 60 min. The 

tissue was then washed in double distilled water for 5 min. 

The tissue was dehydrated with 50% (v/v) ethanol for 10 min, then in 70% (v/v) ethanol 

for 10 min, then dehydrated with 95% (v/v) ethanol for 10 min and then finally washed 

twice with 100% (v/v) ethanol for 10 min.  Upon completion of the ethanol dehydration, 

2 mL propylene oxide was used for further dehydration for 10 min. 

The tissue was then infiltrated with a 2:1 (v/v) mixture of propylene oxide and resin 

(EMBED epoxy resin with BDMA medium) for 60 min. Tissue was then infiltrated with 

a 1:2 (v/v) mixture of propylene oxide and resin for another 60 min and finally infiltrated 

with resin overnight.  The following day the tissue was embedded and polymerised at 

60°C. 

Determination of drying rates 

The weight loss of the dry aged samples was measured every 24 h through to day 21 for 

the 80% RH trial and with the 65% RH trial up to day 10 post-treatment prior to vacuum 

ageing. 

Determination of dry ageing weight loss 

The weight loss occurring during the dry ageing was calculated as a percentage using the 

equation below:  

Dry ageing weight loss (%) = ( ) x 100 % 
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Purge loss measurement 

The wet weights of the samples were determined prior to the ageing process. Following 

ageing, the samples were blotted dry with paper towels before re-weighing. Purge loss 

was calculated as a percentage using the equation below: 

Purge loss (%) =  x 100% 

Thawing loss measurement 

To determine thawing weight loss, venison samples were taken out of the -80°C freezer 

and left to thaw overnight at 2°C. The samples were taken out of the vacuum bags and 

blotted dry with paper towels and weighted. The thawing loss was expressed as a 

percentage using the equation below: 

Thawing loss (%) = ( ) x 100 % 

Cooking loss measurement 

Cooking loss was determined using a MIRINZ standard method as reported by Chrystall 

et al. (1993). The samples were thawed at 2°C overnight and cooked individually in 

plastic bags immersed in a water bath at 80°C until the internal temperature reached 75°C 

as measured by a temperature probe. The cooked meat was cooled on ice, blotted dry with 

paper towels and weighed. The cooking loss was expressed as a percentage using the 

equation below: 

Cooking loss (%) =  x 100% 

Determination of total weight loss 

The total weight loss was determined by summation of Dry-ageing loss + Purge + 

Thawing and cooking losses. The result was presented as a percentage of the pre-ageing 

weight of venison samples. 
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Shear force measurement 

Shear force was determined using a MIRINZ tenderometer as described by Chrystall and 

Devine (1993). The cooked samples were sliced parallel to the muscle fibre axis to 

produce 6 sub-samples with a 10 mm x 10 mm cross section. The subsamples were each 

sheared using a MIRINZ tenderometer and the shear force was recorded. The obtained 

values were converted to Newtons using the following formula: 

Shear force (N) = [(0.2035 x shear force/kPA) - 2.2945] x 9.8 

3.2.5 Metabolite profile analysis 

Extraction process 

A modified method of Wu et al. (2008)  for the extraction of polar metabolsite was used 

to enable analysis of the metabolite profiles of the wet and dry aged venison samples. A 

350 mg meat sample from each treated muscle was collected and homogenised in 600 µL 

of cold methanol and a 130 µL of Milli-Q water using a homogeniser (IKA T 25 digital 

ultra-turrax®, IKA® Works, Inc. USA). The extraction was carried out using 600 µL 

cold chloroform and 300 µL of Milli-Q water. The extract was left on ice for 10 min and 

then centrifuged for 25 min at 4500 x g at 4°C. The supernatant (aqueous fraction) was 

then collected in new 2 mL tubes and the solvent was evaporated overnight using a 

vacuum centrifuge (Savant SC110 SpeedVac®, Savant Instruments, Inc, USA). The dry 

residue was reconstituted in 650 µL of 0.1 mol/L phosphate buffer (with 10% D2O and 

90% H2O, pH 7.0). Each sample was spiked with 60 µL of internal standard solution 

comprising of 5 mmol/L 3-trimethylsilyl-1-propanesulfonic acid sodium salt (DSS) as the 

chemical shift reference and for quantitative analyses and 0.1 mol/L imidazole as pH 

indicator. The samples were then centrifuged for 3 min at 10000 x g at 4°C.  An aliquot, 
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650 µL, of the supernatant was transferred into a 5 mm NMR tube (Norell ® Standard 

series) for NMR analysis.  
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3.2.6 NMR spectroscopy: metabolite identification, verification, data 

processing and quantitation 

NMR spectra were obtained on a Varian 500 MHz AR Premium Shielded NMR 

spectrometer equipped with a 14.09T superconducting magnet, and VNMRJ 4.2 software 

was used to acquire spectra at a set temperature of 25°C. A one-dimensional (1D) 
1
H 

NMR spectrum was acquired for each extract sample using a 5 mm Varian One Probe 32 

axis shim system and the noesypr1d pulse sequence (Bruker Analytische Messtechnik 

GmbH, Germany) with the following parameters: spectral width of 8223.7 Hz; 64000 

data points; number of scans of 256; number of dummy scans was 8; acquisition time of 3 

s with a recycle delay set at 2 s; pulse width of 90° pulse; and noesy mixing time of 0.1 s. 

The large chemical shift emanating from the water peak was suppressed by a 

presaturation field strength of 50 Hz.  

The 1D 
1
H NMR spectra were processed using MestreNova software, version Mnova 12. 

Baseline correction, spectrum phasing and pH calibration were done using the resonance 

frequency from imidazole. The DSS methyl chemical shift at 0.00 ppm was used for 

referencing the spectra. The DSS chemical shift was also used as a chemical shape 

indicator, i.e. as an internal standard for quantitation. Identification of metabolites was 

done using 1D 
1
H NMR spectra, 2D TOCSY and HSQC NMR spectra collected from a 

pool of 3 samples each of wet vs dry venison samples (Kim et al., 2016). Verification of 

the identified metabolite chemical shifts were confirmed using 2D spectra of individual 

metabolites in the human metabolome database (http://www.hmdb.ca/) and previous 

published literature  (Kim et al., 2016; (Zanardi et al., 2015). A list of the metabolite 

compounds and their respective chemical shifts are collated in Table 3.2 below. 

http://www.hmdb.ca/
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Table 3.2 The chemical shift of identified and quantified polar metabolites found in wet and dry aged venison. 

Compound 
Chemical 

shift 
m/d/t/s 

# of 

Protons 
 Compound 

Chemical 

shift 
m/d/t/s 

# of 

Protons 
 Compound 

Chemical 

shift 
m/d/t/s 

# of 

Protons 

Lactate 1.3-1.33 d 6  Alanine 1.46 d 7  Acetate 1.91 s 4 

4.08-4.13 m   3.76 q   Tyrosine 7.2  11 

Pyruvate 2.41 s   Creatinine 4.06 s 7  6.9   

Malate 2.36 dd 6  3.05 s   Isoleucine 3.66  13 

 2.66 dd   Leucine 0.98 t 13  1.98   

 4.29 dd   1.7 m   1.47   

Creatine 3.04 s 9  3.72 m   1.26   

 3.91 s   Glutamine 2.125 m 10  1.01(d)   

Glucose 6-

phosphate 

3.27 dd 13  2.446 m   0.91   

3.5 d   3.766 t   Niacinamide 7.58 dd 6 

 3.56 ddd   Inosine 3.83 dd 12  8.24 dd  

 3.71 t   3.902 dd   8.7 dd  

 3.87 ddd   4.25 dd   8.92 s  

 3.92 ddd   4.42 dd   Ethanol 1.17 t 6 

 3.99 dd   4.79 s   3.65 q  

 4.03 m   6.05 d   Fumarate z  4 

 4.64 d   8.18 s   Formate 8.44 s 2 

 5.22 d   8.305 s   Tryptophan 3.292 dd 12 

Carnosine  2.68 dt 14  Inosine 

monophosphate 

4.02 m 13  3.472 dd  

 3.03 dd   4.36 m   4.046 dd  

 3.19 dd   4.5 m   7.194 m  

 3.24 dt   5.133 d   7.274 m  

 4.48 m   8.21 s   7.31 s  

 7.09 s   8.55 s   7.53 d  

 8.08 s   Valine 0.97 d 11  7.723 d  

Glucose 1-

phosphate 

5.45 dd 13   1.029 d   Glucose 4.65 d 12 

3.91 m    2.26 m    3.93 s  

3.87 m    3.601 d    3.77 s  

3.75 m   Glycerol 3.55 m 8   3.5 dd  

3.48 ddd    3.64 m    3.8 m  

 3.39 T 

 

 
 

 3.77 tt  
 

Methanol 3.34 s 4 
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Table 3.3 continued… 

Compound Chemical 

shift 

m/d/t/s # of 

Protons 

 Compound Chemical 

shift 

m/d/t/s # of 

Protons 

 Compound Chemical 

shift 

m/d/t/s # of 

Protons 

Hypoxanthine 8.16-8.2 m 4  Betaine 3.26 s 11  Uridine 3.8 dd 12 

Carnitine 2.44  t 15   3.9 s    3.907 dd  

 3.21  s  
 

O-

Acetylcarnitine 

2.13 s  
 

 

 

4.12 m  

 3.43  t    2.48 dd   4.22 dd  

 4.57 t    2.61 dd   4.34 dd  

Mannose 3.37 ddd 12   3.18 s   5.88 d  

 3.56 t    3.61 d   5.902 d  

 3.64 m    3.82 dd   7.884 d  

 3.739 m    5.57 q   l-threonine 1.31 d 9 

 3.799 m   Phenylalanine 3.98 dd 11   3.57 d  

 3.84 m    3.19 m    3.58 d  

 3.88 dd    7.32 d    4.24 m  

 3.92 m    7.42 m   Methionine 2.15 m 11 

 5.17 d    7.36 m    2.63 t  

     Succinate 2.4 s 6   3.85 dd  
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3.2.7 Metabolite quantification and data processing 

Quantification of 34 identified metabolites in venison samples from both experimental 

trials (65% RH and 80% RH) was done using the following equation: 

Molarity (Met) = [intensity (Met) ∕intensity (Ref)] × [number of protons (Ref) ∕number of 

protons (Met)] × molarity (Ref) 

Whereby; Met denotes metabolite, Ref denotes DSS, molarity (Ref) = 5 mmol/L and 

number of protons (Ref) = 16. 

The resulting metabolite concentration table was exported to Excel where sample 

identifiers were added. The final result was then calculated and reported in µmol/g of 

venison meat. 

2.11 Statistical analysis 

Data for pH, conductivity, purge loss; cooking loss and shear force was tabulated in 

Microsoft Excel spreadsheets. Collected data were analysed using the REML routine in 

GenStat (GenStat Release 12.2), and the significance of treatment terms and their 

interactions was determined by Wald tests. PCA loading plots were used to determine 

whether the characteristic variables in samples were available to classify different 

metabolomics profiles in treatment groups. 
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3.3 Results and discussion 

3.3.1 Effect of PEF parameters on electric field strength, temperature and 

electrical conductivity 

In the present study, the mean actual electrical field strength (pulse peak voltage divided 

by the length between the electrodes) for LPEF treatments in both trials, was 0.31 kV/cm, 

with the high PEF treatments averaging 0.60 kV/cm. For PEF induced electroporation to 

occur, the electric field strength around the muscle cell should exceed the critical 

transmembrane potential and as such the electric field strength is regarded as the most 

important factor that affects PEF treatment (Töpfl, 2006). Previous research noted that for 

electroporation to occur for animal cells the critical electrical field strength needs to be at 

least 0.5 kV cm
-1

, thus implying an input voltage of 10 kV could provide sufficient 

electrical field strength to induce cell permeabilization (Bekhit et al., 2014b; Töpfl, 2006). 

At high electric field strength, ultrastructural changes coupled with textural changes have 

been reported. For instance O’Dowd et al., (2013) used PEF treatment (electric field 

strength: 1.9 kV/cm; energy density: 83.6 kJ/kg, frequency: 65 Hz, pulses: 250 and pulse 

width 20 µs) in beef Semitendinosus (ST), and (Gudmundsson & Hafsteinsson, 2001) 

using PEF parameters of 1.36 kV/cm, 60 pulses,
  

with fish and chicken, all reported 

microstructural modifications. In the present study, the total specific energy for the low 

PEF treatment (LPEF) was 1.93 kJ/kg whereas (HPEF) treated samples had 70.2 kJ/kg. 

The higher energy input in HPEF was translated into a higher temperature change in the 

treated samples. The temperature changes across both of the (65 and 80% RH trials 

ranged from 0.2 - 5.8°C for LPEF and 7.7 - 12.2°C for the HPEF (Table 3.3 shows the 

mean values across all of the treatments below). The temperature change for HPEF was 

relatively higher compared to the findings of Bekhit et al., (2014) for beef M. 
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Longissimus Lumborum although there were comparable temperature changes with LPEF. 

The temperature changes for the treatment groups were significantly lower than the mean 

value reported by O’Dowd et al. (2013) for beef Semitendinosus, that was up to 30°C 

(depending on the electric field and frequency applied). The rise in temperature in the 

HPEF samples can be attributed to Joule heating. There was a transformation of input 

energy in the treatment chamber during PEF treatment that induced moderate-to-mild 

Ohmic heating (Lindgren et al., 2002). Heated control samples had similar temperature 

values to the non-PEF treated temperatures as well as not having any statistical 

differences among the means of conductivity across both trials (p > 0.05). There was no 

significant difference between the heated controls and WAC, therefore they were not 

included in further analyses.  

Electrical conductivity can be described as the ease with which ionic species move in the 

cellular matrix. The ionic species movement is normally inhibited by the intact cellular 

membrane (Mungure et al., 2016; Lebovka, Bazhal, & Vorobiev, 2002). The average 

electrical conductivity of the 80% RH samples (Table 3.3) was increased with the 

intensity of PEF treatment (p < 0.05). 
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Table 3.4 The physical measurements (pre-, post-PEF and post-ageing) for the 80% RH trial. 

Treatment  

Temperature 

Increase  Conductivity σ (mS/cm)  pH  Weight loss 

PEF Ageing  °C  Pre-PEF Post-PEF Post-Ageing  Pre-PEF Post-PEF Post-Ageing  post- PEF (g) 

Control Wet  -  8.37
z
 8.37

az
 12.22

x
  5.76

y
 5.76

aby
 5.75

aby
  - 

 Dry  -  8.85
z
 8.85

az
 11.67

xy
  5.74

yz
 5.74

ayz
 5.79

abx
  - 

Low Wet  5.80
b
  8.60

z
 10.70

cy
 12.07

x
  5.72

yz
 5.70

abcyz
 5.74

byz
  0.80

b
 

 Dry  3.47
b
  8.88

z
 10.35

bcy
 12.42

x
  5.74

yz
 5.74

ayz
 5.81

ax
  0.74

b
 

High Wet  11.37
a
  8.13

z
 11.62

dxy
 12.38

x
  5.72

y
 5.65

cz
 5.74

byz
  1.57

a
 

 Dry  10.18
a
  8.52

z
 12.05

dx
 11.40

xy
  5.70

y
 5.67

bcz
 5.78

abx
  1.79

a
 

 SEM  1.25  0.68 0.42 0.30  0.03 0.02 0.01  0.42 

abc 
Means within the same column with different superscripts were significantly different at (p < 0.05). 

xyz 
Means within the same row for each physical parameter with different superscripts were significantly different at (p < 0.05). 

SEM- standard error of the mean 
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Table 3.5 The physical measurements (pre-, post-PEF and post-ageing) for the 65% RH trial. 

Treatment  

Temperature 

Increase  Conductivity σ (mS/cm)  pH  

Weight 

loss 

PEF Ageing  °C  

Pre-

PEF 

Post-

PEF 

Post-

Ageing  

Pre-

PEF 

Post-

PEF 

Post-

Ageing  

post- PEF 

(g) 

control Wet  -  9.97
z
 9.97

z
 12.70

x
  5.60

y
 5.60

ay
 5.67

xy
  - 

 Dry  -  9.87
z
 9.87

z
 12.65

xy
  5.59

y
 5.59

ay
 5.67

xy
  - 

Low Wet  3.18
b
  11.87

y
 12.25

y
 12.77

x
  5.60

y
 5.57

abyz
 5.69

x
  2.37

b
 

 Dry  4.42
b
  11.80

y
 12.28

y
 12.58

xy
  5.57

yz
 5.56

abyz
 5.67

xy
  1.90

b
 

High Wet  11.27
a
  11.38

z
 12.42

y
 12.82

x
  5.57

yz
 5.53

bz
 5.69

x
  2.93

a
 

 Dry  12.08
a
  9.87

z
 11.25

y
 12.67

x
  5.57

yz
 5.52

bz
 5.69

x
  3.16

a
 

 SEM  1.02  0.73 0.47 0.30  0.03 0.03 0.02  0.51 

abc
 Means within the same column with different superscript were significantly different at (p < 0.05). 

xyz 
Means within the same row for each physical parameter with different superscript were significantly different at (p < 0.05). 

SEM-standard error of the mean.
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The application of HPEF had an average 37.5% increase in the electrical conductivity 

(increases of 8.13 to 11.62 mS/cm and 8.52 to 12.05 mS/cm for wet and dry ageing, 

respectively). A similar effect was observed in PEF treated beef longissimus thoracis (LT) 

muscles, PEF treated pork shoulder and beef semitendinosus muscles (Bekhit et al., 2014b; 

Faridnia et al., 2014; Töpfl, 2006). The results of conductivity offer information about the 

extent of changes in cell permeability that occurred due to the PEF treatment. From the 

results above, the increased conductivity with high electrical energy input show PEF can 

improve the transportation of ionic cellular components and modify the intracellular 

environment in the venison samples. The mean pre- and immediate post-PEF treatment 

conductivity values for the 65% RH trial samples were not significantly different (p > 

0.05),  

The conductivity of the post- the ageing time was not affected by PEF treatment, although 

there was an increase across all aged samples (pre-PEF) to post-ageing (p < 0.05, see Table 

3.3 and 3.4). For the 80% RH trial, WAHPEF had the most significant increase in 

conductivity from 8.13 to 12.38 (mS/cm), whereas in the 65% RH trial, DAHPEF increased 

the most from 9.87 to 12.67 (mS/cm). These increases in conductivity are possibly due to 

endogenous proteolytic processes that lead to cellular damage during the ageing duration 

(Lebovka et al., 2002). 

3.3.2 Effect of PEF treatment, ageing conditions on the pH of wet and dry-

aged venison 

Table 3.3 and Table 3.4 again show the predicted means of the pH values for pre-PEF, and 

immediate post-PEF treatment as well as post-ageing. Generally, the 80% RH treated 

samples had a higher ultimate pH (pre-PEF pH) compared with the 65% RH treated 
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samples (p < 0.05). The variation between the two trial groups is attributable to the samples 

coming from two different locations. 

In both trials, a decline in pH was observed with an increase in HPEF treatment (prep to 

immediate post-PEF). For the 80% RH trial, both WAHPEF and DAHPEF had a lower pH 

after treatment. The same trend was seen in the 65% RH trial samples (p < 0.05). Similar 

results were identified by Bekhit et al. (2014b) with samples of cold boned beef M. 

semimembranosus muscle subjected to two different PEF treatments of 10.0 kV, 50 Hz, 

0.56 kV/cm, energy density 40.7 kJ/kg, 20 µs, and 10 kV, 90 Hz, 20 µs, 73 kJ/kg, for which 

a decrease in pH of 0.03 and 0.05 respectively was found immediately post-PEF treatment. 

In the present study, the post-ageing pH was not affected by PEF (p > 0.05) for both RH 

trials, however the ageing process itself was found to have an effect on pH. All of the 

samples had an increase in pH post-ageing. The increase in pH is possibly due to 

proteolysis of muscle proteins resulting in increased release of free amino acids and 

dipeptides like carnosine and anserine that are recognised to have buffering abilities 

(Mungure et al., 2016; Braggins et al., 2004). 

3.3.3 Effect of PEF intensity on the immediate post-PEF treatment weight loss  

The immediate post-PEF treatment weight loss in the meat samples increased with the PEF 

treatment intensity (p < 0.05) as shown in Tables 3.3 and table 3.4 above.  For the HPEF 

treated samples, the weight loss post-PEF treatment was significantly more (ranging from 

1.60 - 1.79 g) than that for LPEF treatment (ranging from 0.65 - 0.80 g) for the 80% RH 

samples. The 65% RH trial recorded higher losses, ranging from 1.90 - 2.37 g and 2.93 - 

3.16 g for the LPEF and HPEF treatments, respectively. A possible explanation for these 

weight losses with HPEF treatment may be due to the formation of pores in the cell 

membrane resulting in more fluid loss (O’Dowd et al., 2013). 
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3.3.4 Effect of PEF, relative humidity on the drying rates of venison  

PEF increased the drying rates during the ageing process (p < 0.05) across both trials 

(Figure 3.3). In the 80% RH trial, the HPEF treatments exhibited higher percentages of 

weight loss during the ageing process. This can be attributed to increased cellular diffusion 

processes due to electroporation in the HPEF treated venison samples.  Lower relative 

humidity (65% vs. 80%) resulted in a higher rate of moisture removal, which may have 

masked any effect of PEF treatment. Both 65% RH PEF treatment samples had the most 

rapid weight loss during the dry ageing process. The RH effect (p < 0.001) and its 

combined effect with PEF resulted in a more rapid drying process compared to untreated 

control dry aged samples under comparable % RH. Overall, dry ageing at 65% RH reduced 

the drying time more than drying at 80% RH (Figure 3.3). 

 

Figure 3.3 The drying rates of control, low PEF and high PEF treated LTL venison. The 

samples were treated and aged at either 65% or 80% relative humidity.  
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3.3.5 The effect of PEF treatment on the morphological microstructure of 

venison muscle 

To assess the microstructural changes derived from PEF treatment, TEM micrographs were 

performed. The micrograph of the PEF control samples and varying PEF strength 

treatments and changes are shown in Figure 3.4. The control untreated samples had regular 

myofibrillar structures whereas myofibrils from PEF treated samples are fragmented and 

ruptured along the z-lines. It was evident from the transmission electron micrographs that 

PEF resulted in considerable ultrastructural changes in the muscle fibres.  

The z lines were deformed and had an irregular pattern after both the high and low PEF 

treatments, the z-discs and overall integrity of the myofibril was significantly reduced. 

Previous work reported by Faridnia et al., (2014) on PEF treated beef longissimus thoracis 

(LT) (0.2 – 0.6 kV/cm, 1–50 Hz, 20 µs) also highlighted significant microstructural 

changes in meat tissue observed by cryo-SEM.  

The reduced myofibril organisation with HPEF treated venison could perhaps partly 

explain the observed improved tenderness (see Table 3.3 and 3.4 above) for that particular 

treatment group across both relative humidity trials. The observed ultrastructural changes 

may have resulted from the electroporation produced in the PEF treated meat samples that 

could have promoted the release of calcium and enhanced the rate of proteolysis. Earlier 

publications (Bekhit et al., 2014b) suggested that PEF treatment could play a critical role in 

myofibril degradation by facilitating release of endogenous proteases and release of Ca
2+ 

ions. The release of Ca
2+ 

ions leads to activation of µ-calpain early postmortem and 

stimulation of glycolysis process all required for hastened proteolysis and meat 

tenderisation (Bekhit et al., 2014b). 
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Figure 3.4 TEM micrograph at magnifications 17500X of longitudinal sections from (A) 

control (untreated) venison Longissimus et lumborum muscle (note the intact 

myofibrils), (B) Low PEF treated (PEF strength = 0.2 kV/cm, 50 Hz, 20 µs), 

and (C) High PEF treatment (PEF strength = 0.5 kV/cm, 50 Hz, 20 µs). 

Other aspects that could potentially affect the ultrastructure of the meat is direct mechanical 

disruption, electrical stimulation of myofibril structure causing non-reversible, permanent 

damage that possibly reduces its integrity and enhances meat tenderness (Arroyo & Lyng, 

2017; Hwang, Devine, & Hopkins, 2003). Although this has not been confirmed, it is 

highly likely. 

3.3.6 Effect of PEF treatment and ageing conditions on weight loss (dry ageing 

loss, purge loss, thawing loss, cooking and total loss) in venison  

Dry ageing loss and purge loss 

Dry ageing weight loss (DAL) (%) was affected with PEF intensity (p < 0.01). The 

increased electroporation in HPEF samples (as indicated by the higher conductivity as a 

result of treatment) allowed more moisture movement over the ageing time.  The dry 

ageing loss (%) was significantly affected by the % RH (p < 0.001). The target for dry 

ageing loss was set at 25% and it took the 80% RH group 21 d to reach this whereas the 

65% RH trial took only 10 d for the untreated control and 8 d for the PEF treated samples 

(Figure 3.3).  
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Table 3.6 The weight losses incurred and comparison of meat tenderness (Shear force) with ageing PEF treated venison at 80% RH. 

PEF Ageing Dry ageing 

loss (%) 

Purge loss 

(%) 

Thawing loss 

(%) 

Cooking loss 

(%) 

Total weight 

loss (%) 

Shear force 

(N) 

Control Wet - 6.76
a
 1.62

ab
 23.87

a
 32.25

c
 24.76

a
 

 Dry  24.66
c
 0.91

b
 0.93

c
 10.95

b
 37.45

ab
 24.21

ab
 

Low Wet - 7.11
a
 1.97

a
 24.20

a
 33.28

bc
 23.65

ab
 

 Dry 27.09
b
 0.92

b
 0.50

d
 6.22

c
 34.73

abc
 23.60

ab
 

High Wet - 7.23
a
 1.60

b
 25.37

a
 34.20

bc
 23.00

bc
 

 Dry 29.62
a
 0.96

b
 0.65

cd
 7.76

bc
 38.99

a
 22.25

c
 

 SEM 0.60 0.67 0.33 1.58 1.80 0.55 

abc
 Means within the same column with different superscripts were significantly different at (p < 0.05). 
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Table 3.7 The weight losses incurred and comparison of meat tenderness (Shear force) with ageing PEF treated venison at 65% RH. 

PEF Ageing Dry ageing 

loss (%) 

Purge loss 

(%) 

Thawing loss 

(%) 

Cooking loss 

(%) 

Total weight 

loss (%) 

Shear 

force (N) 

Control Wet - 6.58
a
 2.90

a
 34.43

a
 43.92

b
 29.13

a
 

 Dry  22.75
c
 0.67

b
 0.62

b
 26.95

b
 50.99

a
 28.75

a
 

Low Wet - 6.95
a
 3.23

a
 33.92

a
 44.10

b
 27.40

b
 

 Dry 28.08
b
 0.85

b
 0.71

b
 22.90

c
 52.54

a
 26.46

b
 

High Wet - 7.29
a
 2.77

a
 34.32

a
 44.38

b
 26.27

b
 

 Dry 29.04
a
 0.79

b
 0.27

b
 20.93

c
 51.03

a
 26.67

b
 

 SEM 0.92 0.98 0.48 1.63 1.65 0.56 

abc
 Means within the same column with different superscripts were significantly different at (p < 0.05). 
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Purge loss reflects meat weight loss during storage; this is indicated by the liquid found in 

packaged fresh meat. Purge loss is an important quality attribute of fresh meat since high 

purge loss can contribute to substantial financial losses to meat processors and impact the 

functionality of the meat. In this study, purge loss was affected by the ageing type (p < 

0.001) with highest in wet aged compared to the dry aged in both trials. This difference 

could be attributed to the dry aged samples loosing most of the free water present during 

the DA process, whereas with the wet aged meat samples being vacuum packed had their 

losses more as purge losses (Pearce et al., 2011). PEF treatment did not have an effect on 

the purge losses (p > 0.05). This is in contrast to previous research that reported increased 

purge loss with increased PEF, Faridnia et al. (2014) observed this trend with application 

of high PEF (0.4 kV/cm, 600 Hz) to beef M longissimus dorsi muscle. The difference of 

the present research compared to previous findings is due to the meat product going 

through dry ageing process and as a result the purge loss is possibly reduced.  
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Thawing loss, cooking and total/combined losses 

PEF did not have an effect on the thawing losses (p > 0.05).  Thawing losses were higher in 

the wet compared to the dry aged venison samples. Cooking loss was affected by the 

ageing type (p < 0.001) and the wet aged venison had higher cooking losses (p < 0.001).  

Cooking loss was not affected by the PEF treatments (p > 0.05).  This was in agreement 

with previous work performed on beef loins (Faridnia et al., 2014). Similar observations 

were also reported on beef M. semimembranosus treated with PEF (5 kV, 10 kV, 20, 50, 90 

Hz) (Bekhit et al., 2014b). The interaction between relative humidity and ageing method 

had an effect (p < 0.05) on cooking loss (%). The 65% RH dry aged samples that were 

vacuum-packed for the remaining 11 d had increased cooking losses compared to the 80% 

RH samples. Total losses were affected by the ageing method across the 2 trials (p < 

0.001). Interaction of ageing method and RH had an effect on the total weight loss. This 

was due to the relative ease and increased loss of the free water bound in the DA venison 

samples compared with vacuum-packed where there was more regulated losses under the 

barrier. 

3.3.7 Effect of PEF treatment and ageing conditions on tenderness measured 

by shear force 

PEF had an effect (p < 0.05) on the shear force of venison. The most significant differences 

were observed between the wet aged control samples, the wet aged HEF and dry aged 

HPEF (p < 0.01) samples treated at 80% RH. The same trend was observed for the 65% RH 

trial (p < 0.05) as shown in Figures 3.5 A and B, respectively. These results suggest that 

HPEF treatment improved meat tenderisation. There was up to a 9% improvement in meat 

tenderisation between the WAC and the HPEF treatments across both trials. This 

observation confirms the observations with transmission electron microscopy that supports 
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the disruptions in the myofibrillar protein structure.  These results are in agreement with 

that reported by Bekhit et al., (2014) on beef loins (M. longissimus et lumborum) and 

topside (M. semimembranosus) which reported improved tenderness with PEF treatments 

using a range of treatment combinations [voltages (5 and 10 kV) and frequencies (20, 50 

and 90 Hz)]. The dry aged and wet aged LPEF treatments provided varying results across 

the 65% and 80% RH trials. No PEF tenderizing effect was found in dry aged and wet aged 

LPEF samples from the 80% RH treatment (p > 0.05) whereas improved tenderisation was 

observed for the 65% RH trial (No PEF vs LPEF treatments). PEF is generally believed to 

mediate tenderness subsequently through proteolysis (Suwandy et al. 2015a, b) which is not 

an instantaneous process and requires time (ageing) to achieve proteolysis and an 

improvement in tenderness.  

Ageing method (wet vs dry aged) appears to have no reported effect on tenderness. Similar 

observations were reported recently by Berger et al., (2018) with the type of ageing process 

not affecting Warner-Bratzler shear force values for beef longissimus muscle (for both wet 

and dry ageing) for 7 d.  Work reported by Gudjónsdóttir et al. (2015) on wet and dry 

ageing beef M Longissimuss Thoracis et Lumborum also showed no differences on meat 

tenderisation. Other studies in agreement with this observation have included other dry 

ageing methods (including conventional dry ageing and in-bag dry ageing techniques (Li et 

al., 2014; Dikeman et al., 2013; Ahnström et al., 2006). 

These reports found that PEF treatment and ageing method had no significant effect on 

tenderness (p > 0.05). 
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Figure 3.5 The shear force for PEF treated wet and dry aged venison (A) for 80% RH trial, 

and (B) 65% RH trial.  
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3.3.8 Identification and quantification of metabolites in wet and dry aged PEF 

treated venison  

1D 
1
H NMR spectra were obtained from D2O extracts of wet aged and dry aged venison 

PEF treated and untreated control samples. Figure 3.6 shows an example of a 
1
H NMR 

spectrum of venison water-soluble compounds. Based on the 2D NMR analyses (Figure 

3.7) and verification of compounds via metabolome databases, 34 compounds (see Table 

3.7 with pooled means of the metabolites) were identified and quantified in these venison 

sample extracts. Among the identified compounds were 11 amino acids; alanine, leucine, 

isoleucine, glutamine, glutamate, valine, methionine, tyrosine, phenylalanine, tryptophan, 

L-threonine, and the dipeptide carnitine, and the imidazole dipeptide molecule carnosine, as 

well as sugars, including, glucose, glucose-6-phosphate, glucose-1-phosphate and mannose. 

Several alcohols such as methanol, ethanol and glycerol were also identified. Purine 

derivatives included inosine, inosine monophosphate (IMP) and hypoxanthine (mostly 

produced by ATP hydrolysis during the ageing process of red meat products). Organic 

acids such as lactate, (citric acid cycle intermediates) succinate and fumarate, acetate and 

the nucleotide niacinamide were also found. Other compounds identified were creatinine, 

creatine, o-acetyl carnitine, formate and betaine (a compound synthesised as a choline 

metabolite). 

A significant number of the identified metabolites have a link to meat quality attributes, 

meat taste, in some cases directly and indirectly, by being substrates in some chemical 

modifications during the cooking process (Kim et al., 2016). 
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Figure 3.6 
1
H NMR spectrum of one of the venison control sample extracts labelled with 

selected chemical shifts of identified metabolites from an aged venison at 21 d. 
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Figure 3.7 A gHSQCAD 2D-NMR spectrum from venison extracts used for metabolite 

identification and verification. 
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3.3.9 Effect of PEF treatment and ageing conditions on the meat metabolite 

profiles of wet and dry aged venison 

PEF treatment had no effect on metabolites in both the 65 and 80% RH trials (p > 0.05). 

The rationale for exploring the PEF effect on metabolites emanates from the potential 

generation of oxidising free radicals (due to electrolysis) and the effect on highly 

susceptible metabolite products such as methionine. The data set from spectral buckets was 

processed by multivariate data analysis (MDA) to assess changes induced by PEF treatment 

and ageing conditions. Figures 3.8 and 3.9 show principal component analysis (PCA) plots 

of venison polar metabolites obtained from all treatments for both trials. The data obtained 

for samples from both trials was found to be distributed in the 95% confidence interval (ci) 

of their respective score plots.   
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Figure 3.8 Principal component analysis of all of the PEF treated venison samples analysed for metabolite profiles at 80% RH. 
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Figure 3.9 Principal component analysis of all of the PEF treated venison samples analysed for metabolite profiles at 65% RH.
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The 65% RH trial had 46.58% of the variance explained (PC1 = 33.60% and PC2 = 

12.98%). The shift of the plots from negative to positive PC1 explained the ageing 

method effects in the trial. The groupings in the positive PC1 accounted for the dry 

ageing and negative PC1 for the wet-ageing method. The same trend was observed with 

80% RH trial samples, no effect due to PEF was found (p > 0.05), but the ageing method 

had a similar effect (p < 0.05). The PC1 and PC 2 explained 40.22% of the variance.  

3.3.10 Deciphering the differences in meat metabolites found in wet v dry 

aged venison 

The results above suggest there are differences among the individual metabolites between 

the ageing methods.  The concentrations of 18 out of the 34 identified metabolite 

compounds were significantly different (p < 0.05) between the dry aged compared with 

the wet aged group for the 80% RH trial. Dry-aged samples had higher levels of nine of 

the 11 identified amino acids than wet aged samples (p < 0.05, Table 3.8). These higher 

concentrations may be attributable to evaporation of water and increased protein 

hydrolysis during the dry-ageing treatment leading to increased concentrations and 

enhanced release of amino acids (Dragsted, 2010).  These amino acids play a critical role 

in meat flavour development and are potential precursor compounds in Maillard 

reactions, and through Strecker degradation and they contribute to various gustatory 

sensations (Koutsidis et al., 2008a).  For instance, the amino acids alanine and glutamine 

contribute to the sweet taste in meat. Only creatine had higher concentrations in wet aged 

samples compared with dry aged samples (p < 0.01). Creatine normally is stored as 

creatine phosphate, and during cooking process is converted to N-(4-methyl-5-oxo-1-

imidazolin-2-yl) sarcosine, a brothy taste modifier through amino-carbonyl reaction with 
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methylglyoxal, which gives the characteristic taste to red meat, and particularly with wet 

aged meat (Shima et al., 1998). 

Glucose, mannose and glycerol contents were higher in dry aged samples compared to 

wet aged samples (p < 0.05). This would suggest increased depletion of glycogen to yield 

higher quantities of a pool of molecular weight sugar–related metabolites. These water-

soluble compounds such as glucose and mannose in venison meat do not only act as 

flavour precursors but also possess taste properties, and these sugars potentially 

contribute to the sweetness reported in dry aged meat (Kim et al., 2016; Shima et al., 

1998). 

Of the organic acid derivatives identified and quantified, lactate was significantly higher 

in wet aged samples compared to dry aged samples (p < 0.01) in the 80% RH trial (see 

Table 3.8). Lactate was the most abundant compound in the D2O extracts. The amount of 

lactate was elevated up to 48-fold compared to the organic acid derivative acetate. The 

high abundance of lactate would explain the source of the sour taste reported in wet aged 

red meat (Kodani et al., 2017; Graham et al., 2010). The degradation of glycogen post-

mortem (or as the meat is aged) increases the production of lactate and the increased 

growth of lactic acid bacteria under the anaerobic conditions generated with vacuum 

packing. This could partly explain the significant difference found in this present study 

with wet aged samples (p < 0.01).  
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Table 3.8 The concentration of identified and quantified metabolites in pooled aged 

venison samples in the 80% RH trial. 

Compound Content 

(µmol/g 

meat) 

 Compound Content 

(µmol/g 

meat) 

Amino acids   Organic acids  

Alanine  3.93  Lactate 

(derivative) 

53.57 

Glutamine 1.46  Succinate 0.68 

Glutamate 1.43  Fumarate 0.06 

Leucine 2.07  Acetate 1.23 

Isoleucine 0.65    

Methionine 0.71  Nucleotides  

Phenylalanine 0.68  Niacinamide 0.16 

L-threonine 0.05    

Tyrosine 0.56  Imidazole 

dipeptides 

 

Tryptophan 0.14  Carnosine 10.66 

Valine 0.96    

Carnitine (dipeptide) 4.30  Purine 

derivatives 

 

Other compounds   Inosine 1.07 

Creatinine 1.95  Inosine 

monophosphate 

(IMP) 

0.44 

Creatine 25.79  Hypoxanthine 0.61 

Formate  0.07    

Betaine 0.70    

Uridine 0.05    
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Table 3.9 continued… 

Compound Content 

(µmol/g 

meat) 

 Compound Content 

(µmol/g 

meat) 

Alcohols   Sugars  

Methanol 0.48  Mannose 0.37 

Ethanol 0.47  Glucose 6.02 

Glycerol 5.46  Glucose-6- 

phosphate 

1.79 

   Glucose-1-

phosphate 

0.28 
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Table 3.10 Identified metabolites with significant differences between wet and dry aged venison samples at 80% RH. 

80% RH DAC 

(µmol/g 

meat) 

WAC 

(µmol/g 

meat) 

DALPEF 

(µmol/g 

meat) 

WALPEF 

(µmol/g 

meat) 

DAHPEF 

(µmol/g 

meat) 

WAHPEF 

(µmol/g 

meat) 

SEM PEF 

Effect 

Ageing 

method 

PEF* 

Ageing method 

Amino acids           

Glutamine 1.60
a
 1.32

b
 1.64

a
 1.27

b
 1.69

a
 1.30

b
 0.06 0.800 0.000 0.676 

Glutamate 1.63
a
 1.17

b
 1.68

a
 1.15

b
 1.79

a
 1.22

b
 0.08 0.332 0.001 0.705 

Leucine 2.61
a
 1.52

b
 2.67

a
 1.54

b
 2.55

a
 1.60

b
 0.12 0.949 0.001 0.748 

Isoleucine 0.83
a
 0.45

b
 0.84

a
 0.46

b
 0.86

a
 0.46

b
 0.03 0.804 0.002 0.881 

Methionine 0.95
a
 0.61

b
 0.93

a
 0.64

b
 0.95

a
 0.61

a
 0.04 0.673 0.001 0.667 

Phenylalanine 0.82
a
 0.44

b
 0.88

a
 0.50

b
 0.89

a
 0.48

b
 0.04 0.357 0.001 0.93 

Tyrosine 0.75
a
 0.42

b
 0.71

a
 0.41

b
 0.69

a
 0.43

b
 0.02 0.314 0.001 0.317 

Tryptophan 0.19
a
 0.08

b
 0.18

a
 0.09

b
 0.19

a
 0.11

b
 0.02 0.752 0.001 0.776 

Valine 1.22
a
 0.67

b
 1.26

a
 0.67

b
 1.09

a
 0.75

b
 0.06 0.719 0.001 0.090 

Alcohols           

Methanol 0.51
ab

 0.42
b
 0.58

a
 0.40

b
 0.45

ab
 0.38

b
 0.05 0.359 0.011 0.602 

Glycerol 5.83
a
 5.04

b
 6.04

a
 5.02

b
 5.79

a
 5.05

b
 0.24 0.889 0.001 0.823 
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Table 3.11 continued… 

80% RH DAC 

(µmol/g 

meat) 

WAC 

(µmol/g 

meat) 

DALPEF 

(µmol/g 

meat) 

WALPEF 

(µmol/g 

meat) 

DAHPEF 

(µmol/g 

meat) 

WAHPEF 

(µmol/g 

meat) 

SEM PEF 

Effect 

Ageing 

method 

PEF* 

Ageing method 

Sugars           

Mannose 0.37
ab

 0.33
b
 0.42

a
 0.37

ab
 0.43

a
 0.32

b
 0.02 0.207 0.001 0.210 

Organic acids           

Lactate 

(derivative) 

51.02
b
 55.94

a
 51.71

b
 55.01

a
 50.80

b
 56.94

a
 0.95 0.852 0.001 0.340 

Succinate 0.75
a
 0.59

b
 0.75

a
 0.62

b
 0.76

a
 0.63

b
 0.03 0.656 0.001 0.731 

Nucleotides           

Niacinamide 0.11
c
 0.21

ab
 0.10

c
 0.24

a
 0.10

c
 0.19

b
 0.01 0.229 0.002 0.445 

Purine 

derivatives 

          

Inosine 

5’monophosphate  
0.27

b
 0.64

a
 0.30

b
 0.58

a
 0.32

b
 0.52

a
 0.04 0.809 0.001 0.214 

Other 

compounds 

          

Creatine 24.46
b
 27.36

a
 25.02

b
 26.81

a
 24.39

b
 26.75

a
 0.45 0.687 0.001 0.475 

Carnitine 4.52
b
 3.96

c
 4.53

b
 4.04

c
 4.92

a
 3.89

c
 0.11 0.329 0.001 0.04 

abc 
Means within the same column with different superscript were significantly different at (p < 0.05). 
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Table 3.12 The concentrations of identified and quantified metabolites in pooled aged 

venison samples in the 65% RH trial. 

Compound Content 

(µmol/g 

meat) 

 Compound Content 

(µmol/g 

meat) 

Amino acids   Organic acids  

Alanine 4.49    Lactate 

(derivative) 

63.49   

Glutamine 1.20    Succinate 0.67 

Glutamate 1.27    Fumarate 0.08    

Leucine 1.97    Acetate 0.67   

Isoleucine 1.38      

Methionine 0.79    Nucleotides  

Phenylalanine 0.65    Niacinamide 0.31 

L-threonine 0.08      

Tyrosine 0.69   Imidazole 

dipeptides 

 

Tryptophan 0.09   Carnosine 6.82  

Valine 0.90     

Carnitine 6.41   Purine 

derivatives 

 

Other compounds   Inosine 0.81 

Creatinine 1.44  Inosine 

Monophosphate 

(IMP) 

0.68 

Creatine 21.98   Hypoxanthine 0.65 

Formate  0.16    

Betaine 0.94    

Uridine 0.07    
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Table 3.9 continued… 

Compound Content 

(µmol/g 

meat) 

 Compound Content 

(µmol/g 

meat) 

Alcohols   Sugars  

Methanol 0.45  mannose 0.67 

Ethanol 0.59  glucose 4.28 

Glycerol 7.35  Glucose-6- 

phosphate 

2.40 

   Glucose-1-

phosphate 

0.31 
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Table 3.13 Identified metabolites with significant differences between wet and dry aged venison samples aged at 65% RH. 

65% RH DAC 

(µmol/g 

meat) 

WAC 

(µmol/g 

meat) 

DALPEF 

(µmol/g 

meat) 

WALPEF 

(µmol/g 

meat) 

DAHPEF 

(µmol/g 

meat) 

WAHPEF 

(µmol/g 

meat) 

SEM PEF 

Effect 

Ageing 

method 

PEF* 

Ageing 

method 

Amino acids           

Glutamate 1.49
a
 1.06

c
 1.39

ab
 1.10

c
 1.43

a
 1.16

bc
 0.09 0.862 0.001 0.645 

Leucine 2.68
a
 1.41

b
 2.49

a
 1.34

b
 2.56

a
 1.35

b
 0.11 0.482 0.001 0.845 

Isoleucine 0.87
a
 0.47

b
 0.91

a
 0.45

b
 0.89

a
 0.45

b
 0.05 0.989 0.000 0.837 

Methionine 0.93
a
 0.70

b
 0.89

a
 0.60

b
 0.99

a
 0.69

b
 0.05 0.187 0.001 0.778 

Phenylalanine 0.83
a
 0.47

b
 0.78

a
 0.46

b
 0.82

a
 0.51

b
 0.03 0.407 0.000 0.795 

Tyrosine 0.89
a
 0.46

b
 0.91

a
 0.48

b
 0.92

a
 0.47

b
 0.04 0.870 0.002 0.992 

Tryptophan 0.11
a
 0.07

b
 0.12

a
 0.07

b
 0.11

a
 0.07

b
 0.005 0.533 0.002 0.765 

Valine 1.34
a
 0.83

b
 1.43

a
 0.82

b
 1.42

a
 0.87

b
 0.05 0.768 0.001 0.414 

Sugars           

Mannose 0.67
b
 0.56

cd
 0.81

a
 0.65

bc
 0.80

a
 0.52

d
 0.03 0.001 0.002 0.045 

Alcohols           

Glycerol 7.60
a
 7.10

b
 7.67

a
 6.93

b
 7.73

a
 7.11

b
 0.07 0.219 0.001 0.248 

Organic acids           

Lactate 

(derivative) 

58.04
b
 68.99

a
 56.98

b
 68.85

a
 60.53

b
 67.60

a
 1.96 0.843 0.001 0.443 
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Table 3.10 continued… 

65% RH DAC 

(µmol/g 

meat) 

WAC 

(µmol/g 

meat) 

DALPEF 

(µmol/g 

meat) 

WALPEF 

(µmol/g 

meat) 

DAHPEF 

(µmol/g 

meat) 

WAHPEF 

(µmol/g 

meat) 

SEM PEF 

Effect 

Ageing 

method 

PEF* 

Ageing 

method 

Nucleotides           

Niacinamide 0.24
c
 0.33

b
 0.25

c
 0.42

a
 0.28

bc
 0.34

b
 0.02 0.163 0.002 0.081 

Purine derivatives           

Inosine 

5’monophosphate  
0.51

b
 0.82

a
 0.54

b
 0.89

a
 0.53

b
 0.82

a
 0.03 0.321 0.001 0.594 

Other compounds           

Creatine 21.26
b
 22.85

a
 21.24

b
 22.73

a
 20.92

b
 22.87

a
 0.39 0.925 0.002 0.829 

abc 
Means within the same column with different superscript were significantly different at (p < 0.05) 
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3.3.11 Exploring the effect of differences in relative humidity and stepwise 

ageing regime compared to conventional ageing methods 

The results from the 65% RH trial revealed differences in the metabolite profiles. Just like 

the 80% RH trial, a total of 34 metabolite compounds (see Table 3.9 with pooled means 

of the metabolites) were positively identified and quantified for 65% RH trial. A total of 

14 metabolites out of the 34 were significantly different in the 65% RH trial compared to 

the earlier 80% RH trial (p < 0.05) (Table 3.10). For the 65% RH trial, dry-aged samples 

had significantly higher concentrations for 8 of the 12 identified amino acids compared to 

wet aged samples (p < 0.05). Carnitine, inosine and glucose contents were not different 

between the ageing groups (p > 0.05). IMP was more abundant in wet aged samples (p < 

0.05). This is in agreement with the findings by Kim et al., (2016) who found IMP 

content was higher in wet aged beef compared with dry aged. IMP is a compound 

typically recognised for the umami flavour attribute in meat products, that is produced 

during ATP hydrolysis during the ageing process (Shahidi, 2012). The nucleotide 

compound, niacinamide was also significantly more abundant in the wet aged samples 

compared with the dry aged; this trend was the same as that observed in the 80% RH trial 

group. For organic acids, lactate had the highest abundance of all the 34 identified 

metabolite compounds. Lactate had a significantly higher abundance in wet aged samples 

compared to the dry aged. Comparing the two ageing trials, the 65% RH pooled greater 

mean with 63.49 µmol/g meat compared to the 80% RH with a mean of 53.57 µmol/g 

meat. Several factors can be attributed to this higher concentration including pre-slaughter 

conditions such as the amount of glycogen present in muscles, the longer anaerobic 

storage of 65% RH samples and stress factors (for instance, rough handling, long distance 

covered from farm to abattoir) the animals could have experienced prior to slaughter. 
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3.4 Conclusion 

The results from this study show that PEF treatment can cause modification of meat 

texture, regulated mass transfer of aged venison and improve overall eating quality 

attributes.  The tenderness of venison was improved in particular by application of HPEF 

treatment. HPEF coupled with lower RH (65%) enhanced the rate of moisture removal 

from the meat. PEF treatments resulted in microstructural changes in venison tissue as a 

result of HPEF treatment. The results obtained in this study support the potential of PEF 

for enhancement of meat tenderisation which is less well supported currently in the 

scientific literature. The metabolite profiling conducted in the present study provides new 

information of the distribution of flavour precursors in venison that are associated with 

each ageing method. The study also clearly shows that PEF treatment does not affect 

metabolite profiles and most of the modifications/differences are due to the ageing 

method. 
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Chapter 4 

The effect of PEF treatment and ageing conditions on lipid 

oxidative stability of wet and dry aged venison 

4.1 Introduction 

The previous chapter investigated the combined effects of PEF treatments and ageing method 

on quality attributes and metabolites of dry and wet aged venison. Whilst these physical 

manipulations bring about desirable benefits that include improved tenderness with HPEF 

treatments, limited knowledge is available on their effects on the oxidative stability of lipids, 

bioactive compounds such as conjugated linoleic acid (CLAs) and antioxidants such as 

tocopherols in aged venison. In the previous chapter and in the literature, it was shown that 

PEF processing affects the cell membrane, altering cell permeability, thereby influencing the 

movement and interaction between cellular contents (Bekhit, 2017; Janositz et al., 2011). 

Lipid oxidative effects will result from interactions between fatty acids and cell membrane 

phospholipids with pro-oxidant components (released iron/heme iron) or facilitating the 

reaction between enzymes and their substrates (Arroyo et al., 2015). Studies have shown PEF 

processing can modify the structure of a food system, with current research advancement in 

this field having revealed 2 mechanisms of PEF action; one via electrolysis of water releasing 

highly reactive hydroxyl (OH`) and the other via hydrogen ions which can form free radicals 

that participate in a series of electrochemical reactions (Wang et al., 2016; Barsotti et al., 

2001). 

Understanding the effects of these processing procedures (PEF, and ageing method) on lipid 

oxidative stability in aged venison is critically important as lipids themselves contribute 

substantially to attributes like texture, flavour and caloric density of meat (Zhao et al., 2011) 
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(Shahidi, 1998), and excessive lipid oxidation may lead to loss of other meat quality 

attributes such as characteristic meat odours. 

It is, however, important to note that low oxidative modifications are desirable as they have 

been reported to be responsible for improved characteristic dry-aged flavours in beef (De 

Geer, et al., 2009). Previous work performed by De Geer et al. (2009) and Kim et al. (2017) 

recently showed that reported lipid oxidation by-products did not have any detrimental effects 

on sensory perceptions, indicating that oxidation is possibly also associated with the 

development of the characteristic flavour of dry-aged beef (Kim et al., 2017; DeGeer et al., 

2009).  

To date, only a limited number of studies have assessed the effect of PEF on lipid oxidation 

with most work reported on beef M. longissimus et lumborum, M. Semimembranosus and M. 

semitendinosus muscles, chicken and turkey (Khan et al., 2018; Bekhit et al., 2016; Arroyo et 

al., 2015; Carne et al., 2015b; Carne et al., 2015a; Bekhit et al., 2014b; Faridnia et al., 2014). 

Most of the reported work has only focussed on the build-up of secondary lipid oxidation 

products with little investigations on the primary oxidation product. Moreover, there is no 

information on the lipid oxidation of PEF treated wet and dry aged venison. Therefore, it is 

necessary to unveil the impact of various PEF treatments (High PEF-10kV, 50Hz, 20µs; Low 

PEF-2.5kV, 50Hz, 20µs, No-PEF control) combined with ageing methods on the venison 

lipids.  

This study aimed at investigating the effect of the ageing method (wet vs dry ageing) on lipid 

oxidation and whether the stepwise ageing (in 65% Relative Humidity (RH)) has a potential 

effect in moderating the oxidative changes in dry aged venison. RH is an important factor in 

the regulation of moisture in the meat product, as shown in the previous chapter. The 

evaluation of more than one different RH can be useful in determining the optimal level for 
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the dry ageing process. However, there are considerable questions and unknowns in relation 

to what has been reported as to the effect or influence of RH on the oxidation processes. 

The study also aimed at providing an understanding of the mechanistic link between PEF 

treatment and ageing method (wet vs. dry) on firstly the development of primary oxidation 

products such as peroxides and conjugated dienes at the end point of the ageing process and 

secondly the quantitation of secondary oxidation products (such as TBARS) at the end-point 

of the ageing process along with a comparison of the two ageing methods. The third objective 

was to see what the effect of these treatment combinations were on the bioactive compound 

cis 9 trans 11 CLA, tocopherol antioxidants and mineral content in aged venison. CLAs are a 

group of geometric and positional isomers of linoleic acid found in meat from ruminant 

animals, and have been reported to provide antidiabetic, anti-atherogenic and 

anticancerogenic effects (Manzano et al., 2010; Schmid et al., 2006; Pariza, Park, & Cook, 

2001). Their stability is very important as degradation has detrimental effects on the 

nutritional content in the final product (French et al., 2000). The development of some of the 

research questions are tabulated in the Figure 4.1 with a schematic presentation of the 

experimental design and the analyses carried out in this study is shown in figure 4.2. 

 

Figure 4.1 The development of some of the research questions that the current chapter has 

addressed. 
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Figure 4.2 Schematic overview of all experimental analysis performed and discussed in 

chapter 4. 
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4.2 Methods and Materials 

4.2.1 Reagents and chemicals 

Chemicals and reagents used in the study were all of analytical grade. Potassium hydroxide 

was purchased from Thermo Fisher Scientific (Waltham, MA, USA). Butylated 

hydroxytoluene (BHT), Celite 545, dicalcium phosphate dehydrate (Ca2HPO4.2H2O), 

pyridine, and 1,4-dioxane were also purchased from Sigma Aldrich Inc. (St Louis, Missouri, 

USA). Methanol and diethyl ether were from Riedel-de Haen (Seelze, Germany). 

Trichloromethane, sulphuric acid, hydrochloric acid (32%), hexane, ethyl acetate, acetone, 

trichloroacetic acid (TCA), tetraethoxypropane, and potassium hydroxide were purchased 

from Thermo Fisher Scientific (Waltham, MA, USA). Boron trifluoride (BF3)–14% in 

methanol, and tridecanoic acid (C13:0) standard (99.8%) were from Sigma Aldrich Inc (St 

Louis, Missouri, USA). Sodium chloride was from BDH Chemicals, (Poole, England).   

Meat samples 

The meat samples for this section were prepared and were collected from Chapter 3, Section 

3.2.3 

4.2.2 Instruments and Equipment 

The electronic balance was from Kern & Sohn GmbH, ABT-4M, Balingen, Germany, and the 

POLYTRON® system homogeniser (used to homogenise samples for TBARS secondary 

lipid oxidation analysis) was from Kinematica AG Switzerland. The Ultraspec 3300 pro 

spectrophotometer was from Amersham Biosciences Corporation (Amersham, UK). The 

CPR centrifuge was from Beckman Couter, Inc. (California, USA). The milli-Q water 

reference water system production unit was from Millipore Corporation (Billerica, MA, 

USA). The vortex mixer was from Cenco Instruments, Breda, Netherlands. Gas 
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chromatography flame ionisation detection (FID) was an Agilent 6890 N (Agilent 

Technologies Inc., USA). The GC-FID column used was a BPX70 capillary column (50 m x 

330 µm x 0.25 µm) from SGE International Pvt Ltd., Australia. The NMRs (Varian 400MR® 

and Varian 500AR®, both fitted with 5 mm OneNMR® probe) with VNMRJ® Version 4.2 

Version A were from Varian Inc. (Palo Alto, California, USA). 

4.2.3 Lipid extraction 

The extraction of lipid from venison samples was performed as described by Folch et al. 

(1957) with minor modifications. Meat samples (50 g) were cut into small pieces and 

extracted in an Omni mixer with 100 mL chloroform/methanol (2/1 v/v) in a 1.9 L Mason jar. 

The mixture was placed in an orbital shaker and agitated for 20 min at room temperature. The 

homogenate was then filtered through a funnel with Celite 545 with a folded Whatman filter 

paper. The solvent filtrate was washed with a 0.9% (w/v) NaCl solution. The samples were 

vortexed for 30 s and the mixture was centrifuged at 2000 x g for 5 min to separate the two 

phases. After centrifugation and siphoning of the upper phase, the lower chloroform phase 

containing lipids was evaporated under vacuum in a rotary evaporator and under nitrogen gas. 

4.2.4 Fatty acid methyl esterification (FAME) of lipid from wet and dry aged 

venison 

A modified method of van Wijngaarden (1967) was used for fatty acid methylation. Lipid 

from a venison Longissimus Lumborum muscle sample (15 mg) was thoroughly dissolved in 

10 mL of hexane, and 2 mL was transferred into a glass tube. A 2 mL aliquot of 0.5 N 

methanolic KOH (prepared by dissolving 5.6 g KOH in 200 mL methanol with 15 min 

stirring) was added into the glass tube and heated for 20 min at 80°C. Diethyl ether (2 mL) 

and 5 mL of water were added to the glass tube, shaken and the two phases were separated. 
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The diethyl ether upper phase was discarded. A few drops of HCL were added until the lower 

phase was acidic as assessed by litmus paper. A 2 mL aliquot of diethyl ether was 

subsequently added into the glass tube and shaken vigorously. Two layers were separated and 

the upper diethyl ether layer was collected. Boron trifluoride (BF3; 1 mL, 14% (w/v) in 

methanol) was added into a new glass tube, mixed with the diethyl ether fraction, and the 

contents were heated for 20 min at 80°C. Saturated NaCl (5 mL) was added to the cooled 

solution and vortexed for 1 min. The two phases were separated and the upper phase 

containing the  FAME was collected into a vial for GC analysis (Van Wijngaarden, 1967). 

4.2.5 GC analysis on FAMEs 

FAMEs were separated using a BPX-70 capillary column (100 m x 0.22 mm i.d; 0.25 µm 

film thickness). The gas chromatographic system consisted of a 6890N GC equipped with an 

autosampler (HP7673) and ChemStation software (Hewlett Packard, Agilent Technologies 

Inc. Wilmington, DE, USA). The column oven was held at an initial temperature of 165°C 

for 52 min, and then increased at a rate of 5°C.min
-1

 to a final temperature of 210°C for 59 

min (total run time 120 min). Both the injector and flame ionization detector ports were at 

250°C. Carrier gas flow (helium) was maintained at 1.0 mL/min (linear gas velocity 0.2 m/s) 

throughout the temperature program with an inlet split ratio of 30:1. 

Fatty acid peaks were identified by matching retention time with authentic standards. A 

composite standard was made from commercially available methyl esters (NuCheck Prep, 

Elysian, Minnesota and Sigma, St. Louis, Missouri). 
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4.2.6 Peroxide value 

The determination of peroxide value in the beef samples was done according to a modified 

international dairy Federation (IDF) standard method (Hornero-Méndez, Pérez-Gálvez, & 

Mínguez-Mosquera, 2001; Shantha & Decker, 1994). An aliquot of 0.15 g of extracted meat 

lipid sample was transferred into screw top test tubes with 9.8 mL of CHCl3:CH2CL2 (2:1 v:v 

ratio). Ammonium thiocyanate (50 μL) and 50 μL of Fe (II) were added and the contents of 

test tubes were vortexed for 15 s after addition of each solution. The samples were incubated 

at room temperature for 5 min before measuring the absorbance using a UV 

Spectrophotometer set at λ = 500 nm. The observed peroxide value results were recorded as 

milli-equivalents of peroxide per kg of lipid (mequiv peroxide/kg Lipid). 

4.2.7 Conjugated dienes  

The formation of conjugated dienes (CD) was determined according to AOCS Recommended 

practise Ti 1a-64 methods with minor modifications (AOCS, 2003). An aliquot of 100 mg 

extracted lipid was weighed and placed into a 50 mL volumetric flask, which was filled up to 

the mark with isooctane. The flask was vigorously shaken to achieve homogenous mixing 

and distribution of the lipid. An aliquot was transferred into a cuvette and the absorbance was 

measured using a spectrophotometer at 232 nm against a blank of isooctane. CDs were 

calculated in accordance with the Ti 1a-64 methods, using the formula:  

CD = 0.84 [(As/bc) − K0]. 

Where 

As is the absorbance at 232 nm, b is the cuvette path length (Eichhorn et al.), c is the sample 

concentration in isooctane (g/L), and K0 represents the absorptivity by acid or ester groups 

(0.07 for esters, 0.03 for acids) (AOCS, 1998). 
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4.2.8 Analysis of secondary oxidation by-products using TBARS 

The thiobarbituric acid reactive substances (TBARS) assay was used to determine the extent 

of lipid oxidation as described by Nam and Ahn (2003). TBARS were measured at the 

designated ageing time. Meat samples (3 g) were placed in 50 mL tubes and homogenised 

with 9 mL of deionised distilled water (DDH2O) using a Polytron homogeniser at 14,000 rpm 

for 30 s. Meat homogenate (1 mL) was transferred to a 10 mL test tube; 50 µL butylated 

hydroxytoluene (BHT, 7.2% (w/v) in ethanol) and 2 mL thiobarbituric acid/trichloroacetic 

acid (20 mM TBA in 15% (w/v) TCA) solution were then added and the mixture vortexed for 

30 s. The samples were incubated in a water bath at 90°C for 30 min to enable colour 

development and then the samples were cooled in iced water for 10 min. The samples were 

vortexed (30 s) and centrifuged at 3500 x g for 15 min at 5°C. The absorbance of the 

resulting supernatant was measured at 531 nm against a blank prepared with 1 mL DDH2O 

and 2 mL TBA/TCA solution. The amount of malondialdehyde (mg/kg) in the sample was 

determined by 

Mg MDA/ kg meat = A@531 ÷ E x 72.063/100 x dilution factor  

Where E is the molar extinction coefficient of MDA =156000 M
-1

.cm
-1 

Molar mass of malondialdehyde = 72.063 g/mol
 

g MDA/ sample volume is g of MDA in the volume of the meat slurry tested 

4.2.9 1
H NMR analysis 

1
H NMR spectra were acquired using a Varian 400 MR® spectrometer (Chemistry 

Department, University of Otago). Fitted with a 5 mm OneNMR® probe, operating at 400 

MHz. Each lipid sample, weighing 30 mg was mixed with 650 µL of deuterated chloroform 

(purity 99.8%) and a known quantity of 1,4-dioxane (C4H8O2) (2 µL/mL) as an internal 

standard for quantitative purposes with the residual protons as internal reference (δ = 7.26 
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ppm), and was transferred to a 5 mm diameter NMR tube. The acquisition parameters were 

spectral width 5000 Hz and relaxation time 3 s. Spectra were recorded at room temperature 

with 65536 data points where the number of scans was 256, acquisition time was 1.6 s and a 

pulse width of 80°, with a total acquisition time of 28 min 46 s. Exponential line broadening 

0.30 Hz, automatic phase correction and baseline correction were applied to each spectrum. 

The assignment of the signals integrated and used for lipid oxidation analysis was made as 

described in a previous study (Guillén & Ruiz, 2004) and is given in Table 4.1. 

 

Table 4.1 Chemical shifts for functional groups integrated to monitor lipid oxidation in aged 

venison using 
1
H NMR, reference source (Guillén & Ruiz, 2004) 

Chemical shift (ppm) Functional group Peaks 

a.  0.93-0.83 –CH3 (saturated, oleic and linoleic acyl group) m 

b. 1.03-0.93 –CH3 (linolenic acyl group) s 

c. 1.42-1.22 –(CH2)n–(acyl group) d 

d. 1.70-1.52 –OCO–CH2–CH2– (acyl group) m 

e. 2.14-1.94 –CH2–CH=CH– (acyl group) m 

f. 2.36-2.23 –OCO–CH2– (acyl group) t 

g. 2.84-2.70 =HC-CH2-CH= (acyl group) s 

h. 4.32-4.10 –CH2OCOR (glyceryl group) dd 

i. 5.26-5.20 -CHOCOR (glyceryl group) d 

j. 5.40-5.26 –CH=CH– (acyl group) d 

Key; s- singlet, d-doublet, t-triplet, m-multiplet. 
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4.2.10 Aliphatic to diallylmethylene proton ratios 

Aliphatic to diallylmethylene (bis-allylic) proton ratios was determined by finding the ratio of 

the summation of chemical shifts a, b, c, d, e, f and g together and the chemical shift g. The 

equation used is shown below: 

Rad =  
𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑒𝑑 𝑎𝑟𝑒𝑎 𝑓𝑜𝑟 𝑑𝑖𝑎𝑙𝑙𝑦𝑙𝑚𝑒𝑡ℎ𝑦𝑙𝑒𝑛𝑒 𝑝𝑟𝑜𝑡𝑜𝑛 𝑠𝑖𝑔𝑛𝑎𝑙

𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑒𝑑 𝑎𝑟𝑒𝑎 𝑓𝑜𝑟 𝑎𝑙𝑖𝑝ℎ𝑎𝑡𝑖𝑐 𝑝𝑟𝑜𝑡𝑜𝑛 𝑠𝑖𝑔𝑛𝑎𝑙
  

4.2.11 Aliphatic to olefinic proton ratios 

Changes in aliphatic to olefinic proton ratio was determined by ratio of the summation of 

integrals of chemical shifts a, b c, d e, f and g together and the chemical shift of j (Rao) with 

equation used listed below: 

Rao =  
𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑒𝑑 𝑎𝑟𝑒𝑎 𝑓𝑜𝑟 𝑜𝑙𝑒𝑓𝑖𝑛𝑖𝑐  𝑝𝑟𝑜𝑡𝑜𝑛 𝑠𝑖𝑔𝑛𝑎𝑙

𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑒𝑑 𝑎𝑟𝑒𝑎 𝑓𝑜𝑟 𝑎𝑙𝑖𝑝ℎ𝑎𝑡𝑖𝑐 𝑝𝑟𝑜𝑡𝑜𝑛 𝑠𝑖𝑔𝑛𝑎𝑙
 

4.2.12 Analysis of CLA oxidation 

An aliquot of 30 mg of extracted venison lipid from section 4.2.3 was placed in an NMR tube 

and dissolved in 650 µL deuterated chloroform spiked with a known quantity of 1,4-dioxane 

(C4H8O2) (2 µL/mL) as an internal standard for quantitative purposes with the residual 

protons as internal reference (7.26 ppm). Modified protocols from Prema et al. (2013) and 

Manzano Maria, Colnago et al. (2010) were used to analyse CLA levels in lean bull beef 

lipid. The 
1
H NMR spectra were acquired using a Varian 400 MHz spectrometer (Palo Alto, 

CA) with a magnet of 9.4 T; Spectra were obtained at 25°C with a spectral window of 9.50 to 

0.00 ppm, 80° pulse width, 65536 data points, 256 scans at a spectral width of 6400 Hz, 

relaxation delay of 1.4 s and acquisition time 2 s. An exponential line broadening, automatic 

phase and base correction were applied to each spectrum. 
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 The conjugated linoleic acid concentrations in the samples were quantitated by averaging the 

integrated areas at 6.28 and 5.92 ppm as normalised to the single methylene signal of the 

internal standard at 3.70 ppm. The CLA content (mg/g venison lipid) in each sample was 

calculated using the equation below: 

Total CLA content (mg/g venison lipid) = (
Icla

 IDioxane 
) (

Hcla

 HDioxane
 ) (

MWcla 

 MWDioxane 
) (

𝑀is 

 𝑀Vl
 ) 

Where Icla  is the integrated average area for chemical shifts for CLA peaks z and b , 

IDioxane  is the signal area for internal standard 1,4dioxane,  

Hcla is the number of protons of the CLA signal(1H),   

HDioxane is the number of protons for 1,4 dioxane methylene, 

MWcla is the molecular weight of CLA triglyceride (879.4 g/mol),   

MWDioxane is the molecular weight of 1,4 dioxane (88.11 g/mol),  

Mis is the mass of internal standard in tube (1.338 mg) and  

MVl is the mass of venison lipid in the NMR tube (g). 

It is important to consider the high possibility of  3 CLA groups esterifying on the same 

glycerol moiety (Prema et al., 2013). The molecular weight of CLA triglycerides reflects the 

maximum  number of CLA that can attach to the glycerol (Barison et al., 2010).  
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4.2.13 Unsaponifiable matter 

Determination of α–tocopherols  

Sample preparation and analysis using HPLC 

The collected upper layer (ether layer containing unsaponifiable matter during FAME 

preparation in section 4.2.5 above was evaporated and the residue dissolved in 1 mL of 

methanol and filtered using a 0.42 μm syringe filter. The extract (25µL) was injected into a 

HPLC system (Agilent 1290 infinity Bio-Inert Quaternary HPLC), that included an Agilent 

1290 Infinity Bio-inert Quaternary Pump (G1311A) with Agilent 1290 Infinity Diode array 

detector G1315D, Agilent 1260 Infinity Standard Autosampler G1329A, Fluorescence 

Detector G13218 and Agilent 1290 Infinity Thermostatted Column Department G1316A. 

ChemStation (Agilent Technologies) was used as analysing software, and Agilent ZORBAX 

eclipses XDB-C 18 column (4.6 x 150 nm, 5µm). 

External standards were used to identify retention times and to quantify the α, β, γ and δ 

tocopherols in lipid. Ten mg of the tocopherol standards (Sigma Chemical, USA) were 

dissolved in 1 mL methanol respectively. Concentrations 10, 5, 1, 0.5, 0.25, 0.125, 0.0625 

and 0.031 mg/mL were used to construct standard curves. Tocopherol contents in the samples 

were quantified by comparison of retention time and the peak areas of external standards. 

The column temperature was kept at 25°C, and the auto-sampler tray was kept at 4°C. 

Solvent A [water], solvent B [acetonitrile], solvent C [methanol], and solvent D [tert-butyl 

methyl ether (TBME)] were used. The flow rate was 1.0 mL/min, and pump gradient was at 

76% solvent B from 0 to 3 min, 64% at 4.5 min, 52% from 5 to 10.10 min, and equilibrating 

at 76% B until 15 min; 19% solvent C from 0 to 4.5 min, 16% C at 4.5 min, 13% C from 5 to 

10 min, and equilibrating at 19% from 10.10 min until 15 min; 5% solvent D was from 0 to 3 

min, 20% D at 4.5 min, 35% from 5 to 10 min, and equilibrated at 5 % from 10.10 min until 
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15 min. The total runtime was 15 min. The detector was set at 295 nm for detection of γ-

tocopherol δ tocopherol at 298nm and 325 nm for detection of α-tocopherol.  

4.2.14 Minerals analysis  

Freeze-dry step 

Meat samples were weighed and freeze-dried in an Alpha 1-2 LD plus Entry Freeze Dryer for 

4 d. The samples were finely ground and vacuum packed before for the digestion step. 

Digestion step method: 

A 500mg aliquot of meat sample was digested in 10 mL concentrated quartz distilled (QD) 

HNO3 + 1 mL 30% (v/v) H2O2 at 200°C for 15 min, using a CEM MARS6 microwave. The 

blanks and a reference material were prepared and digested alongside the samples. Post 

digestion samples were made up to 50 mL with Milli Q water (ultra-pure water, resistivity 

typically 18.2 MΩ·cm at 25 °C). 

ICP-MS method: 

An Agilent 7900 quadrupole ICP-MS was used for the analysis of trace elements in the meat 

samples. All calibration standards, calibration blanks and samples were prepared in 2% (v/v) 

QD HNO3. Calibration standards were prepared by dilution of Agilent multi element 

standards (NIST traceable). Prior to analysis samples were diluted 1 to 4 into the analytical 

range of the instrument. The ICP-MS general purpose tune was used to minimize 

interferences and instrumental drift. Where possible multiple isotopes of elements were 

measured to confirm the absence of interferences. An internal standard solution was added 

online to help compensate for drift and matrix effects. The accuracy of this single step 

measurement was established with the analysis of DORM-4 Fish protein certified reference 
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material, National Research Council Canada. Results for the reference material gave good 

agreement with certified values. 

4.2.15 Statistical analysis  

Data for fatty acid composition, peroxide values, conjugated dienes, TBARS, aliphatic proton 

ratios, CLAs and tocopherols were tabulated using Microsoft excel spreadsheets One-way 

analysis of variance (ANOVA) using (version 3.4.1), R Core Team (2019), was performed to 

determine the effect of air velocity, stepwise ageing, and ageing time. Pairwise multiple 

comparisons were performed using the “Predictmeans” package. Post hoc comparison of 

means was performed using Fisher’s least significant differences (LSD) and Tukey’s (HSD) 

test at the 5% significance level. The analysis of the samples was carried out in duplicates, 

and statistically significant differences among mean values determined at 5% significance 

level. 
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4.3 Results and discussion 

4.3.1 Effects of treatments on fatty acid composition 

Meat fatty acid composition influences several aspects of meat quality, including tissue 

firmness, eating quality and shelf life (Mohammadi et al., 2016). The fatty acid composition 

plays an important role in lipid oxidative processes and as such monitoring this composition 

in meat products is important (Bekhit et al., 2013).  Wiklund, Manley, Littlejohn, and 

Stevenson-Barry (2003). PUFAs were affected by PEF treatment (p < 0.05, Table 4.2).  In the 

high PEF (HPEF) treatments (electric field strength mean of 0.60 kV/cm, and specific energy 

of 70.20 kJ/kg), the disruption of muscle cell membranes could potentially facilitate the 

interaction between PUFAs with pro-oxidant catalysts like (heme/non heme iron) causing the 

generation of free radicals and primary oxidation products leading to the observed decline in 

PUFA content (Bhat et al., 2018; Arroyo et al., 2015). Most changes were observed in the 

HPEF groups compared to the low PEF (LPEF) (with electric field strength group mean of 

0.31 kV/cm, and specific energy of 1.93 kJ/kg) and dry aged and wet aged controls (DAC 

and WAC, respectively) venison samples. There are several potential explanations for this 

observation. The propensity of PUFAs to go through oxidative modifications is reasonably 

higher than the MUFAs due to the relative ease of hydrogen abstraction from a methylene 

carbon in the fatty acid (Barriuso, Astiasarán, & Ansorena, 2013). Electrolysis products from 

PEF treatment of meat (OH•) may also have led to an increase in radicals attacking the 

PUFAs for oxidative modifications. The reported rise in temperature in HPEF treatments in 

Chapter 3 due to Joule heating could explain the increased oxidative changes in the PUFAs. 

Increase in muscular temperature, has also been reported to increase oxidation rates and 

hence decrease the PUFAs; this is prominent with PUFAs like linoleic acid isomers (C18:2ω-

6 and C18:2cω-6) at higher muscular temperatures especially as their oxidised linoleate 
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radicals act as prime initiators for the oxidation of other unsaturated fatty acids present in the 

matrix (Kamal‐ Eldin, 2006; Johns, Birkinshaw, & Ledward, 1989).    

PUFAs were also affected by dry ageing method, recording higher losses of polyunsaturation. 

The linolenic acid isomers (C18:3 ω-3 and C18:3ω-6) and Docosapentanoic acid (C22:5 n-3) 

(DPA) were significantly different between the ageing groups (p < 0.05) (Table 4.2). These 

significant changes between ageing methods can be explained by the exposure of the dry 

aged meat samples to aerobic conditions that encourage and facilitate formation of potent free 

radicals (hydroxyl, and superoxide radicals) that attack vulnerable PUFAs to form more fatty 

acyl radicals (Mungure et al., 2016; Halliwell & Chirico, 1993). The fatty acid radicals react 

to form hydroperoxides, fundamental primary oxidation products of lipid degradation; these 

products have been studied and are discussed further in the coming sections. 

The interaction of PEF and ageing method did not have an effect (p > 0.05, Table 4.2). Oleic 

acid (C18:1cω-9) was the most abundant unsaturated fatty acid across all treatment groups. 

The corresponding trans-isomer, elaidic acid (C18:1tω-9) was 12 - 15% that of the cis-isomer 

C18:1cω-9. MUFAs were not affected by the PEF treatments (p > 0.05), however, an ageing 

method effect was observed in particular with WAC control treatment (27.87 g/100g FA) to 

DALPEF (30.19 g/100g FA). The PEF and ageing method interaction did not have an effect 

on what total MUFA content (p > 0.05). The PUFA/SFA ratio was affected by the ageing 

method with higher ratios found in the wet aged samples compared to the dry aged 

counterparts. This decrease further illustrates the loss of the polyunsaturates with the dry 

ageing method under aerobic conditions. In this study, stearic acid (C18:0), the second most 

abundant SFA in venison, was the only SFA significantly different amongst the groups, 

reporting higher in the dry aged samples compared to the wet aged (C18:0, wet aged 16.80 

g/100g FA and dry aged at 17.30 g/100g FA, and C20:0, wet aged 16.80 g/100g FA and dry 

aged at 17.30 g/100g FA, see Table 4.2). 
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In the 65% RH trial, the abundance of PUFA was lower relative to the 80% RH trial across 

all treatment groups. This is attributable to the meat samples for the two trials coming from 

two different meat processing plants in different geographical locations (Lorneville plant 

Invercargill, NZ and Otago venison Ltd, Dunedin). 

PUFAs were affected by the PEF treatment, as they also were in the 80% RH trial. The most 

significant changes were identified with HPEF treatment (p < 0.05). The significant drop in 

the PUFAs of the HPEF samples implies increased oxidative changes and generation of free 

radicals due to the PEF treatment (via electrolysis). This mechanistic observation of these 

changes would imply the HPEF treatment groups (10kV, 50Hz, 20µs) trigger electrolysis 

resulting in the release of free radicals like OH*. Long chain unsaturated fatty acids including 

γ-linolenic acid (C18:3ω-6), di-homo-γ-linolenic acid (C20:3ω-6) and arachidonic acid 

(C20:4ω-6) readily susceptible to peroxidation. The protons on the methylene bridge (-CH2) 

on these long chain unsaturated fatty acids are attacked by the released OH* from electrolysis 

causing the formation of the γ and di-homo-γ linolenic, arachidonic acyl radicals that would 

lead to propagation of the further peroxyls explaining the increased decline of these PUFAs. 

being targeted with oxidative modifications. Ageing method once again had an effect on 

PUFAs (p < 0.05) with the interaction of PEF and ageing method having no effect. MUFAs 

in the 65% RH trial were also not affected by the PEF treatment. Ageing method and the 

interaction with PEF and ageing method had no effect on the MUFAs (p < 0.05).  The 

PUFA/SFA ratio was affected by the ageing method in a similar trend to the 80% RH trial. In 

conclusion, fatty acid composition in both trials seems to have been affected in a similar way 

due to the treatments and ageing methods. 

 

  



 116 

Table 4.2 The fatty acid profiles of all the treatment groups of aged venison in the 80% RH 

trial. 

Fatty acid 

g/100g FA 

Control LPEF HPEF SEM 

Wet 

(WAC) 

Dry 

(DAC) 

Wet 

(WALPEF) 

Dry 

(DALPEF) 

Wet 

(WAHPEF) 

Dry 

(DAHPEF) 
 

C14:0 3.76 4.12 3.56 3.77 3.98 4.39 0.37 

C14:1 1.17 1.46 1.23 1.61 1.23 1.49 0.33 

C16:0 25.46 26.32 25.77 25.78 25.54 26.67 0.74 

C16:1 6.08 6.37 6.11 6.29 6.11 6.46 0.15 

C17:0 0.43 0.50 0.37 0.52 0.41 0.68 0.11 

C18:0 16.8
b
 17.3

a
 16.7

c
 17.1

ab
 17.0

b
 17.4

a
 0.53 

C18:1tω-9 2.14 2.31 2.29 2.52 2.45 2.45 0.13 

C18:1cω-9 17.9 18.4 18.4 18.8 18.5 18.5 1.02 

C18:1tω-7 0.39 0.56 0.44 0.59 0.53 0.4 0.07 

C18:2 ω-6 7.95
a
 7.53

b
 7.79

ab
 7.57

ab
 7.96

a
 7.36

b
 0.22 

C18:2cω-6 3.77
a
 2.79

b
 3.62

a
 2.69

b
 3.43

a
 2.51

b
 0.51 

C18:2 CLA 1.16 1.02 0.94 0.87 1.21 1.29 0.38 

C18:3 ω-3 6.56
a
 5.73

b
 6.48

a
 6.15

ab
 5.59

bc
 5.28

c
 0.17 

C18:3ω-6 1.05
a
 0.83

b
 0.99

a
 0.81

bc
 0.85

ab
 0.76

c
 0.09 

C20:0 0.34 0.31 0.47 0.51 0.43 0.62 0.08 

C20:1 0.18 0.27 0.11 0.28 0.12 0.11 0.09 

C20:3 ω-6 1.42
a
 1.16

b
 1.32

a
 1.02

c
 1.28

b
 0.98

c
 0.16 

C20:4 ω-6 2.44
a
 2.19

b
 2.57

a
 2.21

b
 2.64

a
 1.97

c
 0.20 

C22:5 n-3 0.98
a
 0.87

a
 0.81

b
 0.81

b
 0.83

b
 0.66

c
 0.05 

SFA 46.79
b
 48.61

ab
 46.83

b
 47.68

b
 47.31

b
 49.75

a
 0.57 

MUFA 27.87
bc

 29.37
ab

 28.61
abc

 30.18
a
 28.91

abc
 29.43

ab
 0.55 

PUFA 25.34
ab

 22.12
cd

 24.52
ab

 22.13
cd

 23.78
b
 20.81

d
 0.30 

PUFA/SFA 0.54
a
 0.45

cd
 0.52

a
 0.46

c
 0.50

ab
 0.42

d
 0.02 

n6/n3 1.42 1.43 1.44 1.38 1.58 1.53 0.07 

abcd
 Values within the same row with different superscripts were significantly different at (p < 0.05).   
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Table 4.3 The fatty acid profiles of all the treatment groups of aged venison in the 65% RH 

trial. 

Fatty acid 

g/100g FA 

Control LPEF HPEF SEM 

Wet 

(WAC) 

Dry 

(DAC.) 

Wet 

(WALPEF) 

Dry 

(DALPEF) 

Wet 

(WAHPEF) 

Dry 

(DAHPEF) 
 

C14:0 5.42 5.54 5.19 5.63 5.45 5.79 0.27 

C14:1 0.97 0.96 0.90 0.81 0.84 0.69 0.06 

C16:0 28.61 29.34 28.55 29.65 28.71 29.86 0.63 

C16:1 8.59 8.60 7.94 8.08 8.56 8.08 0.16 

C17:0 0.98 1.12 0.82 1.27 1.16 1.54 0.31 

C18:0 15.91
bc

 16.42
abc

 15.59
c
 16.56

ab
 15.87

b
 16.85

a
 0.27 

C18:1tω-9 3.38 3.97 3.72 3.41 3.55 3.46 0.13 

C18:1cω-9 20.24 20.19 21.00 20.70 20.87 20.91 1.02 

C18:1tω-7 0.56 0.68 0.67 0.50 0.83 0.67 0.10 

C18:2 ω-6 4.53
a
 3.86

b
 4.26

ab
 3.71

b
 3.77

b
 3.46

c
 0.23 

C18:2cω-6 1.34
a
 1.09

ab
 1.24

a
 0.98

b
 1.19

ab
 0.71

c
 0.14 

C18:2 CLA 0.61 0.72 0.91 0.96 0.67 0.86 0.26 

C18:3 ω-3 4.13
ab

 3.48 4.32
a
 3.49 3.96

ab
 3.13 0.16 

C18:3ω-6 0.88
a
 0.72

b
 0.86

a
 0.65

bc
 0.79

ab
 0.54

c
 0.08 

C20:0 0.38 0.47 0.41 0.48 0.4 0.76 0.08 

C20:1 0.52 0.59 0.61 0.58 0.77 0.64 0.11 

C20:3 ω-6 0.71
ab

 0.64
b
 0.84

a
 0.69

b
 0.58

bc
 0.53

c
 0.11 

C20:4 ω-6 1.41
a
 1.04

bc
 1.23

b
 1.01

c
 1.29

ab
 0.92

c
 0.19 

C22:5 n-3 0.86
a
 0.56

c
 0.91

a
 0.64

bc
 0.73

b
 0.60

c
 0.06 

SFA 51.3 52.89 50.56 53.59 51.59 54.8 0.57 

MUFA 34.26 34.99 34.84 34.08 35.42 34.45 0.55 

PUFA 14.47
a
 12.11

b
 14.57

a
 12.13

b
 12.98

b
 10.75

c
 0.30 

PUFA/SFA 0.28
ab

 0.23
cd

 0.29
a
 0.22

cd
 0.25

bc
 0.20

d
 0.01 

n6/n3 1.35 1.40 1.22 1.29 1.23 1.26 0.04 

abcd
 Values within the same row with different superscripts were significantly different at (p < 0.05).  

  



 118 

From the two analyses above, it appears that the physical intervention of PEF, particularly 

HPEF treatments have an influence on a few PUFA changes. The destabilisation of cellular 

membranes of muscle cells appears to have exposed more of the PUFAs to oxidising agents 

present in the meat  (McDonnell et al., 2014). 

With modifications noticed in PUFA due to PEF and ageing method, the next section of the 

study investigated the state of primary oxidation products present in the PEF treated wet and 

dry aged venison. 

4.3.2 Determination of primary lipid oxidation by-products, the lipid 

hydroperoxides 

Peroxide value 

Peroxide value (Bouton et al.) is a measurement of primary oxidation compounds in animal 

lipid and an index to quantify the amount of hydroperoxides present. Peroxides are 

intermediate reaction products, which over time will react further to form secondary 

oxidation products such as aldehydes and ketones (Gheisari, 2011). The PV results for the 

PEF treated venison samples for the 80% RH trial are presented in Table 4.4. PEF treatments 

did not have a significant effect on the PV (p > 0.05); however, the ageing method did have 

an effect on the PV (p < 0.05). Dry ageing appeared to generate higher PV values (highest 

predicted means were seen in DAHPEF = 9.32 mEq/kg) compared to wet ageing (highest 

predicted means were in WAC = 9.09 mEq/kg). This higher PV in dry aged samples could be 

explained by exposure to aerobic conditions, leading to the formation of more 

hydroperoxides and hydroxides at the propagation stage, in turn generating more free radicals 

(Martínez‐Yusta, Goicoechea, & Guillén, 2014).  This key observation would suggest that 

oxidative intermediate by-products were still being generated at the endpoint of ageing 

storage. Although PV is not static and reactively unstable, its quantitation is important as they 
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are pro-oxidants in their own right ,in the propagation stage of autoxidation of the venison 

lipid (Pratt, Tallman, & Porter, 2011). High peroxide values are a definite indication of lipid 

oxidation in meat and can provide information to postulate quantities to be made of more 

stable secondary oxidative by-products (i.e. aldehydes, ketones, and epoxides) (Ali et al., 

2019). Comparing the present study with other studies, similar observations were also 

identified with pork dumpling fillers where the PV were still reported as increasing after 30 d 

of ageing before declining (Huang et al., 2013). 

Table 4.4 The peroxide values and conjugated dienes for all the treatment groups of aged 

venison in the 80% RH trial. 

PEF Ageing Peroxide value (meq/kg) Conjugated dienes (%) 

Control Wet (WAC) 8.98
b
 0.25

c
 

 Dry (DAC) 9.26
a
 0.37

a
 

Low Wet (WALPEF) 9.09
b
 0.32

b
 

 Dry (DALPEF) 9.22
a
 0.44

a
 

High Wet (WAHPEF) 9.03
b
 0.28

bc
 

 Dry (DAHPEF) 9.32
a
 0.46a 

 SEM 0.11 0.04 

 PEF treatment 0.109 0.020 

 Ageing method 0.034 0.001 

 PEF*Ageing method 0.214 0.043 

abc
 Values within the same column with different superscripts were significantly different at (p < 

0.05).  

PV were identified in long-term storage of meat products such as chicken breast which was 

reported to have increasing PV in the first 3 months before decreasing (Soyer et al., 2010). 

The interaction of PEF and ageing method did not have an effect on the PV values (p > 0.05). 

In the 65% RH trial, PEF treatment once again had no effect on the PVs (p < 0.05) as shown 

in Table 4.5. Ageing method did have an effect with higher PVs recorded in dry aged 

samples. The highest predicted means were recorded from the dry ageing treatment DALPEF 
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at 8.79 mEq/kg, and from the wet ageing treatment WAHPEF at 6.88 mEq/kg. The 

interaction of PEF and ageing method did not show any effect. The lower PV indices 

recorded for this particular trial can be attributed to the shorter exposure time in aerobic 

conditions for the dry aged samples and the variation of peroxyl oxidative by-products at 

slaughter in the trial group; the animals came from different locations.  

In both trials, the PVs were determined at the end of ageing period; immediate post-treatment 

measurements could have given more interesting information (due to the highly dynamic 

nature of PV) but due to the logistics of the meat quality and physical measurements studies 

(Chapter 3) sampling did not make it possible for this to be done. 

Conjugated dienes 

The double bonds in unsaturated fatty acids (UFA) occur naturally as methylene-interrupted 

systems in food lipids. In meat, as lipid oxidative modifications commence, the double bonds 

in these fatty acids shift to form conjugated systems, mainly conjugated hydroperoxides – a 

primary oxidation product that can be quantified by spectrophotometric methods (Lukešová 

et al., 2009) (Teets & Were, 2008). 

 In this 80% RH trial, PEF treatments had an effect on conjugated diene (CD) values (p < 

0.02) as can be seen in Table 4.4 above. Ageing method also had a significant effect on the 

CD values (p < 0.001). The formation of CDs, which is related to the production of 

hydroperoxides, occurs in the early stages of lipid oxidation and there is an observable 

correlation in their trends (Heinonen et al., 1998).  The present study shows formation of CDs 

at day 21 of ageing with higher CDs in the DAHPEF treatment at 0.46%. As the meat 

samples are ageing, lipid oxidation is occurring with generation of peroxides and non-

conjugated double bonds (C=C–C–C=C) which are present naturally in unsaturated lipids like 

linoleic and linolenic acids and are converted to conjugated double bonds (C=C–C=C). These 

are observed at wavelengths of 232–234 nm (Kulås & Ackman, 2001). The interaction of 
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PEF treatment and ageing method had a significant effect indicating an increase in CD values 

with dry ageing and increased PEF treatment intensity.  

In the 65% RH trial, PEF treatment had an effect on CD values (p < 0.05). Results show CD 

values increasing with the PEF treatment intensity. Ageing method also had an effect with 

higher CD values in dry aged compared to the wet aged samples (p < 0.05).  The interaction 

of PEF and ageing method did not have an effect (p > 0.05). The difference in the 

PEF*ageing method interaction between the trial groups perhaps emanates from the stepwise 

stage in the 65% RH and the reduced aerobic exposure of the samples compared with 80% 

RH.  

Table 4.5 The peroxide values and conjugated dienes for all the treatment groups of aged 

venison in the 65% RH trial. 

PEF Ageing Peroxide values (meq/kg) Conjugated dienes (%) 

Control Wet (WAC) 6.94
bc

 0.34
b
 

 Dry (DAC.) 8.68
a
 0.43

a
 

Low Wet (WALPEF) 7.15
b
 0.33

b
 

 Dry (DALPEF) 8.79
a
 0.40

a
 

High Wet (WAHPEF) 6.88
c
 0.37

b
 

 Dry (DAHPEF) 8.56
a
 0.46

a
 

 SEM 0.24 0.05 

 PEF treatment 0.222 0.038 

 Ageing method 0.025 0.001 

 PEF*Ageing method 0.361 0.221 
abc

 Values within the same column with different superscripts were significantly different at (p < 

0.05).  
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The relationship between the measurement of conjugated diene formation, the decrease in 

polyunsaturated fatty acids (section 4.3.1) and the formation of lipid hydroperoxides, PVs 

(section 4.3.2) can be mapped from the results reported in these sections. The most 

significant influence appears to be more to do with the ageing method and to a lesser extend 

the PEF treatment. 

The following section evaluates the build-up of secondary oxidation by-products by 

determining the malondialdehyde content in aged venison. 

4.3.3 Determination of lipid oxidation using TBARS 

Thiobarbituric acid reactive substances (TBARS) are a measure of secondary oxidation 

products, mainly aldehydes, carbonyls or hydrocarbons, which contribute to positive and off-

aromas and flavours in meat products (Teets et al., 2008; Igene et al., 1985). In the 80% RH 

trial, PEF treatments had no effect on the build-up of secondary lipid oxidation products (p > 

0.05, Figure 4.3). 

 

Figure 4.3 The predicted means of lipid oxidation (TBARS mg/MDA/kg) for all the treatment 

groups of aged venison M. longissimus et. lumborum muscle in the 80% RH trial. 

Means with different letter are significantly different at p < 0.05. 
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in the mean malondialdehyde (MDA) concentration in WAC, WALPEF and WAHPEF 

samples were 0.44 mg/Kg, 0.52 mg/Kg, and 0.72 mg/Kg,  but these means were not 

statistically significant (p > 0.05). The same trend can be observed with the dry aged samples 

(p > 0.05). This No PEF effect is in agreement with previous work reported by Arroyo et al. 

(2015) who investigated lipid oxidation in PEF treated turkey under 4 treatments (4.4, 7.6, 

9.2, and 12 kV, 5 Hz, 300 pulses, 20 µs with associated specific energies of 26, 78, 114 and 

194 kJ/Kg). A study done by Khan et al. (2018) on the effect of low (2.5 kV, 200 Hz, 20 µs) 

and high PEF (10 kV, 200 Hz and 20 µs) on lipid oxidation of cold boned beef M. 

longissimus et lumborum found LPEF having no effect but HPEF increased the MDA 

concentrations after 14 d of ageing. Ageing method had an effect with higher secondary lipid 

oxidation products reported in the dry aged samples (p < 0.05). As shown in Figure 4.3, 

WAC treatment recorded MDA concentrations of 0.44 mg MDA/kg meat whereas DAC had 

1.32 mg MDA/kg meat. This increase in lipid oxidation products can be linked to the higher 

PUFA losses in DAHPEF treatment groups (Section 4.4.1). Comparing the MDA 

concentrations for HPEF treatments, WAHPEF had 0.72 mg MDA/kg compared to the 

DAHPEF which recorded the highest TBARS value at 1.76 mg MDA/kg, (which is 2.5-fold 

higher MDA concentration than the DAHPEF samples). The MDA concentration values for 

dry aged samples ranged from 1.30 to 1.82 mg MDA/kg meat, which is slightly higher but 

within range reported on dry aged beef by deGeer et al. (2009) and (Lee et al., 2018). The 

slightly higher MDA concentrations could be attributable to different biochemical differences 

between beef and venison where higher oxidative modifications in venison have been 

reported (Wiklund et al., 2006).  These MDA values can be regarded as high concentrations 

considering previous research suggests MDA concentrations of more than 1.0 mg/kg would 

induce increased rancidity and odour, however the oxidative modifications, particularly with 

dry ageing, are not necessarily product degrading as they significantly contribute to the 
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flavour profile of the meat (Kim, Frandsen, & Rosenvold, 2011; Teets et al., 2008). Other 

research reported higher concentrations it has been observed that MDA concentrations above 

3 mg MDA/kg are associated with oxidative rancidity (Chouliara et al., 2008), but the results 

from this present study fall under this threshold of being not considered rancid with current 

concentrations. In some studies the detection threshold for rancidity and off-flavours differs 

between species as has been determined to be around 2 mg MDA/kg meat in beef and 1 mg 

MDA/kg meat in lamb (Ripoll, Joy, & Muñoz, 2011; Campo et al., 2006).  The interaction of 

PEF and ageing method had an effect on lipid oxidation (p < 0.05); this can be explained by 

the increase in MDA concentrations with the increase in PEF intensity. Any factors that cause 

physical disruption in the integrity of cellular membrane can alter the cellular system which 

facilitates the formation of free radicals leading to interactions of PUFAs and pro-oxidant 

substances in meat products thus promoting autoxidation (Morrissey et al., 1998).   

 

Figure 4.4 The predicted means of lipid oxidation (TBARS mg/MDA/kg) for all the treatment 

groups of aged venison M. longissimus et. lumborum muscle in the 65% RH trial. 

Means with different letter are significantly different at p < 0.05. 
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TBAR results for the 65% trial are reported in Figure 4.4. Significant differences in PEF 

treatments were found between the No-PEF control, LPEF and DAHPEF treatments (p < 

0.05). Similar to the 80% RH trial, the wet aged groups had no differences due to PEF 

treatment. In comparing the WAC (0.42 mg MDA/kg meat) to the WALPEF (0.64 mg 

MDA/kg meat) and WAHPEF (0.84 mg MDA/kg meat) treatments, the TBARS values were 

not statistically significant (p > 0.05). The MDA concentrations in the wet aged samples were 

comparable to the reported predicted means in the 80% RH trial above and reported TBARs 

in aged venison M. longissimus et. lumborum muscle wet aged for the same duration 

(Wiklund et al., 2006).  The ageing method also had a significant effect (p < 0.05) on the dry 

aged samples recording higher MDA concentrations; DAC had a predicted mean of 1.24 mg 

MDA/kg meat and DAHPEF recorded the highest at 1.58 mg MDA/kg meat.  Comparing the 

predicted means for the dry aged samples across both trial groups, the 65% RH samples 

recorded slightly lower MDA concentrations (i.e 80% RH DAHPEF at 1.76 mg MDA/kg 

meat vs 65% RH DAHPEF at 1.58 mg MDA/kg meat). The reduced MDA concentrations in 

the 65% RH samples could be attributed to the reduced exposure time to aerobic conditions 

(10 d for 65% RH vs 21 d for 80% RH) thereby possibly reducing free radical generations 

and limiting the oxidative modifications in 65% RH. The other plausible reason could be the 

differences in the fatty acid profiles. As shown in Section 4.3.1. The interaction of PEF and 

ageing method also had an effect (p < 0.05). This was also observed in the 80% RH trial 

groups suggesting that collectively dry ageing with PEF increases oxidative modifications in 

meat products. 

The following section explores more oxidative modifications applying newer analytical 

techniques using resonance spectroscopy. 
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4.3.4 Lipid oxidation analysis of 80% RH trial samples using aliphatic to 

diallylmethylene proton ratios. 

1
H NMR has been proposed as an alternative method to determine the rate at which lipid 

oxidation advances, based on the relative ratio of aliphatic to diallylmethylene (bis-allylic) 

proton (Rad, that is to say the ratio between integrals of chemical shifts of signals a, b, c, d, e, 

f, g, and h together and the area of signal h) as shown in Figure 4.5 NMR spectrum below.  

 

Figure 4.5 1D 
1
H NMR spectrum of venison lipid extract used to analyse lipid oxidation.  
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Bis-allylic protons of linoleic and linolenic acyl groups declined with ageing time (indicating 

lipid oxidative modifications) This phenomenon is explained by the Rad aliphatic to bis-

allylic proton (=HC-CH2-CH=) ratio. 

The previous discussed lipid oxidation determination techniques (PV, CD and TBARS) are 

important classical methods that only provide concentration values for some oxidised 

compounds in a generic way, but do not provide information on the specific nature of the 

compounds involved in each determination. The Rad is a novel and more recent method of 

monitoring and assessing oxidative modifications in lipid (Mungure et al. 2016). On 

analysing extracted venison lipid, the signal at chemical shift 2.84 - 2.63 ppm on the 
1
H NMR 

spectra (Figure 4.5 corresponds to diallylmethylene protons (α-methylenic protons in relation 

to 2 or more double bonds (=HC-CH2-CH=)) contributed by linoleic and linolenic acyl 

groups. The importance of this chemical shift is that it emanates from a PUFA. PUFAs are 

well known for their high susceptibility to oxidation (Morrissey et al., 1998). The removal of 

the hydrogen from a methene carbon is easier in PUFAs, hence higher sensitivity to assess 

early stages of lipid oxidation using Rad.  

In the 80% RH trial, Rad was affected by the PEF treatment (p < 0.05). The HPEF treatments 

reported more oxidative modifications of PUFAs (identified with the increase ratio) (Figure 

4.6 and Table 4.6 below). The Rad was affected by the ageing method (p > 0.05), this shows 

similarities to earlier results as presented by fatty acid profiles showing the PUFA 

significantly declining with ageing method. The results suggest the ageing process of meat 

out of the bag triggered higher oxidative modification in the aerobic conditions compared 

with ageing under vacuum. The interaction of PEF and ageing method did not affect the Rad 

(p > 0.05).  
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Table 4.6 The Olefinic proton moles, Rad and Rao proton ratios of across all treatment groups 

of PEF treated wet and dry aged venison at 80% RH. 

PEF Ageing Olefinic proton moles Rao Rad CLA (mg/g lipid) 

Control Wet (WAC) 3.03 22.31
a
 36.24

b
 3.32 

 Dry (DAC) 2.95 24.39
a
 52.92

a
 3.75 

Low Wet (WALPEF) 3.12 21.32
a
 36.38

b
 2.72 

 Dry (DALPEF) 2.93 26.05
a
 56.58

a
 3.20 

High Wet (WAHPEF) 2.90 22.45
a
 35.98

b
 3.13 

 Dry (DAHPEF) 2.77 26.43
a
 62.91

a
 3.40 

 SEM 0.26 1.20 2.45 0.26 

ab
 Means within the same column with different superscripts were significantly different at p < 0.05). 

 

 

Figure 4.6. The Rad proto across all treatment groups of PEF treated wet and dry aged venison 

at 80% RH.  



 129 

4.3.5 Lipid oxidation analysis of 80% RH trial samples using aliphatic to olefinic 

proton ratios 

Rao results for 80% RH samples were not affected by PEF treatment, ageing method or their 

interaction (p > 0.05). The Rao proton ratio unlike Rad had no significant change; this could be 

because the olefinic protons are attached directly to the double bonded carbons contributed 

by the oleic acyl group (monounsaturated fatty acid, MUFA) which are not as readily 

oxidised in comparison to the diallylmethylene group in PUFAs (Yang, Grey, Archer, & 

Bruce, 1998). This observation agrees well with the findings in section 4.3.1 on fatty acid 

composition, that show MUFAs were not significantly affected by the PEF treatments. The 

olefinic proton ratio also followed the same trend as it was not affected by the PEF 

treatments, ageing method and their interactions (p > 0.05). 

4.3.6 Lipid oxidation analysis of 65% RH trial samples using aliphatic to 

diallylmethylene proton ratios 

For the 65% RH trial Rad was not affected by PEF treatment (p > 0.05), however similar to 

the 80% RH trial, the ageing method had a significant effect (p < 0.05). The highest changes 

were identified in the DAHPEF samples (50.27) vs WAHPEF (36.28). The interaction of PEF 

with ageing method did not have an effect on Rad (Figure 4.7).  
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Figure 4.7 The Rad proton ratios of across all treatment groups of PEF treated wet and dry 

aged venison at 65% RH. 

Table 4.7 The olefinic proton moles, Rad and Rao proton ratios of across all treatment groups 

of PEF treated wet and dry aged venison at 65% RH. 

PEF Ageing Olefinic proton moles Rao Rad CLA (mg/g lipid) 

Control Wet (WAC) 3.28 22.81
a
 39.12

bc
 2.51 

 Dry (DAC) 3.17 24.99
a
 47.25

a
 2.93 

Low Wet (WALPEF) 3.24 22.72
a
 34.62

c
 2.74 

 Dry (DALPEF) 3.34 25.25
a
 45.38

ab
 3.02 

High Wet (WAHPEF) 3.06 23.49
a
 36.28

c
 2.82 

 Dry (DAHPEF) 3.11 25.15
a
 50.27

a
 3.16 

 SEM 0.19 1.27 1.75 0.34 

abc
 Means within the same column with different superscripts were significantly different at p < 0.05. 
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4.3.7 Effect of PEF treatment on the oxidative stability of conjugated linoleic 

acid (CLA) 

Figure 4.8 below shows a representative 
1
H NMR spectrum from one of the PEF treated 

venison lipid sample spiked with the internal standard, 1,4-dioxane. The important signals 

emanating from the protons of conjugated double bonds of CLA appear between 6.5 ppm to 

5.0 ppm (Manzano Maria et al., 2010; Prema et al., 2013). The integral peaks on a 
1
H NMR 

spectrum are directly proportional to the number of resonant nuclei, and signals with 

chemical shifts between 6.28 and 5.93 ppm (peaks a and b, respectively) are unique to CLAs. 

These resonances do not overlap with the chemical shifts representing other fatty acids (Falch 

et al., 2004; Igarashi et al., 2000; Prema et al., 2013) simplifying quantitation of total CLA 

content in venison lipid using 
1
H NMR. The chemical shift at 3.70 ppm (peak x) was for the 

methylene proton signal of internal standard 1, 4-dioxane. It is important to note that the most 

common CLA isomers trans-10, cis-12 CLA and cis-9, trans-11 CLA in beef M. 

semimembranosus muscle have the same chemical shift observed through 
1
H NMR analysis. 

The obtained results therefore refer to the total CLA content in beef M. semimembranosus 

muscle samples (Carvalho et al., 2010).  
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Figure 4.8 
1
HNMR spectra from aged venison lipid for the analysis of CLA content and its 

oxidation. 

 

  



 133 

In the 80% RH trial, CLAs were not affected by PEF or ageing method (p > 0.05).  The CLA 

concentrations across all treatments ranged from 2.72 to 3.75 mg/g lipid.   

Table 4.8 CLA concentrations in PEF treated wet and dry aged venison for 80% RH trial. 

PEF Ageing CLA (mg/g lipid) 

Control Wet (WAC) 3.32 

 Dry (DAC) 3.75 

Low Wet (WALPEF) 3.20 

 Dry (DALPEF) 2.92 

High Wet (WAHPEF) 3.33 

 Dry (DAHPEF) 3.40 

 SEM 0.26 

p values PEF treatment 0.156 

 Ageing method 0.535 

 PEF*Ageing method 0.857 

 

The highest predicted means were recorded in the DAC samples and lowest in WALPEF (2.2 

mg/g lipid). In general, the concentrations of CLAs present in the meat samples was high 

compared to other studies. A study by (Phillip, Oresanya, & Jacques, 2007) on red deer 

slaughtered after 15 months after being raised on a forage: concentrate ratio of 75:25% ratio 

and 50:50% ratio had CLA concentrations of 1.5 and 1.1 mg/g lipid respectively. The 

differences in this present study are due to the differences in diet that the animals were raised 

on. In the present study, the animals were raised on only pasture grass. Studies have 

supported high CLA concentrations in pasture fed compared with concentrate–based diet 

(French et al., 2000). Dietary composition influences (pasture/grass in particular, supports) 

rumen conditions and thus the bacteria involved in the production and accumulation of trans‐
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11 C18:1 (vaccenic acid), the key precursor of endogenously synthesised cis‐9,trans‐11 

conjugated linoleic acid (CLA) (Dugan et al., 2011).  

As for the 65% RH trial similar observations were noted on CLA concentrations. The PEF 

treatments, ageing method and their interactions all did not have an effect on CLA 

concentrations (p > 0.05, see Table 4.9). The results suggest that CLA does not follow the 

same oxidative pathway as other PUFAs. 

Table 4.9 CLA concentrations in PEF treated wet and dry aged venison for 65% RH trial. 

PEF Ageing CLA (mg/g lipid) 

Control Wet (WAC) 2.51 

 Dry (DAC) 2.72 

Low Wet (WALPEF) 2.93 

 Dry (DALPEF) 3.02 

High Wet (WAHPEF) 2.82 

 Dry (DAHPEF) 3.16 

 SEM 0.34 

P values PEF treatments 0.201 

 Ageing method 0.096 

 PEF*Ageing method 0.722 

  

It seems the CLA concentrations are not affected by storage. Shantha et al. (1994) and 

Badiani et al. (2004) studied the effect of storage on CLA concentrations in ground beef 

patties and lamb with no significant change. Processing factors such as cooking effect have 

been reported not to have an effect on CLA stability. Dairy products also showed no decrease 

in CLA concentration during storage of up to 6 months (Shantha et al., 1995) (Schmid et al., 
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2006). The high stability of CLA over storage and cooking led previous researchers to 

consider CLA to be an antioxidant (hence the anticarcinogenic properties) (Tsuzuki et al., 

2004). However, the plausible explanation to the oxidative stability of CLA is that its 

oxidation is slowed by triacylglycerols esterification and α-tocopherol content in meat 

product (Stanton et al., 2018) (Tsuzuki et al., 2004). Another possible explanation for CLA 

stability over storage time is their predominant positional distribution on the glycerol 

backbone of the triglyceride molecule (Mir et al., 2004). Investigations on positional 

distribution of CLAs on the triglyceride molecule showed that they mainly preferred to 

esterify on the sn-2 position (Mir et al., 2003). Fatty acids esterified at sn-2 position have 

been reported to be more stable against oxidation compared to the sn-1, 3 positions 

(Wijesundera, 2008; Mir et al., 2004;).  

4.3.8 Tocopherol and vitamin analysis (antioxidants) in wet and dry venison 

Tocopherols are a series of benzo-pyranols with one, two, or three methyl groups attached to 

the phenolic ring. Tocopherols are fat soluble compounds with vitamin E activity. There are 

four forms of tocopherols, namely α-, β-, γ-, and δ-tocopherols; all are known for their 

antioxidant activity in lipid systems (Hernandez, 2016). In meat matrix systems (meat tissue) 

tocopherols contribute to the extension of product shelf-life and protect from oxidation as 

they act as free radical scavengers (Bertolín et al., 2018); Müller, 2010).  

In this study, α-tocopherol was the only homologue detected above threshold. In the 80% RH 

trial, α-tocopherols were not affected by the PEF treatment (p < 0.05, Figure 4.9). This means 

the reported Joule heating reported (in chapter 3) found with high PEF treatment did not have 

a detrimental effect on the α-tocopherol content in the treated samples on the treatment 

groups. Ageing method, however, did have an effect on the α-tocopherols (p < 0.05). Lower 
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concentrations were recorded in the dry aged samples compared with the corresponding wet 

aged samples. 

 

Figure 4.9 The antioxidant α-tocopherol content across all treatments in the 80% RH trial of 

wet and dry aged venison. 

α-tocopherol in 65% RH trial were not affected by the PEF treatment, however the ageing 

method had a significant effect (p < 0.05). The interaction of PEF and ageing method also did 

not to have an effect see Figure 4.10 below. 

 

 



 137 

 

 

Figure 4.10 The antioxidant α-tocopherol content across all treatments in the 65% RH trial of 

wet and dry aged venison. 

 

From the 80% RH trial, α-tocopherol contents were recorded higher in wet aged samples with 

predicted means of 5.63 µg/g meat compared with the dry aged samples that had a lower 

average of 4.45 µg/g meat. As for the 65% RH trial, the averages in general were higher with 

6.27 µg/g in wet aged samples and 5.42 µg/g meat for the dry aged group. The predicted α-

tocopherol averages are within previously reported figures in aged venison albeit on the 

higher end compared to a study by Purchas et al., (2010) on 20-month-old stag and hinds 

which reported predicted means of 4.38 µg/g and 5.61 µg/g meat in stag and hind loins wet 

aged for 7 d post-mortem, respectively. One key factor to consider would be the season these 

trials were conducted in. Both trials were conducted in the middle of spring (November) 

where pasture grass is at its prime in the lower South Island of New Zealand. Comparatively 

in literature, meat derived from pasture feeding has provided higher antioxidant levels in the 

form of α-tocopherol (Ponnampalam et al., 2016; Gatellier et al., 2005; Mercier, Gatellier, & 

Renerre, 2004; Wood & Enser, 1997). The differences in levels of α-tocopherols between the 
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ageing methods shows significant differences in antioxidant presence in the aged venison. It 

appears there is more depletion of the antioxidant α-tocopherol in dry aged samples, which in 

turn shows similar trends observed lipid oxidation seen in dry aged samples in the previous 

sections (for instance increased TBARS, CDs and decline in abundance of PUFAs reported in 

section 4.3.1 above), α–tocopherol is stable in the absence of oxygen and oxidising agents, 

but rate of degradation increases in presence of molecular oxygen and free radicals 

(Quaresma et al., 2012). 

Interestingly, the results of α-tocopherol reported in the section help to explain the higher 

oxidative stability of the reported CLA results above. The higher presence of α-tocopherol 

concentrations in the aged samples as previous reports have detailed improved oxidative 

stability with increased tocopherol concentrations, a desirable outcome (Tsuzuki et al., 2004).   

4.3.9 Mineral analysis 

The main objective of the present study was to evaluate the impact of PEF treatment, ageing 

method on the mineral contents in venison. At present, there is information on nutritional 

macronutrients in venison but no information on mineral content of PEF treated venison 

(Purchas, Triumf, & Egelandsdal, 2010). The present study also looked to investigate whether 

migration of minerals from the stainless-steel electrodes to the venison was occurring with 

PEF treatment and potential contribution to lipid oxidative processes. The stainless steel 

electrodes have in the past been reported not to be inert during PEF processing (Roodenburg 

et al., 2005). The other scientific rationale for investigating this is that migration of pro-

oxidant minerals like transition metals (for instance Fe that is involved in the Fenton reaction 

resulting in more oxidative modifications in meat from electrodes to meat product can be a 

critical catalyst in oxidative processes (Choe, 2006; Kremer, 1999). 
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Of the 44 minerals analysed, only sixteen minerals [macro minerals; Na, Mg, P, K, Fe, Zn 

and Ca, and micro minerals; Mn, Ni, Cu, Rb, Mo, Se, Cs, Ba and Sr] were present above the 

detection limit (as shown in Table 4.10, 4.11 for 80% RH and 4.12 and 4.13 for 65% RH, 

below).  Previous work on PEF treated beef M. longissimus et lumborum muscle by Khan et 

al., (2018) had 17 minerals above detection limit, with the difference being on chromium. 

The concentrations in present study were determined on a dry weight basis and as well as wet 

weight to evaluate the impact for moisture content, which is affected by PEF treatment and 

ageing method (refer back to section 3.10).  
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Table 4.10 Concentrations of macro and micro minerals (mg/kg
 
dry-weight basis) in wet and dry-aged venison M. longissimus et lumborum 

muscles from control and treated with low (2.5 kV, 50 Hz and 20 μs pulse time) and high (10 kV, 90 Hz and 20 μs pulse time) PEF 

samples in trial one aged at 80% RH. 

 Treatments Minerals (mg/kg dry basis) 

  Macro  Micro 

  Na Mg P K Ca Fe Zn  Mn Ni Cu Rb Mo Se Cs Ba Sr 

 DAC 2047.5abc 1087.5ab 9037.5ab 17475.0a 161.5 125.80a 93.1  0.694 0.404 7.40 12.50ab 0.071 0.174 0.035 0.045 0.130 

 WAC 1562.0c 972.4c 8058.0bc 13940.0b 129.6 114.20ab 82.5  0.667 0.318 7.30 10.10bc 0.072 0.167 0.027 0.040 0.098 

 DALPEF 2100.0ab 1146.0a 9476.0a 17680.0a 143.0 124.6a 105.4  0.770 0.191 8.10 13.1a 0.051 0.185 0.036 0.037 0.084 

 WALPEF 1586.0bc 956.6c 7810.0c 13560.0b 124.5 113.2ab 80.8  0.635 0.270 7.40 9.7c 0.057 0.166 0.028 0.039 0.117 

 DAHPEF 2430.0a 1118.0a 9306.0a 18860.0a 158.6 115.8ab 109.1  0.722 0.292 8.20 13.69a 0.052 0.168 0.037 0.045 0.087 

 WAHPEF 1611.7bc 990.7bc 8175.0bc 14133.3b 141.3 106.40b 93.2  0.646 0.149 6.90 10.40bc 0.073 0.169 0.029 0.044 0.122 

 SEM 118.86 22.71 235.52 669.86 8.84 4.23 6.85  0.04 0.13 0.35 0.53 0.02 0.169 0.003 0.004 0.031 

p- 

values 

PEF treatment 0.168 0.533 0.722 0.354 0.180 0.087 0.171  0.902 0.465 0.601 0.209 0.523 0.881 0.828 0.30 0.898 

Ageing Method 0.000 0.000 0.000 0.005 0.005 0.005 0.006  0.039 0.625 0.017 0.000 0.431 0.496 0.003 0.04 0.616 

PEF* Ageing 

method  

0.307 0.242 0.337 0.682 0.677 0..961 0.604  0.318 0.658 0.253 0.540 0.788 0.794 0.999 0.13 0.454 

 Reference material 2150 939 8000 15500 129 120 51.6  0.68 0.05 5.68 28.9 0.06 0.19 n/a - - 

 Experimental value 2220 980 7455 14400 122 118 50.5  0.66 0.036 5.67 27.9 0.062 0.17 0.036 - - 

 Recovery (%) 
103% 104% 93% 93% 95% 98% 98%  97% 72% 99% 97% 103% 89% n/a - - 

abc
 Means within the same column with different superscripts were significantly different at p < 0.05. 
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4.3.10 Effect of PEF treatment, ageing method on the mineral profile of aged 

venison. 

In the 80% RH trial, all the macro minerals (Na, Mg, P, K, Ca, Fe and Zn) were not affected 

by PEF treatment (p > 0.05), however all the macro-minerals were affected by the ageing 

method (p < 0.05). The dry ageing step appeared to concentrate the mineral content per 

kilogram (both dry and wet weight basis, see Tables 4.10 and 4.11).  For instance, K, the 

most abundant macro mineral (and also a key dietary macronutrient) concentrations showed 

highly significant differences in the ageing methods (p < 0.05). DAHPEF had predicted mean 

of 18,860.0 mg/kg dry-weight basis compared with WAHPEF at 14,133.3 mg/kg dry-weight 

basis, showing a 33% difference in the treatment groups. As for the wet-weight basis, 

DAHPEF recorded 11,420.8 mg/kg compared with WAHPEF with 8,214.9 mg/kg making up 

a 39% concentration difference. Sodium (Na) had DAHPEF recording the highest 

concentrations at 2,430.0 mg/kg dry basis (1,469.9 mg/kg wet-weight basis) but the 

WAHPEF samples (1,586.0 mg/kg dry-weight basis) (937.5 mg/kg wet-weight basis). The 

interaction of PEF * ageing method had no effect on the mineral content across all the macro 

minerals. Venison, like beef is a considered one major source of Fe with high bioavailability 

(Czerwonka & Szterk, 2015; Kerry, 2009). It is macro mineral of interest, which was not 

affected by the PEF treatment, however it was affected with the ageing method (p < 0.05). 

There was a trend of higher Fe concentrations in the dry aged samples compared to the wet 

aged samples (p < 0.001). The dry aged samples averaged 122.0 mg /kg dry-weight basis 

compared with wet aged samples averaging 111.2 mg/kg dry-weight basis. This an important 

transition metal as it has strong catalytic strength to generate highly reactive hydroxyl 

radicals (OH’) (via the Fenton chemistry) (Oueslati et al., 2016; Kremer, 1999) (Kanner, 
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1994). This in part, possibly explains the higher oxidative modifications reported for dry aged 

samples in the previous sections. 

All of the micro minerals identified were not affected by PEF treatment (p > 0.05). Of the 

nine identified, five (Mn, Cu, Rb, Cs, and Ba) were significantly affected by the ageing 

method (p < 0.001). All of the micro minerals were not affected by the interaction of PEF 

treatment and ageing method (p < 0.05) except for the element Cu. Cu was affected by the 

ageing method (p < 0.001) and the interaction of PEF*ageing method (p < 0.037). It appears 

the combination of the two, dry ageing and PEF, increased Cu as a function of PEF intensity. 

Cu is also an interesting element as its ions promote lipoprotein oxidation (Wagner & 

Heinecke, 1997). Although from the present study we are unable to determine the quantity of 

the Cu in its reduced state, it will be reasonable to postulate that it’s reported high abundance 

directly played a role in the higher CD and other oxidation products in dry aged samples 

reported in the previous sections (Wagner et al., 1997). 
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Table 4.11 Concentrations of macro and micro minerals (mg/kg
 
wet-weight basis) in wet and dry-aged venison M. longissimus et lumborum 

muscles from control and treated with low (2.5 kV, 50 Hz and 20 μs pulse time) and high (10 kV, 90 Hz and 20 μs pulse time) PEF 

samples in the 80% RH trial. 

 Treatments Mineral (mg/kg wet-weight basis) 

  Macro  Micro 

  Na Mg P K Ca Fe Zn  Mn Ni Cu Rb Mo Se Cs Ba Sr 

 DAC 1283.8a 659.4a 5429.4a 10689.5a 94.0ab 71.7ab 64.6ab  0.432 0.243 4.20abc 8.00a 0.042 0.104 0.021 0.027 0.077 

 WAC 910.7b 567.0b 4698.3b 8129.7b 75.6ab 66.5ab 48.9b  0.400 0.185 4.20abc 5.70b 0.042 0.097 0.016 0.023 0.057 

 DALPEF 1311.2a 687.5a 5668.3a 10788.3a 87.6ab 75.4a 74.2a  0.469 0.118 4.80ab 8.00a 0.031 0.113 0.022 0.022 0.052 

 WALPEF 934.2b 563.5b 4600.1b 7985.3b 73.3b 68.0ab 47.9b  0.374 0.161 3.90c 5.70b 0.034 0.098 0.016 0.023 0.068 

 DAHPEF 1469.9a 677.3a 5637.0a 11420.8 96.0a 69.4ab 66.8ab  0.438 0.178 5.00a 8.40a 0.031 0.102 0.022 0.027 0.052 

 WAHPEF 937.5b 568.2b 4752.0b 8214.9b 82.2ab 62.4b 51.6ab  0.376 0.086 4.00bc 6.00b 0.042 0.098 0.017 0.025 0.078 

 SEM 66.72 13.39 139.81 354.51 5.17 2.95 6.05  0.028 0.078 0.210 0.332 0.009 0.098 0.002 0.005 0.018 

p- 

values 

PEF treatment 0.238 0.608 0.626 0.374 0.236 0.144 0.759  0.846 0.491 0.406 0.389 0.552 0.789 0.801 0.766 0.910 

Ageing Method 0.000 0.000 0.000 0.000 0.001 0.009 0.000  0.007 0.565 0.001 0.000 0.543 0.789 0.001 0.646 0.719 

PEF* Ageing method  0.377 0.478 0.462 0.635 0.876 0.916 0.572  0.505 0.654 0.037 0.985 0.794 0.808 0.994 0.882 0.461 

 Reference material 2150 939 8000 15500 129 120 51.6  0.68 0.05 5.68 28.9 0.06 0.19 n/a - - 

 Experimental obtained 

values 

2220 980 7455 14400 122 118 50.5  0.66 0.036 5.67 27.9 0.062 0.17 0.036 - - 

 Recovery (%) 103% 104% 93% 93% 95% 98% 98%  97% 72% 99% 97% 103% 89% n/a - - 

abc
 Means within the same column with different superscripts were significantly different at p < 0.05. 
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As for the 65% RH trial, a similar trend was observed with the PEF treatments not having an 

effect on the macro and micro mineral concentrations (see Tables 4.12 and 4.13 below). The 

results also showed macro minerals having higher concentrations in the dry aged samples 

compared with the wet aged samples (p < 0.05) (both on dry-weight and wet-weight basis). K 

was once more the most abundant macro mineral with DAC treatment recording the highest 

at 14,516.70 mg/kg dry-weight basis (8,948.3 mg/kg wet-weight basis) and WAC the lowest 

concentration at 12,150.0 mg/kg dry weight basis (7,118.2 mg/kg wet-weight basis), almost a 

20% weight difference on dry weight and a higher difference 25.7% with wet weight basis 

analysis. The reported high concentrations of K and lower Na concentrations in this study are 

a desirable as it is recommended for hypertension diets (Hermida et al., 2006). The two trials 

also showed high both wet and dry aged venison to be rich in phosphorus and on average 100 

g of the aged venison would provide between 45 - 50% of the recommended daily intake 

(Organization et al., 1996). The ageing method had an effect on four (Cu, Rb, Cs and Sr) out 

of the nine identified micro-minerals (p < 0.05). Rb was the most abundant micro mineral 

with DALPEF recording the highest concentrations at 25.4 mg/kg dry weight-basis compared 

to WAC with 18.3 mg/kg dry weight basis. These reported quantities are a desirable dietary 

factor. Rb is an important dietary quasi essential element with anti-depressant properties with 

recommended daily human intake of ~3 mg (Dixit et al., 2017) (Canavese et al., 2008). 

The other interesting observation of Sr was that it was higher in wet aged samples compared 

with the dry aged samples (p < 0.05). The other three micro minerals reported higher 

concentration in dry aged samples (p < 0.05). The reason for the higher abundance of Sr in 

wet aged compared to dry aged samples cannot yet be explained and warrants further 

investigation. 
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Table 4.12 Concentrations of macro and micro minerals (mg/kg
 
dry-weight basis) in wet and dry-aged venison M. longissimus et lumborum 

muscles from control and treated with low (2.5 kV, 50 Hz and 20 μs pulse time) and high (10 kV, 90 Hz and 20 μs pulse time) PEF 

samples aged in the 65% RH trial. 

 Treatments Minerals (mg/kg dry-weight basis) 

  Macro   Micro 

  Na Mg P K Ca Fe Zn  Mn Cu Rb Mo Se Cs Ba Sr 

 DAC 1925.0a 1004.7ab 7753.3ab 14516.7ab 138.2 156.0a 170.0  0.560 5.60 22.1ab 0.016 0.279 0.015 0.076 0.086ab 

 WAC 1506.7b 849.8b 6860.0b 12150.0b 119.2 127.8b 115.2  0.556 5.20 18.3b 0.012 0.700 0.013 0.049 0.086ab 

 DALPEF 2070.0a 1050.0a 8340.0a 16733.3a 134.7 153.3a 142.2  0.595 5.60 25.4a 0.010 0.274 0.018 0.045 0.075b 

 WALPEF 1560.0b 868.2b 6855.0b 12850.0b 127.0 136.0ab 114.2  0.529 5.00 18.9b 0.016 0.266 0.013 0.052 0.105a 

 DAHPEF 2103.3a 1010.7ab 7788.0ab 14366.7ab 137.2 153.8a 166.2  0.600 5.40 21.6ab 0.010 0.279 0.014 0.050 0.075b 

 WAHPEF 1586.7b 893.8ab 6896.8b 13183.3b 121.2 140.7ab 127.7  0.561 5.20 18.6b 0.018 0.271 0.013 0.056 0.086ab 

 SEM 76.16 39.81 275.33 642.28 6.67 5.56 15.21  0.05 0.26 1.45 0.002 0.008 0.001 0.008 0.006 

p-

values 

PEF treatment 0.223 0.704 0.522 0.083 0.944 0.635 0.446  0.881 0.886 0.291 0.825 0.819 0.381 0.218 0.220 

Ageing Method 0.000 0.000 0.000 0.000 0.014 0.000 0.003  0.359 0.046 0.001 0.102 0.243 0.027 0.520 0.007 

PEF* Ageing method  0.773 0.717 0.471 0.126 0.682 0.390 0.676  0.815 0.787 0.450 0.037 0.992 0.452 0.068 0.042 

 Reference material 2400 910 8000 13900 2303 343 51.6  3.17 15.7 5.68 0.29 3.45 n/a n/a 10.1 

 Experimental values 2472 921 7455 15500 2360 332 50.5  3.03 14.9 5.67 0.25 3.43 0.072 4.84 9.58 

 Recovery (%) 103% 101% 93% 90% 98% 95% 98%  95% 95% 99% 100% 97% n/a n/a 95% 

ab
 Means within the same column with different superscripts were significantly different at p < 0.05. 
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Table 4.13 Concentrations of macro and micro minerals (mg/kg
 
wet-weight basis) in wet and dry-aged venison M. longissimus et lumborum 

muscles from control and treated with low (2.5 kV, 50 Hz and 20 μs pulse time) and high (10 kV, 90 Hz and 20 μs pulse time) PEF 

samples aged in the 65% RH trial. 

 Treatments Minerals (mg/kg wet-weight basis) 

  Macro  Micro 

  Na Mg P K Ca* Fe Zn  Mn Cu Rb Mo Se Cs Ba Sr 

 DAC 1187.4a 620.0a 4783.2a 8948.3abc 85.4ab 96.3ab 104.8  0.346 3.4 13.6ab 0.010 0.158 0.009 0.047 0.053 

 WAC 883.2b 503.0b 4016.0a 7113.2d 68.9b 74.9d 67.5  0.326 3.0 10.7b 0.007 0.158 0.008 0.029 0.050 

 DALPEF 1273.0a 646.2a 5129.3a 10280.3a 82.7ab 93.3abc 87.9  0.366 3.4 15.6a 0.006 0.169 0.011 0.027 0.046 

 WALPEF 906.7b 504.5b 3983.3b 7469.5cd 73.8ab 80.1cd 66.4  0.307 2.9 10.8b 0.009 0.155 0.008 0.031 0.062 

 DAHPEF 1322.5a 634.1a 4886.5a 9014.0ab 86.1a 96.5a 103.6  0.376 3.4 13.4ab 0.006 0.175 0.009 0.031 0.047 

 WAHPEF 924.0b 520.4b 4030.4b 7678.2bcd 70.6ab 81.9cd 74.0  0.326 3.0 11.4b 0.011 0.158 0.008 0.033 0.050 

 SEM 45.89 23.09 151.58 356.13 3.83 3.36 9.82  0.028 0.15 0.88 0.001 0.005 0.001 0.005 0.003 

p-

values 

PEF treatment 0.171 0.760 0.585 0.072 0.939 0.554 0.475  0.822 0.918 0.481 0.796 0.677 0.398 0.185 0.304 

Ageing Method 0.000 0.000 0.000 0.000 0.000 0.000 0.001  0.068 0.002 0.000 0.238 0.002 0.003 0.246 0.087 

PEF* Ageing method  0.585 0.804 0.436 0.126 0.568 0.435 0.726  0.775 0.827 0.291 0.044 0.958 0.466 0.064 0.048 

 Reference material 2400 910 8000 13900 2303 343 51.6  3.17 15.7 5.68 0.29 3.45 n/a n/a 10.1 

 Experimental values 2472 921 7455 15500 2360 332 50.5  3.03 14.9 5.67 0.25 3.43 0.072 4.84 9.58 

 Recovery (%) 103% 101% 93% 90% 98% 95% 98%  95% 95% 99% 100% 97% n/a n/a 95% 

abc
 Means within the same column with different superscripts were significantly different at p < 0.05. 
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General discussion on minerals analysis 

Meat is a key important source of both macro and trace elements contributing to the 

recommended dietary recommended intake (Hermida et al., 2006; Organization et al., 1996) 

and as such most of the mineral studies in meat have been focused on analysing a few 

nutritional minerals like K, NA, Ca, Fe ,Zn and P to provide nutritional information on meat 

products (Khan et al., 2018; De Freitas et al., 2014; Karakok et al., 2010; Hermida et al., 

2006; Sales & Hayes, 1996). Other studies have investigated mineral content to determine 

meat geographical origin with a particular use of isotopic ratios (Renou et al., 2004) and to a 

lesser extent use on determining toxic elements in meat products (Reykdal et al., 2011; 

Blanco-Penedo et al., 2010). Some of the most recent research into the application of multi-

element and multi-isotopic measurements to determine geographical origin has focused on 

beef and lamb particularly for finger printing purposes (Kelly, Heaton, & Hoogewerff, 2005). 

Very little research on raw meat and also effects of processing interventions effect on mineral 

content has been lacking and only being picked up recently (Khan et al., 2018; Khan et al., 

2017; Khan et al., 2016a). In terms of comparing the mineral contents in wet and dry aged 

meat products is even limited. In recent years only a few studies have been undertaken to 

understand the effect of PEF treatment in mineral content in beef and chicken and PEF 

treatment combination with cooking effects, such information is important from a food safety 

and nutritional perspective (Khan et al., 2018; Khan et al., 2017).   

In the two current studies, the PEF intensities applied (LPEF and HPEF) had no detrimental 

effect on the mineral contents. In other words, there was no release of minerals from the 

electrodes on to the meat product. PEF effect on mineral content has been reported to be more 

influenced by the waveform shape, with the highest release identified with a mono-

exponentially declining waveform shape (Khan et al., 2018; Roodenburg et al., 2005). For 

PEF to potentially release key transition elements like Fe, Cu, Ni and Mg a particular 

threshold potential need to be attained but then in these current two specific studies these 
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thresholds were not attained (Mastwijk, (2006). In studies where minerals have been 

transferred from the electrodes  to food product, that has mostly been caused by the use of 

electrodes made in-house or engineered by independent labs where the quality of the 

electrodes is unknown leading to mineral contamination (Bhat et al., 2018). Pataro et al. 

(2014) also studied the release of Fe, Cr, Ni and Mg from stainless steel electrodes in buffers 

and reported an increased metal release with an increase in total specific energy input and in 

the presence of halides in the treated material. The above studies document the migration of 

minerals from the electrodes of standard PEF systems to the treated food. The electrodes used 

in these systems were of high quality. Supporting the mineral release observation, Khan et al. 

(2017b) studied the effect of low PEF (2.5 Kv, 200 Hz, 20 µs) and high PEF (10 kV, 200 Hz 

and 20 µs) on the concentration of key nutritionally relevant minerals (iron, zinc, phosphorous 

and potassium). The concentrations of P and K were significantly affected by PEF treatments. 

From their result, it possibly suggests that low and high PEF treatments can possibly lead to 

changes in mineral in beef muscle with different outcomes on quality (Bhat et al., 2018) 

In conclusion, the work done on the two venison studies suggest minimal PEF effect with the 

more influencing processing parameter factor being ageing method, with concentrations 

increasing per kg (both wet and dry weight–basis).  
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4.4 Conclusions 

The PEF treatments seem not to have had a detrimental effect on the venison product, 

however the oxidative modifications were higher with the dry ageing method. All the results 

for all the treatments are well within acceptable limits/thresholds for fresh meat implying no 

development of rancidity in the dry ageing application and in comparison to the wet aged 

control venison samples. The oxidative products would not be a constraining factor to dry 

ageing particularly as they contribute to the development of characteristic flavour profile if 

they are within the said threshold. PEF treatments, as reported in Chapter 3, particularly 

HPEF, can improve meat quality attributes such as tenderness and moisture removal in meat, 

and in this chapter it was established that processing (both LPEF, HPEF and ageing methods) 

do not have an effect on the oxidative pathways of bioactive CLAs.  Mineral contents were 

not affected by PEF (both low and high PEF treatments), with no scientific evidence showing 

mineral leakage from electrodes, thus no toxicity or hazardous effects of the technology on 

wet and dry aged venison. The mineral profiles appear to be affected more with the dry ageing 

method which results in concentration of the minerals per kg of meat and the increased 

concentration of some key transition metals resulting from the dry ageing method were found 

to play a factor in the increased level of oxidative modification by-products. The joule heating 

generated by the HPEF treatments was found to not influence the α-tocopherol contents in 

venison. The two studies conducted in the present Chapter showed the development of lipid 

oxidative by-products followed the same trends with the stepwise dry ageing method 

reporting comparable to lower lipid oxidation by products. Whilst the are promising results on 

the lipid oxidative modifications, the effect of the treatments and ageing method on the 

protein oxidative stability needed to be explored and the next chapter investigate the 

implications. 
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Chapter 5 

Targeted analysis of protein oxidative modifications in PEF 

treated wet- and dry-aged venison 

5.1 Introduction 

The reported lipid oxidative by-products and modifications in the previous chapter (chapter 4, 

Sections 4.3.2 and 4.3.3), have been reported to play a critical role in initiating and 

propagating protein oxidative reactions (Lund et al., 2011). Oxidative by-products such as 

hydroperoxides and MDA (both primary and secondary products), and in particular the 

reactive aldehydic compounds, are capable of inflicting oxidative damage on meat proteins 

(Estévez & Luna, 2017). These oxidative modifications to meat proteins result in the 

generation of protein carbonyls (aldehydes and ketones), protein polymer crosslinks and 

peptide scissions (Ooizumi & Xiong, 2004). The formation of protein carbonyls is reported to 

be one of the most prominent changes in oxidized proteins, and the content of carbonyl is 

widely used as a marker of protein damage (Lund et al., 2008). The chemical modification of 

the meat proteins (may be due to reactive aldehydes like α, β-unsaturated alkenals, 

alkadienals, and hydroxyalkenals readily reacting with protein via covalent binding), can lead 

to modification of the organoleptic and nutritional properties of meat products (Guyon, 

Meynier, & de Lamballerie, 2016). Proteins, just like lipids in muscle tissue are also 

susceptible to direct oxidative processes induced by reactive oxygen species (ROS) via free 

radical formation. Direct oxidation of the side chains of lysine, threonine, arginine and proline 

is reported to be the main oxidative route and most potent mechanism leading to protein 

carbonyl formation (Requena, Chao, Levine, & Stadtman, 2001; Utrera & Estévez, 2012). 

Another pathway by which protein carbonyls can be generated in meat proteins involves non-

enzymatic glycation in the presence of reducing sugars. In addition, another pathway involves 

the oxidative cleavage of the peptide backbone via the α-amidation pathway or via oxidation 
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of glutamyl side chains (Estévez, Ollilainen, & Heinonen, 2009). In the present study, PEF 

treatments were applied to improve meat quality attributes; however literature reports indicate 

the possibility of electrolysis during PEF treatment and the potential generation of free 

radicals that may affect the oxidative stability of meat proteins (Wang et al., 2016). One of the 

major objectives of the study was to investigate whether PEF has an effect on the generation 

of carbonyls in aged venison. The second objective of this study investigated the effects of 

ageing conditions (dry vs wet ageing) on protein oxidative modification, particularly with 

regards to protein carbonylation. A considerable amount of work has been done on lipid 

oxidation in regard to aged meat, but information is substantially lacking on protein oxidation 

in dry aged red meat, and venison in particular. To achieve these goals, the following key 

analyses were employed; 1) targeted traditional carbonyl analyses (such as the DNPH 

method) and novel analyses of targeted protein oxidation biomarkers (γ-glutamic 

semialdehyde (GGS) and α- aminoadipic semi-aldehyde (AAS)) were used to establish the 

effect of processing on the oxidative modifications as well as the formation of oxidative 

degradation products of the protox biomarkers to α-amino adipic acid (AAA). Thiol oxidation 

was analysed to compare the loss of sulfhydryl groups to quantify the oxidative modifications 

due to the PEF processing and the ageing methods. Schiff bases formed in meat proteins as a 

result of cross linkages forming between protein carbonyls and amino groups from alkaline 

amino acids, were also analysed to compare the differences between the ageing methods. A 

schematic diagram that summarises the analytical work performed in the present study 

examining protein oxidation in aged venison, is shown below.  



 152 

 

Figure 5.1 Schematic overview of experimental analyses performed and discussed in chapter 5.
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5.2 Methods and Materials 

5.2.1 Reagents and chemicals 

All chemicals and reagents were of analytical grade. Dicalcium phosphate dihydrate 

(Ca2HPO4.2H2O), butylated hydroxytoluene (BHT) and Celite 545 were purchased from 

Sigma Aldrich Inc. (St Louis, Missouri, USA). Diethyl ether, ethanol and methanol were 

purchased from Riedel-de Haen (Seelze, Germany). Hexane, hydrochloric acid (32%), ethyl 

acetate, potassium hydroxide, sulphuric acid, tetraethoxypropane, trichloroacetic acid (TCA), 

and trichloromethane were purchased from Thermo Fisher Scientific (Waltham, MA, USA). 

Acetone, hydrochloric acid (HCl) (32% v/v), sulphuric acid (H2SO4), and trichloromethane, 

were from Fisher Scientific (Poole, England). Sodium chloride was from BDH Chemicals 

(Poole, England). Disodium hydrogen phosphate was purchased from Thermo Fisher 

Scientific (Waltham, MA, USA). Nα-acetyl-L-lysine and Nα-acetyl-L-ornithine for 

synthesising AAS and GGS compounds, Sodium dihydrogen–phosphate monohydrate, 

sodium chloride, magnesium chloride hexahydrate, trichloroacetic acid (TCA), sodium 

dodecyl sulfate (SDS), sodium acetate, and diethyl ether were obtained from Fisher Scientific 

(Poole, England). Ethylene glycol-bis (2-aminoethylether)-N,N,N′,N′-tetraacetic acid 

(EGTA), 2-(N-morpholino) ethanesulfonic acid (MES) hydrate, diethylenetriamine 

pentaacetic acid (DTPA), and 4-aminobenzoic acid (ABA) were purchased from Sigma–

Aldrich Co. (St. Louis, MO, USA). Acetonitrile (HPLC-grade) was obtained from Fisher 

Scientific (Poole, England).  

5.2.2 Instruments and Equipment 

An electronic balance was from Kern & Sohn GmbH, ABT-4M, Balingen, Germany, and the 

POLYTRON® system homogeniser was from Kinematica AG, Switzerland. NMRs, (Varian 
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400MR® and 500AR®) spectrometers that were fitted with a 5mm OneNMR® probe, (with 

VNMRJ Version 4.2 Version A) from Varian Inc., (Palo Alto, California, USA). The 

Ultraspec 3300 pro spectrophotometer was from Amersham Biosciences Corporation 

(Amersham, UK). The UHPLC Thermo Dionex Ultimate 3000 standard system was from 

Thermo Scientific Inc., Waltham (MA, USA). The benchtop centrifuge was from Beckman 

Couter Inc. (California, USA). The milli-Q water reference water system production unit was 

from Millipore corporation (Referred to MilliQ water in the chapter) (Billerica, MA, USA). A 

vortex mixer was from Cenco Instruments, Breda, Netherlands was used. 

5.2.3 Meat samples 

The venison sample acquisition, handling and processing was as reported in section 

 3.2.3. Upon completion of processing and ageing time, approximately 3 – 5 g meat samples 

were collected from the surface of the treated, aged venison samples, dipped in liquid 

nitrogen, and vacuum packed and stored in at -80°C until analysed.  

 

Figure 5.2 Each meat sample was sub-sampled from the surface (circled) after ageing and the 

sub-sample used for analysis of protein oxidation. 
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5.2.4 Protein oxidation 

5.2.5 Total carbonyl content determination using dinitrophenylhydrazine 

(DNPH) method 

Protein oxidation, measured as the total carbonyl content, was assessed following the 2, 4 

dinitrophenylhydrazine (DNPH) coupling method as described by Oliver et al. (1987) with 

additional minor modifications  proposed by Lund et al. (2007b). The venison samples (1g) 

were minced and homogenized at a ratio of 1:10 (w/v) in pyrophosphate buffer (pH 7.4) (PB) 

containing of 2.0 mmol/L Na4P2O7, 10 mmol/L tris–maleate, 100 mmol/L KCl, 2.0 mmol/L 

MgCl2 and 2.0 mmol/L ethylene glycol tetraacetic acid (EGTA) using an ultra-turrax 

homogeniser (IKA, New Zealand) (twice at 8000 rpm for 30 s and once at 9500 rpm for 30 s 

with a 10 s break between each homogenisation). For two aliquots (100 µL) of the 

homogenates, the proteins were precipitated by adding 1 mL 10% (w/v) TCA to the samples, 

with mixing, followed by centrifugation for 5 min at 7500 rpm. Subsequently, the 

supernatants were removed and discarded, and to one of the pellets 1 mL 2 mol/L HCl was 

added (for quantification of protein concentration) and to the other pellet an equal volume of 

0.2% (w/v) DNPH in 2 mol/L HCl (for measurement of carbonyl concentration). Both 

samples were incubated for 1 h at room temperature. After that, the samples were precipitated 

with 1mL 10% (w/v) TCA and washed twice with 1 mL of 1:1 ethanol/ethyl acetate (v/v), 

shaken, and centrifuged for 5 min at 10,000 x g. The pellets were then dissolved in 1.5 mL 20 

mmol/L sodium phosphate buffer pH 6.5 containing 6 mol/L guanidine hydrochloride stirred 

and centrifuged for 2 min at 5000 rpm to remove insoluble fragments. The protein 

concentration was calculated from absorption at 280 nm using bovine serum albumin (BSA) 

as a standard. The amount of carbonyls was measured at 370 nm and expressed as nmol of 



 156 

carbonyl per mg of protein using the absorption coefficient for the protein hydrazones (21.0 

mM
-1

cm
-1

) as described by Lund, Hviid, and Skibsted (2007a). 

5.2.6 Free thiols (SH) determination 

The content of free SH groups in wet and dry aged venison samples was determined 

according to the method of Ellman (1959) using Ellman's reagent (5, 5′-dithio-bis-

nitrobenzoic acid (DTNB, Thermo Fisher Scientific, Australia). Briefly, samples (1 g each) 

were homogenized in 25 mL of 0.1 mol/L phosphate + 1 mmol/L ethylenediaminetetraacetic 

acid (EDTA) buffer (pH 8.0) using an Ultra Turrax™ at 15000 rpm for 30 min. The 

homogenate was centrifuged at 10000 ×g for 20 min at 4 °C and filtered in a Whatman No. 1 

filter. Aliquots (250 μL) of filtered homogenate were mixed with 50 μL of Ellman's reagent 

and free thiol content was measured by absorbance at 412 nm using a standard curve of L-

cysteine (Thermo Fisher Scientific, Australia). Protein concentration of the homogenate was 

determined at 280 nm using bovine serum albumin (BSA) as standard. The results were 

expressed as nmol of L-cysteine per mg of protein. 

  



 157 

5.2.7 Targeted protein oxidation analysis 

5.2.8 HPLC- FLD analysis of α-aminoadipic- and γ-glutamic-semialdehydes 

(AAS and GGS) 

Synthesis of AAS and GGS standard compounds  

N-Acetyl-L-AAS and N-acetyl-L-GGS were synthsised from Nα-acetyl-L-lysine and Nα-

acetyl-L-ornithine using lysyl oxidase extracted from egg-shell membrane. Aliquots of 10 

mmol/L Nα-acetyl-L-lysine and Nα-acetyl-L-ornithine were independently incubated with 

constant stirring with 5 g egg-shell membrane in 50 mL of 20 mmol/L sodium phosphate 

buffer, pH 9.0, at 37 °C for 24 h. The egg-shell membrane was then removed by 

centrifugation and the pH of the supernatant was adjusted to 6.0 using 1 mol/L HCl. The 

resulting aldehydes were reductively aminated with 3 mmol p-aminobenzoic acid (ABA) in 

the presence of 4.5 mmol sodium cyanoborohydride (NaBH3CN) at 37 °C for 2 h with 

stirring (Utrera et al. 2011). Afterwards, ABA derivatives were then hydrolysed by 50 mL of 

12 M HCl at 110 °C for 10 h. The hydrolysates were evaporated at 40 °C in vacuo to dryness. 

Figures 5.3 and 5.4 summarise the derivatisation of synthesised GGS and AAS below: 
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Figure 5.3 Reaction scheme for the synthesis of GGS in protein and derivatisation by reductive amination with ABA and NaBH3CN (Adopted 

with modification (Armenteros et al., 2009). 
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Figure 5.4 Reaction scheme for the synthesis of AAS in protein and derivatisation by reductive amination with ABA and NaBH3CN (Adopted 

with modification (Armenteros et al., 2009). 
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The resulting AAS-ABA and GGS-ABA were purified using column chromatography 

(Figure 5.5) with ethyl acetate/acetic acid/water (20:2:1, v/v/v) as the mobile phase. The 

purity of the resulting solution and authenticity of the standard compounds obtained 

following the aforementioned procedures were checked using 
1
H NMR and are reported in 

Figure 5.6 and 5.7 (Akagawa, Suyuma, & Uchida, 2009; Estévez et al., 2009). 
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Figure 5.5 Column chromatography was utilised for purification of AAS and GGS standard 

compounds. 
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Figure 5.6 
1
H NMR spectroscopy was used to verify the purity of synthesised standard 

compound GGS-ABA. 

  



 163 

 

Figure 5.7 
1
H NMR spectroscopy was used to verify the purity of the synthesised standard 

compound AAS-ABA. 
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Optimization of HPLC separation of standards 

The HPLC procedure described by Akagawa, Suyama, and Uchida (2009) was employed as a 

starting point to optimize the separation of both standard compounds (GGS-ABA and AAS-

ABA) and the derivatisation agent (ABA) using a COSMOSIL 5C18-AR-II RP-HPLC 

column 5 μm, 250 × 4.6 mm) fitted with a guard column (10 × 4.6 mm) filled with the same 

resin. 

UHPLC Thermo Dionex Ultimate 3000 standard system was from Thermo Scientific Inc., 

Waltham (MA, USA). The system was equipped with a quaternary solvent delivery system 

(LC-20AD), DGU-20AS on-line degasser, SIL-20A auto-sampler, RF-10A XL fluorescence 

detector, and CBM-20A system controller. 

As a first attempt for the separation of the standard compounds, the column was eluted with 

50 mmol/L sodium acetate buffer pH 5.4 in accordance with the procedure described by 

Akagawa et al. (2009) (Isocratic 1).  The separation of the standard compounds required a 

relatively long run time (> 75 min). Additional HPLC programs combining two eluents 

(Eluent A: 50 mM sodium acetate buffer pH 5.4; Eluent B: acetonitrile, ACN) were tested: 

Isocratic 5% B (ISO-A); low pressure gradient by varying B concentration from 0% (min 0) 

to 8% (min 20) (GRAD).  The injection volume of a standard solution mixture containing 

ABA, AAS-ABA and GGS-ABA was 0.1 μL, the flow rate was kept at 1 mL/min, the 

temperature of the column was maintained constant at 30 °C and the length of the run was set 

at 40 min. The eluate was monitored with excitation and emission wavelengths set at 283 and 

350 nm, respectively. The low-pressure gradient (GRAD) program offered the faster elution 

with efficient separation of the standard compounds.  

  



 165 

Meat sample preparation for HPLC-FLD analysis 

Subsamples of the aged venison meat samples, weighing 1 g each, were minced and 

homogenised in 1:10 (weight/volume ratio) in 6 mol/L NaCl 0.02 mol/L sodium phosphate 

buffer, pH 6.5, using an ultra-turrax homogenizer for 60 s. An aliquot (200 μL) was 

dispensed in 2 mL screw-capped microfuge tubes. The extracted proteins were precipitated 

with 2 mL 10% trichloroacetic acid TCA and centrifuged for 30 min at 2500 g. The pellet 

was then washed with 2 mL of 5% TCA. The resultant pellet was centrifuged for 5 min at 

5000 g and then precipitation of the proteins. 

Pellets were then treated with 0.5 mL 0.25 mol/L 2-(N-morpholino) ethanesulfonic acid 

(MES) buffer, pH 6.0, containing 1% w/v sodium dodecyl sulfate (SDS) and 1 mmol.L  

diethylenetriaminepentaacetic acid (DTPA)), 0.5 mL of 50 mmol/L ABA in 250 mmol/L 

MES buffer, pH 6.0, and 0.25 mL of 100 mmol/L NaBH3CN in 250 mmol/L MES buffer pH 

6.0. The derivatisation was completed by allowing the mixture to react for 90 min while tubes 

were immersed in a water bath at 37 °C and stirred regularly. All solutions employed for the 

derivatisation procedure were freshly made at each sampling day. The derivatisation reaction 

was stopped by adding 0.5 mL of cold 50% v/v TCA, followed by a centrifugation at 5000 g 

for 5 min. Pellets were then washed twice with 1 mL of 10% TCA and 1 mL of ethanol-

diethyl ether (1:1, v/v). The samples were centrifuged at 5000 x g for 5 min after each 

washing step.  

The resulting pellets were hydrolysed for 20 h at 110 °C with 2 mL of 6M HCl. The 

hydrolysates were finally evaporated to dryness in vacuo at 40 °C using a Savant speed-vac 

(Savant,USA). The hydrolysates were finally reconstituted with 200 μL Milli-Q water and 

filtered through hydrophilic polypropylene GH Polypro (GHP) syringe filters (0.45 μm pore 

size, Pall Corporation, USA) for HPLC analysis as described below. 
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HPLC-FLD analysis of AAS and GGC in the aged venison samples 

An aliquot (10 μL) of the reconstituted protein hydrosylate was injected in the above 

mentioned HPLC system using the optimised GRAD HPLC program to determine the AAS-

ABA and GGS-ABA in the venison samples. The standards (1 μL) were analysed under 

similar conditions. Identification of both derivatized semialdehydes in the FLD 

chromatograms was carried out by comparing their retention times (Rt) with those obtained 

from synthetic standard compounds. The peaks corresponding to AAS-ABA and GGS-ABA 

were manually integrated from FLD chromatograms and the resulting areas plotted against an 

ABA standard curve with known concentrations that ranged from 0.1 to 0.5 mM (Utrera et 

al., 2011). Regression coefficients greater than 0.95 were obtained. The determination of the 

quantities of AAS-ABA and GGS-ABA through an ABA standard curve was accomplished 

by assuming that the fluorescence emitted by 1 mol of ABA is equivalent to that emitted by 1 

mol of derivatized protein carbonyl (Akagawa et al., 2009; Akagawa et al., 2006). Results 

were expressed as nmol of carbonyl compound per mg of protein. Protein was quantified in 

the aged venison samples by the official AOAC method (AOCS, 1998). 

 

Figure 5.8 FLD chromatogram of GGS and AAS (respectively) in wet-aged venison protein.  
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Figure 5.9 FLD chromatogram of GGS and AAS in dry-aged venison protein extract. 

5.2.9 HPLC- FLD analysis of α-aminoadipic acid (AAA) 

Samples were hydrolysed with 3 mol/L HCl and subsequently derivatized with 0.2 mmol/L 9-

fluorenylmethyl chloroformate according to the procedure described by Utrera et al. (2012a). 

The derivatized samples were filtered through hydrophilic polypropylene GH Polypro (GHP) 

syringe filters (0.45 μm pore size, Pall Corp., New York, USA) for HPLC analysis. An 

aliquot (1 μL) was injected in the above-mentioned HPLC system (Shimadzu Corp., Kyoto, 

Japan) using a Zorbax Eclipse AAA column (Agilent, California, USA) (3.5 μm, 4.6 mm × 

150 mm) and a guard column (10 × 4.6 mm) filled with the same resin. Eluent A was 20 

mmol/L ammonium acetate, pH 6.5, and 15% methanol, and eluent B was 90% acetonitrile. 

The flow rate was constant at 1.0 mL/min, and the column was maintained at 35°C. The 

gradient profile was as follows: 0 – 1.5 min, 12% B; 1.5 – 2.0 min, 12 – 18% B; 2.0 – 9.0 

min, 18% B; 9.0 – 9.5 min, 18 – 25% B; 9.5 – 12.5 min, 25% B; 12.5 – 13.0 min, 25 – 30% 

B; 13.0 – 16.0 min, 30% B; 16.0 – 17.0 min, 30 – 40% B; 17.0 – 20.0 min, 40% B; 20.0 – 

22.0 min, 40 – 50% B; 22.0 – 23.0 min, 50% B; 23.0 – 24.0 min, 50 – 99% B. Excitation and 

emission wavelengths were set at 263 and 313 nm, respectively. Identification of the 

derivatized AAA in the FLD chromatograms was carried out by comparing its Rt with that 
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from a standard compound analysed as described under the above-mentioned conditions. The 

peaks corresponding to AAA–FMoc were manually integrated from FLD chromatograms and 

the resulting areas were plotted against an AAA–FMoc standard curve with known amounts 

(ranging from 0.4 to 5 pM). Regression coefficients > 0.98 were obtained. Results were 

expressed as nmol of AAA per g of protein. 

5.2.10 Fluorescence measurement of Schiff base structures  

The emission of fluorescence by SB was assessed by using a fluorescence spectrometer (LS 

55 Perkin-Elmer, MA, USA) according to the method described by Estévez et al. (2008). 

Venison samples were ground and homogenized in a 1:10 (w/v) ratio in 10 mL of 20 mmol/L 

sodium phosphate buffer (pH 6.5) using an Ultra-Turrax homogenizer for one minute (Utrera 

et al., 2012a). A 1 mL of the homogenate was reconstituted in 20 mL of 20 mmol/L sodium 

phosphate buffer then dispensed in a 4 mL quartz spectrofluorometer cell. Emission spectra 

of Schiff base (SB) structures were recorded from 400 to 500 nm with the excitation 

wavelength set at 350 nm. Results were expressed as arbitrary units of fluorescence emitted 

at 460 nm.  All samples were measured twice, and an average was used in the analysis 

(Veberg, Vogt, & Wold, 2006). 
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5.2.11 Statistical analysis 

 Data for total carbonyl content, free thiol content, AAS, GGS, AAA and SB concentrations 

were tabulated using Microsoft excel spreadsheets. One-way analysis of variance (ANOVA) 

was performed using Version 3.4.1, with the “lme4” package to determine the effect of PEF 

treatment, and ageing method on the aged venison after storage. The interaction of PEF and 

ageing method was determined by comparison between the treatments (Control No-PEF, 

LPEF, HPEF) and ageing method (wet and dry ageing) at the 21 d of ageing time for both 

studies (65% and 80% RH). The studies were analysed separately, due to the samples coming 

from different locations in the lower South Island of New Zealand Post hoc comparison of 

means was performed using Fisher’s least significant differences (LSD) and Tukey’s (HSD) 

test at the 5% significance level.  
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5.3 Results and discussion 

5.3.1 Determination of total carbonyl content in wet and dry aged venison 

The formation of carbonyls is considered a useful general indicator for assessing the level of 

protein oxidation in meat (Lund et al., 2011). Carbonylation is one the most remarkable 

changes in oxidized muscle proteins and occurs as a result of the oxidative degradation of 

side chains of particular amino acids such as lysine, arginine, proline, and threonine 

(Soladoye et al., 2015; Estévez et al., 2011; Chelh, Gatellier, & Santé-Lhoutellier, 2007; 

Stadtman & Levine, 2003). Their formation can modify protein functionality or lead to 

deleterious intermolecular cross-links and aggregates that impede their degradation by 

intracellular proteases (Zhang, Xiao, & Ahn, 2013; Bizzozero, 2009). Carbonyl (C = O) 

groups are introduced into muscle proteins by direct metal-catalysed oxidation of above 

mentioned amino acids or indirectly by reaction with reactive carbonyl species derived from 

the oxidation of lipids (acrolein, 4-hydroxynonenal, malondialdehyde) and sugars (glyoxal, 

methylglyoxal) (Bizzozero, 2009). In this study, the total carbonyl compound content was 

evaluated after an incubation reaction with 2, 4-dinitrophenylhydrazine (DNPH) (Lund et al., 

2007b) and the protein oxidation levels  in the wet and dry aged venison after the ageing time 

in the 80% RH trial is shown in Table 5.1 below. 
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Table 5.1 Total protein carbonyls measured in different venison treatment groups using the 

DNPH-method for the 80% RH trial.  

PEF Ageing Total carbonyl content (nmol/mg protein) 

Control Wet (WAC) 1.51
d
 

 Dry (DAC) 1.94
ab

 

Low Wet (WALPEF) 1.51
d
 

 Dry (DALPEF) 2.03
a
 

High Wet (WAHPEF) 1.66
cd

 

 Dry (DAHPEF) 1.97
ab

 

 SEM 0.08 

P values PEF treatments 0.124 

 Ageing method 0.000 

 PEF*ageing method 0.042 
abc

 Means with different superscripts were significantly different at (p < 0.05). 

In the 80% RH trial, no differences in total protein carbonyl content were found that resulted 

from PEF treatment (p > 0.05), whereas the ageing method was found to have a significant 

effect (p < 0.05). The dry ageing process appears to significantly increase the formation of 

carbonyls compared to the wet ageing process, as for instance DAC samples recorded total 

carbonyl contents of 1.94 nmol/mg protein compared to WAC with 1.51 nmol/mg protein. 

The increase in total protein carbonyls in the dry aged samples shows that their muscle 

proteins were subjected to more oxidative stress which results in the oxidative degradation of 

amino acid side chains compared with the wet aged samples (Stadtman & Levine, 2003). 

Under dry ageing conditions, several modifications take place such as proteolytic changes 

over the ageing time, reduction in water activity and increased concentration of solutes and 

pro-oxidants leading to increased reactive interactions in the meat product. This, coupled with 

increased release of free fatty acids and amino acids, increases the susceptibility of the 



 172 

venison samples to oxidation and increased generation of carbonyl products (Soladoye, 

Juárez, Aalhus, Shand, & Estévez, 2015; Wójciak & Dolatowski, 2012). The concentrations 

of heme iron in dry aged meat was higher than wet aged samples (as reported in chapter 4, 

section 4.3.3); as such, this could lead to a higher oxidative environment and could explain 

the increased carbonyl content in dry aged samples. Heme iron is recognised as one of the 

most efficient promoters of protein carbonylation in meat systems (Utrera, Parra, & Estévez, 

2014c). As for the wet aged venison, the samples are under vacuum which prevents oxygen 

access, limiting the oxidative processes (i.e. reduced free radical activity), and leading to 

lower protein carbonylation. 

Although PEF alone had no effect on protein carbonyls, the PEF treatment interaction with 

ageing method increased the accumulation of total carbonyl content (p < 0.05). From the 

results reported in chapter 3, PEF treatment in combination with dry ageing appears to have 

an increased rate of proteolysis and this loss of the meat structure could enhance mobility of 

iron from myoglobin and residual blood and facilitate the interaction between the pro-oxidant 

and muscular proteins. The increased cell rupture, changes in physiochemical properties due 

to HPEF and exposure of the meat samples to aerobic conditions would most likely trigger 

more formation of protein acyl radicals leading to the increased carbonyl products (Zhao et 

al., 2014; Gudmundsson et al., 2001). 

Similar observations were identified in the 65% RH trial, in which no PEF treatment effect 

was found (p > 0.05, Table 5.2), whereas the ageing method had an effect (p < 0.05), with 

higher carbonylation in the dry aged samples compared to wet aged samples. PEF interaction 

with ageing method also had an effect (p < 0.05).  
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Table 5.2 Total protein carbonyls measured in different venison treatment groups using the 

DNPH-method for the 65% RH trial. 

PEF Ageing method Total carbonyl content (nmol/mg protein) 

Control Wet (WAC) 1.53
b
 

 Dry (DAC.)  1.90
a
 

Low Wet (WALPEF) 1.50
b
 

 Dry (DALPEF) 1.91
a
 

High Wet (WAHPEF) 1.58
b
 

 Dry (DAHPEF) 1.96
a
 

 SEM 0.08 

P values PEF treatments 0.096 

 Ageing method 0.000 

 PEF*Ageing method 0.031 

abc
 Means with different superscripts were significantly different at (p < 0.05). 

One interesting key observation found in both studies that is consistent with previous reports 

showing the TBARS (secondary oxidation products) increasing (and loss of PUFAs reported 

in chapter 4, section 4.3.1) with dry aged venison compared with wet aged venison. It is 

reported that protein carbonyls can be formed by the interaction of proteins with fatty acyl 

radicals and aldehydes formed as a result of lipid oxidation (Batifoulier et al., 2002). Results 

from chapter 4, section 4.3.3 had similar trends with increased oxidative modifications in dry 

aged venison, thereby in part explaining their observed higher total carbonyl contents as 

determined in this section. 

Analysing the total carbonyl content across both trial groups, the contents are relatively 

comparable; however, compared to other studies on protein carbonylation in muscle foods 
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they are lower. In the present two studies, the carbonyl content range was found to be 1.51 to 

2.03 nmol/mg protein after 21 d of storage, indicating that protein oxidation in both studies 

was not extensive. Compared with other studies, work reported by Lindahl, Lagerstedt, 

Ertbjerg, Sampels, and Lundström (2010) found slightly higher concentrations ranging 

between 2-3 nmol/mg protein wet aged for 15 d in one experiment and in another coupled 

with a high oxygen modified atmosphere (5 d + 10 d respectively). Adeyemi et al. (2016) 

also reported a higher carbonyl content in myofibrillar proteins (~2.8 nmol/mg protein) in 

goat M. semimembranosus muscle that was aged for 10 d. 

In general, the carbonyl content in non-oxidized muscle tissue reported to be less than 1 

nmol/mg protein, whereas in oxidized tissue it has been found to vary from 2 to as high as 14 

nmol/mg protein depending on the actual initiator of oxidation, the level of oxidation, the 

muscle type, and the protein solubility (Lund et al., 2007, Rowe et al., 2004a). More 

oxidative modifications would have been expected in the venison treatment due to its higher 

susceptibility to oxidative modifications (Wiklund et al., 2003). A factor to consider in the 

current studies that could account for this is the natural antioxidant present in the samples. 

The variations may also be attributed mainly to dietary differences. The samples in our study 

are from New Zealand animals that are raised on spring grass with considerably higher 

tocopherol content (reported in chapter 4), and as such it is a plausible that the total carbonyl 

accumulation could be supressed by the natural antioxidant levels present. The effect of the 

dietary regime was also found in an Argentinian study done on the relationship of natural 

antioxidants on beef raised on grain with a carbonyl content of 1.61 nmol/mg protein 

compared with pasture fed, with carbonyl content of 1.15 nmol/mg protein, after 9 d of 

display time (Insani et al., 2008). The total carbonyl content reported for the present studies 

in this section appears to be well within acceptable thresholds for both wet and dry aged 

venison samples and the formation of aldehyde and ketone compounds is potentially 
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important in development of key flavour profile characteristics associated with dry aged meat 

products. 

5.3.2 Determination of free thiol groups 

The loss of sulfhydryl groups is another oxidative modification used as a key marker of 

protein oxidative processes. In recent years, an agreed consensus is that free thiol content 

measurement is a more sensitive method to measure protein oxidation than the protein 

carbonyl (DNPH) method (Yu et al., 2017). This is due to the reactive cysteine residues that 

contain a thiol group in the side chain that react with almost all of the reactive oxygen species 

and RNS, which result in decrease of the free thiols (Saladoye, 2015). These thiol groups are 

subject to a variety of oxidative post-translational modifications and can be converted to S-

nitrosothiols, sulfenic acids, sulfinic acids, sulfonic acids, sulfenamides, persulfides (Alcock, 

Perkins, & Chalker, 2018; Conte & Carroll, 2013; Paulsen & Carroll, 2013). Alternatively, 

the formation of disulphide bridges can trigger polymerization and subsequent aggregation, 

thereby ultimately reducing meat quality (Traore et al., 2012; Gatellier et al., 2010).  The 

meat quality attributes affected by protein aggregation include water holding capacity, meat 

tenderness and gelation functions in meat. (Rowe et al 2004a, Rowe et al 2004b, Xiong, 

2000). This is because the aggregation exposes more of the hydrophobic sites/surfaces of the 

oxidised protein on unfolding of the protein, that affects the physico-chemical properties of 

the meat proteins. This aggregation decreases the susceptibility of proteins to be hydrolysed 

by proteases and thus oxidative processes decrease the digestibility of proteins, potentially 

affecting the nutritional value of the consumed meat (Mitra et al., 2018; Sun et al., 2011; 

Sante-Lhoutellier, Aubry, & Gatellier, 2007). 

The results for the free thiol content obtained in the present study are shown in Figure 5.10 & 

5.11. PEF treatments did not appear to have any direct effect on the free thiol content (p > 



 176 

0.05). There was, however, an ageing method effect, with the free thiol contents being lower 

in the dry aged meat samples compared with the wet aged samples (p < 0.05). The control 

No-PEF wet aged sample (WAC) had the highest thiol concentration at 44.89 nmol/mg 

protein and the control No-PEF dry aged sample (Cardenia et al.) had a lower concentration 

at 34.58 nmol/mg protein. The reduced thiol concentration in dry aged venison proteins 

indicates the occurrence of more thiol oxidation in the dry aged venison sample, as reported 

in a previous study conducted by Lund et al. (2011). The lower free thiol content in dry aged 

samples can be explained by the increased exposure to oxygen compared with the vacuum 

aged venison samples. There is increased propensity of ROS generation (radicals such as 

superoxide O2
•–

 and H2O2 that are also present at low concentrations as metabolites in aerobic 

cells) in the dry aged samples, and as such more of the free thiol/sulfhydryl groups are 

oxidised (Harel & Kanner, 1985). In such instances, the thiols attacked by H2O2 produce the 

oxidised products, sulfenic acid and disulphides, and with extended exposure more stable 

products namely sulfinic acid and sulfonic acids are generated (Winterbourn, 2008; 

Winterbourn & Metodiewa, 1999).  These oxidative changes can be compared with the work 

reported by Zakrys-Waliwander et al. (2011) bovine M. longissimus dorsi muscle steaks aged 

for 14 d in chilled storage. The samples exposed to high O2 via modified atmospheric 

packaging (Vahmani et al.) (80% O2 / 20% CO2) had lower free thiol content (27.00 nmol/mg 

protein) compared with vacuum packed samples (33.73 nmol/mg protein). Exposure to 

aerobic conditions appear to contribute more to the loss of thiols in meat as shown in the 

study conducted by Gravador et al. (2014), on lamb stored under aerobic conditions for 6 d 

found that the free thiol content dropped from 57.86 to 53.44 nmol/mg protein, and they 

found that the oxidised thiols in their study contributed to protein cross linking. The oxidation 

of these thiols generated cross linked myosin heavy chain which has been reported to 

contribute to meat toughness (Gravador et al., 2014; Lund et al., 2007b).  From the results of 
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the current venison trials the tenderness for the dry aged samples was not affected, which 

would suggest that any crosslinking that may have occurred in this trial did not appear to 

have any detrimental effect on the meat quality, a desirable outcome. 

In the 80% RH trial, there was an interaction effect for PEF and ageing method (p < 0.05) 

where low thiol content was found with the high PEF treatment in the dry aged samples. 

About a 12% decrease in thiol content was found in DAHPEF compared to DAC, but there 

was 33% decrease in thiol content when WAC was compared to DAHPEF (Figure 5.10). 

Thus these results suggest that combining HPEF with dry ageing would result in increased 

thiol oxidation, and these results suggest that PEF (at both intensities, LPEF and HPEF) on its 

own would not cause oxidative modification of sulfhydryl groups, but the physiochemical 

changes emanating from these treatments created a viable environment for oxidative 

modifications under dry ageing conditions. 
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Figure 5.10 Effect of PEF treatment and ageing method on thiol content in aged venison 

(80% RH). The data shown are presented as mean ± standard error. Significant 

differences (p < 0.05) are indicated by different letters. 

Similar trends were observed with the 65% RH trial with PEF not having any effect on the 

thiol oxidation level (p > 0.05, Figure 5.10).  

d 

b 
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Figure 5.11 Effect of PEF treatment and ageing method on thiol content in aged venison (65 

% RH). The data shown are presented as mean ± standard error. Significant 

differences (p < 0.05) are indicated by different letters. 

The ageing method had a significant effect (p < 0.05) on the thiol contents in that they were 

lower in the dry aged samples compared with the wet aged samples. Unlike the 80% RH trial, 

there was no interaction effect for PEF treatment and ageing method in the 65% RH trial (p > 

0.05). Perhaps this could be due to the shorter dry ageing time for the 65% RH trial (10 d) 

compared to the 80% RH ageing time (21 d) resulting in less reaction time for PEF-triggered 

oxidation. This also can be explained by the oxidation derivatives of cysteine residues that 

can form in an oxidative environment. When thiols are exposed to ROS/RNS by-products 

such as S-nitrosothiol, sulfenic acid and disulphides can be reduced back to thiols (R-SH), so 

potentially the shorter dry ageing time would support the reversible reactions in the 65% RH 

trial  compared with samples exposed to extended (21 d) time of dry ageing process (Alcock 

et al., 2018). 

d 

b 
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5.3.3 Accumulation of α-aminoadapic semi-aldehydes (AAS) in wet and dry 

aged venison 

The quantification of carbonyl compounds by using the DNPH method (reported in section 

5.3.1) has been widely employed as a general measure of protein oxidation in meat products 

(Nollet & Toldrá, 2008). The limitation of this method is its non-specificity, providing no 

information on the chemical structures of the protein carbonyls formed. A few years ago, a 

procedure originally conceived from medical research was developed to analyse specific 

protein carbonylation in muscle food (Akagawa et al., 2006). Estévez, Ollilainen, and 

Heinonen (2009) identified two specific protein carbonyls namely, α-aminoadipic 

semialdehyde and γ-glutamic semi aldehyde (AAS and GGS, respectively) that are useful as 

protein oxidation biomarkers. AAS is generated when the amino acid lysine undergoes 

oxidative deamination, whereas GGS is formed by oxidation of the side chains of the amino 

acids arginine and proline (Mora et al., 2018).  

In the present study, an in-depth analysis of protein carbonylation was conducted, with a 

particular focus on the above-mentioned oxidative modifications of specific amino acids 

yielding biomarkers and their investigation in venison samples. The results from the 80% RH 

trial are presented in Figure 5.12.  PEF treatment had no effect on the AAS content in venison 

(p > 0.05). This observation corroborated the results obtained for total carbonyl content using 

the DNPH method. The ageing method had a significant effect on the AAS content. Dry 

ageing resulted in a higher accumulation of AAS compared with wet ageing (p < 0.05, Figure 

5.12). The highest AAS contents were found in the DAHPEF samples at 0.47 nmol/mg 

protein for dry aged samples and lower concentrations (0.33 nmol/mg protein) were found in 

the wet aged samples. This may be explained by increased exposure to oxygen of the dry 

aged samples which favours more radical species generation, reactions involving transition 
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metals (reported in chapter 4, section 4.3.9) and peroxides (chapter 4, section 4.3.2). These 

aerobic conditions would favour Fenton reactions, enhancing the generation of protein 

carbonyls in the dry aged samples (Utrera, Morcuende, & Estévez, 2014b; Estévez et al., 

2011). Also, the increased abundance of ferric iron (Fe, Cu reported in chapter 4) can initiate 

oxidative deamination from the intermediate radical molecule, converting lysine into α-

aminoadipic semialdehyde (AAS) (Utrera et al., 2014). The interaction between PEF and the 

ageing method also had an effect on AAS (p < 0.05), implying that as the PEF intensity 

increased coupled with dry ageing, AAS concentrations were enhanced.  

 

Figure 5.12 Effects of PEF treatments and ageing method on accumulation of for AAS from 

the 80% RH trial. The data shown are presented as mean ± standard error. 

Significant differences (p < 0.05) are indicated by different letters. 

As for the 65% RH trial, similar trends were observed with PEF not having an effect on AAS 

(p > 0.05, Figure 5.13), and the ageing method having a significant effect with the dry aged 

samples producing higher levels of protein carbonyls (p < 0.05). The dry aged samples had 
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approximately 30% more AAS compared to the wet aged samples (for instance, WALPEF 

samples were found to have 0.25 nmol/mg protein and DALPEF 0.36 nmol/mg protein). The 

PEF treatment interactions with ageing method had a significant effect on the carbonylation 

(p < 0.05). The results from both trials show increased oxidation of lysine in dry aged 

venison. Perhaps the higher heme iron content resulting in the dry aged samples (reported in 

Chapter 4) would support more oxidative changes as it has been implicated as one of the most 

efficient promoters of protein carbonylation in meat systems (Estévez et al., 2011). AAS 

formation mainly occurs due to oxidation processes in meat proteins as a result of processing 

and exposure to the oxygenic environment during post-mortem handling (Utrera, Morcuende, 

& Estévez, 2014a). 

 

Figure 5.13 Effects of PEF treatments and ageing method on the build-up for AAS from the 

65% RH trial. The data shown are presented as mean ± standard error. Significant 

differences (p < 0.05) are indicated by different letters. 

The higher lysine oxidation observed in the dry aged samples across the two studies above 

could be attributed to the increased disruption of cellular compartmentalization and enhanced 



 183 

exposure of membrane lipids, creating an enhanced oxidative environment in the dry aged 

meat system (Ganhao et al., 2010).  The positive observation though comparing the AAS in 

the two studies above with other studies on processed meats, beef patties, and cooked meats 

show that the wet and dry ageing regimes do not pose as extensive AAS accumulation. For 

instance, work reported on frozen quadriceps femoris beef patties by Utrera et al., (2014) had 

an AAS content of ~ 0.50 nmol/mg protein after 4weeks of storage. Thermo-physical 

activities such as cooking significantly increase the AAS accumulation as shown with 

oxidative modifications of pork proteins under the influence of varied time and temperature, 

with AAS values 4-fold higher in cooked compared with raw pork. At higher temperatures 

the oxidation rates were faster and higher (Mitra et al., 2018; Roldan et al., 2014), compared 

with samples that had only been aged as in the present study. 
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5.3.4 Accumulation of γ-glutamic semi-aldehydes (GGS) in wet and dry aged 

venison 

The GGS protein oxidation marker was identified in processed venison meat matrix which 

also provided a measure of oxidative processes occurring (results presented in Tables 5.3 and 

5.4 for 80% RH and 65% RH studies, respectively). The concentrations of GGS were lower 

compared to the levels found for AAS, which is in agreement with previous reports by 

Rysman et al. (2016) and (Mitra et al., 2018) on pork proteins under the influence of varied 

time and temperature treatments. The formation of GGS involves proline and arginine 

undergoing an oxidative de-amination by an initial abstraction of a hydrogen atom by free 

radicals and then a decarboxylation by a transition metal (Utrera et al., 2012b). For the 80% 

RH trial, there was no PEF effect on the concentrations of GGS (p > 0.05). The GGS 

concentration of the no-PEF control (WAC) (0.14 nmol/mg protein) were comparable with 

the PEF treatments WALPEF and WAHPEF (0.16 and 0.17 nmol/mg protein, respectively). 

However, there was a significant effect with the ageing method, with higher GGS 

concentrations in the dry aged samples (0.24 nmol/mg protein) compared with the wet aged 

(0.16 nmol/mg protein, p < 0.05). The interaction between PEF treatment and ageing method 

had a significant effect (p > 0.05) on the accumulation of GGS. This trend is similar to that 

observed in DNPH and AAS implying that the effect of increasing PEF intensity coupled with 

dry ageing encourages oxidative pathways of the amino acids arginine and proline to increase 

GGS generation. 
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Table 5.3 GGS accumulation across all PEF treated wet and dry aged venison samples from 

the 80% RH trial. 

PEF Ageing  γ-glutamic semialdehyde (GGS) (nmol/mg protein) 

Control Wet (WAC) 0.14
cd

 

 Dry (DAC.) 0.20
ab

 

Low Wet (WALPEF) 0.16
cd

 

 Dry (DALPEF) 0.24
a
 

High Wet (WAHPEF) 0.17
c
 

 Dry (DAHPEF) 0.22
ab

 

 SEM 0.02 

P values PEF treatments 0.103 

 Ageing method 0.001 

 PEF*Ageing method 0.043 

abc
 Means with different superscripts were significantly different at (p < 0.05). 

As for the 65% RH trial, there was no PEF effect (p > 0.05) however there was an ageing 

method effect (p < 0.05). The concentrations were higher in the dry aged samples compared 

with wet aged samples at the end of ageing. The highest GGS level was once again found in 

the dry aged samples with DALPEF having 0.36 nmol/mg protein and the lowest was found 

in WAHPEF at 0.11 nmol/mg protein. Unlike the 80% RH trial, there was no interaction 

effect of PEF and ageing method (p > 0.05), this can be explained by the reduced dry ageing 

time due to the stepwise ageing process in the 65% RH trial. 
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Table 5.4 GGS accumulation across all PEF treated wet and dry aged venison samples from 

the 65% RH trial. 

PEF Ageing γ -glutamic semialdehyde (GGS) (nmol/mg protein) 

Control Wet (WAC) 0.15
bc

 

 Dry (DAC.)  0.35
a
 

Low Wet (WALPEF) 0.10
c
 

 Dry (DALPEF) 0.36
a
 

High Wet (WAHPEF) 0.11
c
 

 Dry (DAHPEF) 0.35
a
 

 SEM 0.02 

P values PEF treatments 0.243 

 Ageing method 0.000 

 PEF*Ageing method 0.036 

abc
 Means with different superscripts were significantly different at (p < 0.05). 

The semialdehydes α-amino adipic semialdehyde (AAS) and γ-glutamic semialdehyde (GGS) 

are also considered suitable indicators of protein oxidation because they account for up to 

60% of the total carbonyl compounds in food systems (Utrera & Estevez, 2013). The results 

in Tables 5.5 and 5.6 below show the summation of AAS and GGS produced compared with 

the total carbonyl content determined with the DNPH method. As for the 80% RH trial, the 

semialdehydes appear to account for up to approximately 45% of the total carbonyl content, 

which is consistent with previous reports (Utrera et al., 2011), that has shown that both 

semialdehydes are the main carbonyl products from the metal-ion catalysed oxidation of 

proteins with both semialdehydes accounting for between 22% and 60% of the total carbonyl 

compounds in oxidized plasma proteins and liver proteins (Akagawa et al., 2006). The 

significant importance of applying AAS and GGS analysis is observed here, although there 

are disparities in the quantities measured between the DNPH and the AAS + GGS methods 
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due to carbonyls, multiple amino acids other than lysine, proline, and arginine, . DNPH can 

lack consistency due to lack of specificity as DNPH can be reacted with lipid-derived 

carbonyls such as malondialdehyde, leading to overestimation of total amount of protein 

carbonyls (Lund et al., 2011). 

Table 5.5 Comparison of total carbonyls determined from AAS + GGS and with DNPH for 

the 80% RH trial. 

PEF Ageing  GGS + AAS 

(nmol/mg protein) 

Total Carbonyls 

(nmol/mg protein) 

Control Wet (WAC) 0.47 1.51 

 Dry (DAC) 0.61 1.94 

Low Wet (WALPEF) 0.51 1.51 

 Dry (DALPEF) 0.72 2.03 

High Wet (WAHPEF) 0.54 1.66 

 Dry (DAHPEF) 0.69 1.97 

 

Table 5.6 Comparison of total carbonyls determined from AAS + GGS and with DNPH for 

the 65% RH trial. 

PEF Ageing method GGS + AAS 

(nmol/mg protein) 

Total Carbonyls 

(nmol/mg protein) 

Control Wet (WAC) 0.38 1.53 

 Dry (DAC) 0.70 1.90 

Low Wet (WALPEF) 0.35 1.50 

 Dry (DALPEF) 0.72 1.91 

High Wet (WAHPEF) 0.35 1.58 

 Dry (DAHPEF) 0.73 1.96 
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GGS like AAS are somewhat reactive. GGS can be involved in condensation reactions with 

amino groups from neighbouring amino acid side chains to form cross-links via Schiff base 

formation. This has been reported with meat products either aged or frozen for extended 

periods of time (> 2 months) (Lorido et al., 2016; Estévez et al., 2011). This study 

investigated whether more stable protein oxidation by-products are produced at the end of the 

ageing time. The following sections on AAA and Schiff base quantitation help analyse such 

modifications in the 21 d ageing of wet and dry aged venison. 

5.3.5 Accumulation of α-aminoadapic acid (AAA) in aged venison 

AAS, in particular, undergoes a further oxidative degradation (Figure 5.14) in the presence of 

peroxides to yield an acid, α-aminoadapic acid  (AAA) (Estévez et al., 2011). 

 

Figure 5.14 Conversion of AAS to the more stable oxidative by-product AAA via oxidative 

degradation in the presence of hydroperoxide in meat product.  

In the 80% RH trial, PEF treatments did not have an effect (p > 0.05) on AAA accumulation. 

The AAA content was affected by the ageing method, with higher concentrations found in the 

dry aged samples (Table 5.7). The DALPEF samples had the highest AAA content at 6.12 

pmol/mg protein and the lowest was found in the WALPEF of 2.87 pmol/mg protein. There 

was, however, no PEF and ageing method interaction effect (p > 0.05). These findings 

indicate that AAA production may also be related to the heme-iron content and antioxidant 

enzyme activity in muscles. Heme-iron has been reported to be involved in the formation of 

superoxide anion and hydrogen peroxide in meat systems (Utrera et al., 2014a), with the latter 
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peroxide being required for the formation of AAA (Estévez et al., 2017; Utrera et al., 2012a). 

Therefore, venison samples, which have a high heme iron content (the concentration is 

increased in the dry aged samples, reported in chapter 4, section 4.16) were expected to 

produce larger amounts of AAA (Utrera et al., 2014c; Descalzo & Sancho, 2008; Rhee, 

Ziprin, & Ordonez, 1987). 

Table 5.7 Analysis of AAA in wet and dry aged venison in the 80% RH trial at 4°C.  

PEF Ageing α-aminoadipic acid (AAA) (pmol/mg protein) 

Control Wet (WAC) 3.11
b
 

 Dry (DAC) 5.52
a
 

Low Wet (WALPEF) 2.87
b
 

 Dry (DALPEF) 6.12
a
 

High Wet (WAHPEF) 3.24
b
 

 Dry (DAHPEF) 5.63
a
 

 SEM 0.68 

P values PEF treatments 0.135 

 Ageing method 0.000 

 PEF*Ageing method 0.219 

ab
 Means with different superscripts were significantly different at (p < 0.05). 

The same trend for AAA accumulation was found in the 65% RH trial with no PEF effect (p > 

0.05), but with an ageing method effect (p < 0.05). This time the highest AAA values were 

found in the DAHPEF samples at 5.90 pmol /mg protein and WAHPEF had the lowest AAA 

content of all of the treatment groups. There was no PEF and ageing method interaction effect 

(p > 0.05). 
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Table 5.8 AAA content (pmol/mg protein) for wet and dry aged venison for the 65% RH trial 

at 4°C. 

PEF Ageing α-aminoadipic acid (AAA) (pmol/mg protein) 

Control Wet (WAC) 4.05
cd

 

 Dry (DAC) 5.65
ab

 

Low Wet (WALPEF) 4.43
cd

 

 Dry (DALPEF) 5.58
ab

 

High Wet (WAHPEF) 3.44
d
 

 Dry (DAHPEF) 5.90
a
 

 SEM 0.39 

P values PEF treatments 0.367 

 Ageing method 0.002 

 PEF*Ageing method 0.086 

a-d
 Means with different superscripts were significantly different at (p < 0.05). 

In addition to the formation of AAA, the carbonyl moiety of an AAS molecule can react with 

a protein-bound lysine to form a Schiff base (SB), or with another AAS molecule to form an 

aldol condensation structure (Estévez, 2011). This mechanism has been reported to occur 

during metal catalysed oxidation of myofibrillar proteins (Utrera & Estévez, 2012) and has 

been reported to occur in porcine patties (Utrera, Rodríguez-Carpena, et al., 2012). The 

fluorescence emitted by SB in patties was found to increase during frozen storage, with the 

most rapid and significant increase occurring during the first 4 weeks of storage after which a 

plateau phase was reached. In the present study the formation of SB in PEF treated wet and 

dry aged venison aged for 3 weeks are reported in the following section. 



 191 

5.3.6 Schiff base structure production in wet and dry aged venison 

The interaction of the aldehydic products of lipid oxidation with the side chain amino groups 

of proteins (such as lysine) can undergo Amadori rearrangement giving rise to Schiff bases 

which emit fluorescence (Kagan, 2018; Deb-Choudhury et al., 2014; Chelh et al., 2007). 

Schiff bases are also formed when meat protein cross linkage occurs between the protein 

carbonyls and amino groups on basic amino acids (Estévez, 2011) (Lorido et al., 2016). 

 

Figure 5.15 The formation of SB from AAS in meat proteins. 

It is important to study the conditions that promote the formation of SB in meat as the 

formation of crosslinks between proteins in meat can cause protein denaturation, 

polymerization and aggregation (Rowe et al., 2004) (Xiong, 2000). Protein aggregation in 

particular, can lead to a decrease in susceptibility to proteolysis resulting in reduced 

digestibility of meat proteins, which may lead to loss of nutritional value of the venison 

product (Morzel et al., 2006). SB formation has been implicated in changes in functional and 

biochemical properties of meat which can lead to development of off-flavours and 

discolouration (Estévez, 2011; Seehafer & Pearce, 2006). 

In the 80% RH trial no significant difference in the SB content was found due to PEF 

treatment, as presented in Figure 5.16 below (p > 0.05). This would suggest that the 

temperature increase reported in chapter 3 for HPEF treatments did not have an effect on 

formation of SB build-up. Increases in temperature cause the formation of SB (Utrera et al., 

2014b). The ageing method had an effect (p < 0.05), with the level of SB being increased in 



 192 

dry aged samples compared to the wet aged samples. The highest SB levels were found in the 

control no-PEF samples, with the WAC samples having 495.2 ± 65.2 AU and the DAC 

having 860 ± 65.2 AU. It appears that the increased AAS concentrations in dry aged samples 

(reported in section 5.3.4) interact more with the released free amino acids (free AAs are 

released in meat due to proteolysis occurring with ageing meat) resulting in increased SB 

formation compared with wet aged samples. It is also plausible that the higher concentrations 

of secondary lipid oxidation products (aldehyde compounds), resulting from exposure to more 

aerobic conditions as reported in chapter 4, would trigger increased reactions with lysine 

resulting in higher SB levels.  The interaction of PEF and ageing time had no effect (p > 0.05) 

with no observable patterns to show any effect on SB. 

 

Figure 5.16 Schiff base intensities (AU) in PEF treated wet and dry aged venison at 80% RH, 

4°C for 21 d. The data shown are presented as mean ± standard error. Significant 

differences (p < 0.05) are indicated by different letters. 
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As for the 65% RH trial, similar results were obtained with the no PEF compared to the 

findings in 80% RH trial. (p > 0.05, see Figure 5.17. below).  

 

Figure 5.17 Schiff base intensities in PEF treated wet and dry aged venison at 65% RH, 4°C 

for 21 d. The data shown are presented as mean ± standard error. Significant 

differences (p < 0.05) are indicated by different letters. 

 

Ageing method had an effect (p < 0.05) on the SB of venison samples aged at 65% RH. The 

highest SB intensity differences were identified with the LPEF samples with WALPEF 

recording 392.6 AU compared with DALPEF at 734.1 AU. The interaction of PEF and 

Ageing time had no effect (p > 0.05). These results from both trials are quite interesting, in 

the case of wet aged samples (anoxic conditions), carbon to carbon cross-linked derivatives 

can occur in the absence of oxygen as a result of a reaction between 2 carbon-centred radicals 

forming alkyl peroxide and alkyl radical derivatives that can participate in a cleavage reaction 

along the diamide or α-amidation pathway (Utrera et al., 2014c). Protein carbonylation and 

the formation of SB or Michael adducts result from reactions of proteins with the aldehydes 

that arise from lipid oxidation, however, the results did not support this notion and it appears 
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that at the end of the ageing time the AAS and GGS were still being produced. At the same 

time, protein carbonyl biomarkers are involved in condensation reactions with amino acid 

groups from nearby amino acid side chains to form cross linkages via SB formation (Utrera & 

Estévez, 2012c).  In concordance with this proposal and known reactive unstable AAS and 

GGS compounds, it would imply that SB can be formed concurrently as these products are 

generated but only influenced by their environment (i.e. access to alkaline amino acids). 

5.4 Conclusion 

The results from this study show that PEF treatment (both LPEF and HPEF) do not directly 

have an effect on the oxidative modifications such as protein carbonylation, however cell 

poration, particularly with the HPEF treatment, appears to increase the interactions of cellular 

contents with pro-oxidants encouraging more protein oxidation when coupled with dry 

ageing. The ageing method significantly influenced the oxidative modifications in both 

studies, with dry ageing significantly higher on most indicators of protein oxidation, such as 

free thiol groups, formation of fluorescence compounds, specific semialdehydes and 

formation of their degradation by products. Dry ageing venison at day 21 still had a higher 

carbonylation and also higher oxidative degradation content of AAA implying at the instant 

and time, concurrent carbonyl and AAA products are being generated in higher quantities 

compared with wet aged samples. The results are encouraging from an industrial application 

perspective, as the results obtained indicate that PEF treatments can be applied prior to both 

ageing methods to improve meat quality of venison, as the amount of carbonylation generated 

with these ageing regimes is low compared to thresholds reported from the groups and from 

previous research studies in other meat products. Although the two studies cannot be 

compared directly due to samples coming from two geographical locations, it can be noticed 

that oxidative trends in the stepwise process 65% RH trial follow the similar trends as the 

80% RH trial with 21 d of dry ageing method. 
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Chapter 6 

Stepwise In-bag dry ageing of lean bull beef; Effects of ageing 

time and chiller air velocity on the lipid oxidative stability 

6.1 Introduction  

In the previous three chapters the studies focussed on the dry-ageing of venison using a 

traditional out-of-bag method. The main drawback observed in this process was the highly 

elevated total weight losses. In this chapter, the study was partnered with an external research 

organisation (AgResearch Ltd, NZ) to explore the effects of a smart ageing technique that 

involves coupling in-bag dry ageing using a permeable bag system with wet ageing in a 

stepwise process (Berger et al., 2018; Kim et al., 2018). The in-bag dry ageing technique 

enables the movement of moisture out to allow the dry ageing process to occur in a controlled 

manner (Ahnström et al., 2006). In this permeable bag technique a higher meat weight yield is 

achieved due to the controlled drying and there is also a reduced chance of microbial 

contamination (Cho et al., 2018; DeGeer et al., 2009).  

Combining this permeable packaging material with wet ageing to further improve the yield 

and overall meat quality has only been evaluated to a limited extent in the literature. The in-

bag dry ageing technique has been reported to provide equivalent meat quality attributes to 

conventional out-of-bag dry ageing  (Gudjónsdóttir et al., 2015). Similarly, work by Kim et 

al., (2017) reached the same conclusion. Most, if not all, of the research reported to date has 

focussed on the effect of the stepwise in-bag dry ageing technique on meat quality attributes, 

with little to no work reported on lipid oxidative modifications and stability in meat (Kim et 

al., 2017; Dikeman et al., 2013). 

This study was a part of large project conducted by AgResearch Ltd that investigated the 

viability of stepwise in-bag dry ageing and its effect on meat quality attributes of lean bull 

beef meat with less than 1.5% fat content. Dry ageing has the potential to improve its value 
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and export potential. The meat quality attributes (tenderness, moisture losses, surface 

microbial growth, water activity, pH, proximate analysis and colour) of the study were 

conducted internally by AgResearch (Ruakura Research Centre, Hamilton, NZ). 

A key objective of this study was to investigate the effect of air velocity during stepwise in-

bag dry ageing of lean bull beef, and in particular, how it affects the formation of primary and 

secondary lipid oxidation products, and to examine changes in fatty acid composition as a 

result of the ageing process and treatment (air velocity variation and stepwise process). Lipid 

oxidation is critically important in the development of unique, characteristic flavour profiles 

in dry aged meat products, however, excessive lipid oxidation can induce sensory and 

nutritional quality losses, affecting consumer acceptance. Therefore, controlling and 

monitoring lipid oxidation is important (Min & Ahn, 2005).  

This study also investigated changes in the oxidative stability of bioactive compound, 

conjugated linoleic acid (CLA) throughout the ageing period and the effect of the treatments. 

Conjugated linoleic acid (CLA) is a collective term for a group of bioactive positional and 

geometric isomers of α-linoleic acid, c9,c12- octadecadienoic acid (Alfaia et al., 2006). CLAs 

have received increasing interest due to their potential health benefits, including anti-

carcinogenic, antithrombotic properties, anti-cardiovascular disease, immune system and bone 

health (Manzano et al., 2010; French et al., 2000; Ha, Grimm, & Pariza, 1987). 

This study also investigated the antioxidant content (α-tocopherol) in samples from 0 d and 21 

d at the end of the ageing process, and analysis of the minerals and trace element contents in 

the meat samples. Analysing mineral content can provide information on nutritional and pro-

oxidants present in the meat product. This is important as the rate and extent of lipid oxidative 

modifications are influenced by components such as iron (and other transition metals), 

unsaturated fatty acid distribution, antioxidant levels, and pH (Gatellier et al., 2010; Mercier 

et al., 2004). A schematic presentation of the experimental design and the analyses carried out 

in this study is shown in Figure 6.1. 
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Figure 6.1 Schematic overview of all experimental analysis performed and discussed in chapter 6. 
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6.2 Methods & Materials 

6.2.1 Reagents and chemicals 

All chemicals and reagents used in the study were of analytical grade. Potassium hydroxide 

was obtained from Thermo Fisher Scientific (Waltham, MA, USA). Butylated 

hydroxytoluene (BHT), Celite 545, dicalcium phosphate dehydrate (Ca2HPO4.2H2O), 

pyridine, and 1,4-dioxane were also purchased from Sigma Aldrich Inc. (St Louis, Missouri, 

USA). Methanol and diethyl ether were from Riedel-de Haen (Seelze, Germany). 

Trichloromethane, sulphuric acid, hydrochloric acid (32%), hexane, ethyl acetate, acetone, 

trichloroacetic acid (TCA), tetraethoxypropane, and potassium hydroxide were purchased 

from Thermo Fisher Scientific (Waltham, MA, USA). Boron trifluoride (BF3) 14% in 

methanol, and tridecanoic acid (C13:0) standard (99.8%) were from Sigma Aldrich Inc. (St 

Louis, Missouri, USA). Sodium chloride was from BDH Chemicals (Poole, England).  

6.2.2 Instruments and Equipment 

Electronic balance model ABT-4M was from Kern & Sohn GmbH (Balingen, Germany) and 

a POLYTRON® system homogeniser was from Kinematica AG (Switzerland). An Ultraspec 

3300 pro spectrophotometer was from Amersham Biosciences Corporation (Amersham, UK). 

A CPR centrifuge was from Beckman Coulter, Inc. (California, USA). Milli-Q water 

reference water system production unit was from Millipore Corporation (Billerica, MA, 

USA). A vortex mixer was from Cenco Instruments, Breda, Netherlands. Gas 

chromatography flame ionisation detection (GC-FID) was an Agilent 6890N (Agilent 

Technologies Inc., USA). A GC-FID column used was a BPX70 capillary column (50 m x 

330 µm x 0.25 µm) from SGE International Pvt Ltd., Australia. Nuclear Magnetic Resonance 

(NMRs) systems (Varian 400MR® and Varian 500AR®, both fitted with 5 mm OneNMR® 
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probe) with VNMRJ® Version 4.2 Version A were from Varian Inc. (Palo Alto, California, 

USA). 

6.2.3 Meat samples and distribution 

A total of 30 loins of lean bull Holstein-Friesian beef M. longissimus et lumborum muscle 

from 15 beef carcasses of ≈ 2-year-old bulls, were obtained at 24 h post-mortem from a local 

slaughterhouse (Ruakura Abattoir, Waikato region, Hamilton). Loins were held at 12°C for 12 

h until they entered rigor and then all visible fat was trimmed and each loin was randomly 

assigned to 4 different ageing regimes: Treatment 1 (T1, n = 6) was in-bag dry ageing control 

for 21 d at 0.5 m/s air velocity. Treatment 2 (T2) was in-bag dry ageing at 0.5 m/s for 7 d. 

Treatment 3 (T3) in-bag dry ageing at 1.5 m/s for 7 d. Treatment 4 (T4) was in-bag dry ageing 

at 2.5 m/s for 7 d (T2, T n = 8). Treatments T2, T3 and T4 were followed by 14 d of wet 

ageing. All of the loins were vacuum packaged in dry-ageing bags (TUBLIN® 50 μm thick, 

polyamide mix with a water vapour transmission rate of 2.5 kg/50 μ/m
2
/ 24 h at 38°C, 50% 

RH, TUB-EX ApS, Denmark) and laid out on wire racks inside a dry-ageing chamber set at 2 

± 0.5°C and relative humidity of 75 ± 5%. The schematic experimental workflow is illustrated 

in Figure 6.1 above.  

6.2.4 Lipid extraction 

The extraction of lipid from lean bull meat samples was performed as described by Folch et 

al. (1957) with minor modifications as reported in chapter 4, Section 4.2.3.  

6.2.5 Fatty acid methyl esterification (FAME) of extracted lipid 

A modified method based on that of van Wijngaarden (1967) was used for fatty acid 

methylation and it was performed as reported in Section 4.2.4.  
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6.2.6 GC analysis on FAMEs 

FAMEs were analysed by GC as reported in Section 4.2.5. 

6.2.7 Peroxide value 

Was determined as described in Section 4.2.6. 

6.2.8 Conjugated dienes  

Was determined as described in Section 4.2.7 (AOCS, 1998). 

6.2.9 Lipid oxidation using TBARS 

Was determined as described in Section 4.2.8. 

6.2.10 1H NMR analysis 

Was determined as described in Section 4.2.9. 

6.2.11 Aliphatic to diallylmethylene proton ratios 

Was determined as described in Section 4.2.10. 

6.2.12 Aliphatic to olefinic proton ratios 

Was determined as described in Section 4.2.11. 

6.2.13 Analysis of CLA oxidation 

CLA oxidation was determined as described in section 4.2.12. 

6.2.14 Tocopherols analysis  

Tocopherol antioxidant levels were determined as described in section 4.2.13. 
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6.2.15 Trace mineral analysis  

Was determined as described in Section 4.2.14. 

6.3 Statistical analysis 

A complete randomised trial was designed with 30 striploins from 15 beef carcasses (n = 30) 

that were randomly assigned to four different treatment combinations (1 control dry-ageing; 

T1: n = 6 and 3 stepwise ageing regimes; T2 – T4: n = 8 for each). Linear mixed effect 

regression analyses were performed on the data using the “lme4” package in R (version 3.4.1) 

to determine the difference between four treatment combinations across the ageing time. The 

ageing treatments (T1 – T4) and ageing time (0 and 21 d) were included as fixed effects, 

where the sample ID (loin number) was included as a random effect to account for the uneven 

number of samples between the control and other treatments. Data for fatty acids, peroxide 

value, conjugated dienes, TBARS, Rao Rad, CLA and trace minerals α- were tabulated using 

Microsoft Excel spreadsheets. One-way analysis of variance (ANOVA) using (version 3.4.1), 

R Core Team (2019), was performed to determine the effect of air velocity, stepwise ageing, 

and ageing time. Pairwise multiple comparisons were performed using the “Predictmeans” 

package. Post hoc comparison of means was performed using Fisher’s least significant 

differences (LSD) and Tukey’s (HSD) test at the 5% significance level. 
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6.4 Results and discussion 

6.4.1 Effects of ageing and treatments on beef lipid fatty acid composition 

The fatty acid composition of stepwise in-bag dry aged lean bull beef was determined and the 

results for the overall effect for days 0 and 21, as well as the treatments are shown in Table 

6.1 and Table 6.2, respectively.  The total SFAs (summation of C14:0, C16:0, C17:0, C18:0 

and C20:0) were not influenced by the ageing time (p > 0.05), with mean of 49.49 ± 0.59 

g/100 g FA at 0 d and 50.58 ± 0.72 g/100 g FA at 21 d. This was expected as SFAs are more 

stable than the unsaturated fatty acids. Saturated fatty acids were within the range (40-50 

g/100g FA) previously reported for Belgian Blue young bulls longissimus thoracis (Raes et 

al., 2004); Holstein × Zebu bulls LM (Rotta et al., 2014; Rhee, Ziprin, Ordonez, & Bohac, 

1988) with palmitic acid C16:0 was the most abundant SFA with means of 27.73 ± 0.97 

g/100g FA at 0 d and 28.15 ± 0.94 g/100g FA at 21 d (Table 6.2). This is slightly higher than 

the mean C16:0 content reported for Brahman, Australian cross cattle and Japanese Black 

steers (22.7, 24.2 and 24 g/100g FA, respectively) but similar to  Hereford and Angus breeds 

(26.0, 27.4 g/100g FA, respectively) (Smith et al., 2009). As for the treatment effects (T1-T4), 

no effects on the SFA were identified as well as the interactions of ageing time and treatment 

group effect (p > 0.05).  
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Table 6.1 Fatty acid composition means (g/100g FA) for 0 d and after 21 d ageing for all 

treatment samples. Results show PUFAs were significantly different between the 

two ageing times. 

Fatty acid 0 d (g/100g FA) 21 d (g/100g FA) 

C14:0 2.66 ± 0.11 2.81 ± 0.14 

14:1 0.66 ± 0.13 0.63 ± 0.14 

C16:0 27.7 ± 0.97 28.2 ± 0.94 

C16:1 4.17 ± 0.34 4.13 ± 0.25 

C17:0 0.62 ± 0.10 0.63 ± 0.10 

C18:0 18.06 ± 0.64 18.50 ± 0.85 

C18:1tω-9 2.04 ± 0.12 1.96 ± 0.14 

C18:1cω-9 36.7 ± 1.02 36.5 ± 1.13 

C18:1tω-7 1.18 ± 0.12 1.18 ± 0.13 

C18:2tω-6 1.93 ± 0.04
a
 1.79 ± 0.03

b
 

C18:2cω-6 0.74 ± 0.03
a
 0.65 ± 0.03

b
 

C18:2 CLA 0.66 ± 0.07 0.66 ± 0.07 

C18:3ω-3 1.53 ± 0.08
a
 1.19 ± 0.07

b
 

C18:3ω-6 0.49 ± 0.05
a
 0.36 ± 0.05

b
 

C20:0 0.43 ± 0.10 0.49 ± 0.09 

C20:1 0.07 ± 0.01 0.09 ± 0.02 

C20:3ω−6 0.12 ± 0.02 0.08 ± 0.01 

C20:4ω−6 0.18 ± 0.02
a
 0.12 ± 0.01

b
 

C22:5 n-3 0.09 ± 0.01 0.08 ± 0.01 

SFA 49.5 ± 0.59 50.6 ± 0.72 

MUFA 44.8 ± 0.37 44.5 ± 0.49 

PUFA 5.73 ± 0.06
a
 4.92 ± 0.09

b
 

PUFA/SFA 0.12 ± 0.01 0.10 ± 0.01 

n6/n3 ratio 1.94 ± 0.20
b
 2.23 ± 0.18

a
 

abc
 Means within the same row with different superscripts were significantly different at p < 0.05. 
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Likewise, total MUFA (summation of C14:1, C16:1, C18:1tω-9, C18:1cω-9, C18:1tω-7 and 

C20:1) was not affected by the age time (p > 0.05). The lean bull beef had high content of 

total MUFAs at 0 d (44.80 ± 0.31 g/100g FA) and 21 d (44.49 ± 0.29 g/100g FA). Oleic acid, 

C18:1cω-9, was the most abundant monounsaturated (and the most abundant single fatty acid) 

with mean content of 36.7 g/100g FA. The enzyme Δ9 desaturase, present in high abundance 

in bovine animals, is responsible for conversion of saturated fatty acids such as stearic acid 

(C18:0) to oleic acid (Smith et al., 2006). This is nutritionally very positive information as 

oleic acid is considered a healthier isomer MUFA compared with its corresponding trans-

isomer,  elaidic acid, another C18:1 FA that is implicated in heart disease (Tardy et al., 2011). 

The oleic acid content in this study are in agreement but lower compared with that reported 

for 16 month Angus steers (41 g/100g FA) (Chung et al., 2006). Neither treatments (T1-T4) 

nor interaction between ageing time and treatment had significant effects on total MUFA 

content (p > 0.05, Table 6.2.). The MUFAs across the treatment groups ranged from 44.0 to 

45.2 g/100g FA. These means are higher compared with previous reported studies by Raes et 

al. (2003) who reported means ranging from 27.2 to 33.6 g/100g FA for young beef bulls 

raised on soybean and linseed diets. The results from this present study were, however, 

comparable with fatty acid yields found in fully grown beef bulls (Holstein x Zebu) that had 

total  MUFA content ranging (47- 51.2 g/100g FA) that had been finished on sugarcane and 

corn silage diets (Rotta et al., 2014). 

The total PUFA content (the summation of C18:2ω-6; C18:2cω-6; C18:2; CLA C18:3ω-3; 

C18:3ω-6; C20:3ω-6; C20:4ω-6 and C22:5n-3) in the lean bull beef samples ranged from 4.23 

to 5.98 g /100g FA. This range of total PUFA content is comparable to results reported by das 

Graças Padre et al. (2006) for Nelore X Aberdeen Angus bulls and steers raised on pasture 

(4.76 and 4.04 g/100g FA, respectively), and 28-month-old Hanwoo beef (4.28 g/ 100g FA) 

(Jung, 2003). Similar results were also reported for Nellore bulls all using the LL muscle 

(4.73 to 6.09 g/100g FA) (Lage et al., 2014).  
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In the present study, significant changes were observed in the PUFAs, with ageing time 

having an effect, as shown in Table 6.1 and Table 6.2 (p < 0.05). The total PUFA content 

declined from 5.73 ± 0.06 to 4.92 ± 0.09 g/100g FA from 0 d to 21 d across all 4 treatment 

groups. 

Significant (p < 0.05) changes were found in linoleic acid isomers (C18:2tω-9 and C18:2cω-

6) and linolenic acid (C18:3ω-3 and C18:3ω-6), and arachidonic acid (C20:4ω−6) between 0 

d samples to 21 d (Table 6.2). Docosapentanoic acid (DPA, C22:5n-3), a long chain FA, was 

interestingly not significantly different across the ageing times. Perhaps the very low content 

across all the treatment groups made the quantification of its changes a challenge to identify. 

The decline in PUFAs over the ageing time could be attributed to lipid oxidative modification 

occurring during storage. The ease of hydrogen atom abstraction from PUFAs to form potent 

reactive free radicals due to the double bonds available that make PUFAs more vulnerable to 

oxidation under aerobic conditions (Shahidi & Wanasundara, 2002) during the in-bag dry 

ageing processing. 
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Table 6.2 Fatty acid profiles for the 4 treatment groups at 0 d and after 21 d of the ageing process. 

(g/100gFA) 0 d 0 d 0 d 0 d 21 d 21 d 21 d  21 d 

 T1 T2 T3 T4 T1 T2 T3 T4 

C14:0 2.65 ± 0.12 2.71 ± 0.11 2.64 ± 0.11 2.63 ± 0.12 2.81 ± 0.13 2.83 ± 0.09 2.81 ± 0.11 2.78 ± 0.12 

C14:1 0.66 ± 0.09 0.58 ± 0.09 0.62 ± 0.12 0.76 ± 0.16 0.63 ± 0.15 0.63 ± 0.15 0.61 ± 0.12 0.63 ± 0.13 

C16:0 27.84 ± 1.02 28.13 ± 0.98 27.53 ± 1.12 27.41 ± 0.96 28.22 ± 0.99 28.37 ± 0.87 27.85 ± 0.95 28.15 ± 0.98 

C16:1 4.14 ± 0.39 3.95 ± 0.34 4.29 ± 0.33 4.31 ± 0.32 4.03 ± 0.25 4.05 ± 0.23 4.21 ± 0.24 4.22 ± 0.29 

C17:0 0.59 ± 0.09 0.62 ± 0.10 0.55 ± 0.09 0.72 ± 0.09 0.62 ± 0.11 0.67 ± 0.09 0.54 ± 0.09 0.67 ± 0.10 

C18:0 17.98 ± 0.59 18.19 ± 0.61 17.96 ± 0.52 18.09 ± 0.85 18.56 ± 0.91 18.43 ± 0.86 18.38 ± 0.78 18.63 ± 0.86 

C18:1tω-9 2.03 ± 0.09 1.98 ± 0.11 2.05 ± 0.16 2.10 ± 0.12 1.91 ± 0.13 1.83 ± 0.13 2.02 ± 0.16 2.06 ± 0.15 

C18:1cω-9 36.73 ± 1.02 36.47 ± 1.05 36.89 ± 1.02 36.65 ± 0.98 36.57 ± 1.12 36.24 ± 1.21 36.81 ± 1.15 36.44 ± 1.06 

C18:1tω-7 1.14 ± 0.09 1.20 ± 0.11 1.26 ± 0.12 1.11 ± 0.13 1.17 ± 0.15 1.19 ± 0.11 1.26 ± 0.12 1.08 ± 0.12 

C18:2ω-6 2.01 ± 0.11
Ax

 1.89 ± 0.12
ABy

 1.93 ± 0.13
ABy

 1.87 ± 0.15
ABy

 1.82 ± 0.22
Cz

 1.78 ± 0.23
CDz

 1.81 ± 0.19
Cz

 1.76 ± 0.17
Cz

 

C18:2Cω-6 0.75 ± 0.06
Ax

 0.76 ± 0.09
Ax

 0.68 ± 0.09
ABy

 0.72 ± 0.07
Axy

 0.66 ± 0.08
B
 0.67 ± 0.09

ABy
 0.68 ± 0.11

ABy
 0.61 ± 0.09

Cz
 

C18:2 CLA 0.63 ± 0.05 0.62 ± 0.07 0.67 ± 0.09 0.71 ± 0.09 0.64 ± 0.09 0.65 ± 0.08 0.63 ± 0.06 0.72 ± 0.05 

C18:3ω-3 1.43 ± 0.08
Ax

 1.57 ± 0.09
Aw

 1.56 ± 0.08
Aw

 1.57 ± 0.07
Aw

 1.12 ± 0.06
Cz

 1.33 ± 0.08
By

 1.21 ± 0.08
By

 1.09 ± 0.07
Cz

 

C18:3ω-6 0.49 ± 0.04
Aw

 0.45 ± 0.05
Awy

 0.52 ± 0.06
Aw

 0.51 ± 0.09
Aw

 0.32 ± 0.09
By

 0.37 ± 0.09
Bz

 0.43 ± 0.08
ABwy

 0.32 ± 0.06
By

 

C20:0 0.46 ± 0.11 0.48 ± 0.11 0.37 ± 0.12 0.42 ± 0.09 0.56 ± 0.08 0.61 ± 0.09 0.34 ± 0.08 0.45 ± 0.09 

C20:1 0.08 ± 0.01 0.06 ± 0.01 0.09 ± 0.02 0.06 ± 0.01 0.10 ± 0.01 0.07 ± 0.01 0.11 ± 0.02 0.09 ± 0.02 

C20:3 0.10 ± 0.01 0.08 ± 0.01 0.13 ± 0.01 0.16 ± 0.02 0.07 ± 0.00 0.06 ± 0.00 0.09 ± 0.01 0.10 ± 0.01 

C20:4ω−6 0.21 ± 0.02
Ax

 0.16 ± 0.02
BCxy

 0.17 ± 0.03
ABxy

 0.14 ± 0.03
BCy

 0.11 ± 0.02
CDz

 0.16 ± 0.02
BCxy

 0.12 ± 0.01
Cyz

 0.09 ± 0.00
Dz

 

C22:5 n-3 0.08 ± 0.00 0.08 ± 0.02 0.09 ± 0.01 0.11 ± 0.02 0.07 ± 0.00 0.06 ± 0.01 0.08 ± 0.00 0.08 ± 0.00 

SFA 49.52 ± 0.51 50.13 ± 0.68 49.05 ± 0.57 49.27 ± 0.62 50.77 ± 0.91 50.91 ± 0.55 49.94 ± 0.64 50.68 ± 0.79 

MUFA 44.78 ± 0.29 44.24 ± 0.29 45.20 ± 0.31 44.99 ± 0.35 44.41 ± 0.29 44.01 ± 0.29 45.02 ± 0.32 44.52 ± 0.28 
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Table 6.2 continued… 

(g/100gFA) 0 d 0 d 0 d 0 d 21 d 21 d 21 d  21 d 

 T1 T2 T3 T4 T1 T2 T3 T4 

PUFA 5.70 ± 0.06
Ax

 5.63 ± 0.07
ABx

 5.73 ± 0.07
Awx

 5.78 ± 0.06
Aw

 4.82 ± 0.09
Dz

 5.07 ± 0.10
Cy

 5.06 ± 0.11
Cy

 4.77 ± 0.09
Dz

 

PUFA/SFA ratio 0.12 ± 0.01
X
 0.11 ± 0.00

X
 0.12 ± 0.01

X
 0.12 ± 0.01

X
 0.09 ± 0.01

Z
 0.10 ± 0.00

YZ
 0.10 ± 0.01

YZ
 0.09 ± 0.00

Z
 

n6/n3 1.94 ± 0.11 1.87 ± 0.20 1.89 ± 0.12 1.84 ± 0.09 2.33 ± 0.23 2.04 ± 0.21 2.24 ± 0.19 2.30 ± 0.11 

ABC 
Means in the same with different letters row are significantly different (p < 0.05) and indicate differences due to treatments   

wxyz 
Means in the same with different letters are significantly different (p < 0.05) and indicate differences due to ageing time  
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There were no differences in total PUFA contents among T1, T3 and T4 treatment groups, 

however, total PUFA content in T2 was lower than those found in T1 and T4 groups (fig.6.2). 

 

Figure 6.2 Average reductions in PUFAs from 0 d to 21 d, the completion of the ageing 

process for the in-bag dry aged lean bull beef. Means with different letter are 

significantly different at p <0.05.  

It is possible that the extended in-bag dry ageing in the control T1 increased the oxidation of 

PUFAs, as this can be observed in chapter 4 with the venison samples of the 65% RH trial.  

The extended ageing time under aerobic conditions would favour modification of PUFAs in 

the lean bull beef undergoing the dry ageing. In T4, the elevated air velocity also played a 

role in enhancing oxidative processes, possibly due to the higher moisture removal in the 

meat samples increasing the concentration of pro-oxidants in the meat products and 

enhancing more reactive production of free radicals in the meat matrix. The elevated air 

velocity (2.5 m/s) also may have increased the aerobic exposure of the T4 sample group, thus 

encouraging the generation of free radicals. Overall, the above observations indicated that the 

vacuum packing step after 7 d of dry ageing in T2 reduced the formation of secondary 

oxidation by-products (p < 0.05). In terms of the n-6/n-3 ratio the 0 d samples had a range of 
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1.84 - 1.94 and after 21 d it increased to a range of 2.04 - 2.33. The recommended value of n-

6/n-3 ratio is less than 4 (Wood et al., 2003). This would mean the n-6/n-3 ratio after the dry 

ageing process would still provide ratios within recommended thresholds. 

6.4.2 Determination of primary lipid oxidation by-products lipid 

hydroperoxides. 

Peroxide value 

Peroxide value was determined to measure the primary oxidation by-products from 0 d and 

21 d of ageing samples. The PV in T1-T4 aged lean bull beef are presented in Table 6.3. The 

PV was increased (p < 0.05) from 0 d to 21 d across all the treatments. This observation 

would suggest that oxidative intermediate by-products were still being generated at the 

endpoint of ageing. Similar trends were reported by Aziz, Mahrous, and Youssef (2002) on 

chilled beef aged for 15 d at 5°C. The PV for fresh beef in that study increased 3-fold from 0 

d to 15 d for control samples (1.4 to 4.1 mEq/kg).  Ground beef had PV values increased 

from 1.8 mEq/kg to 3.8 mEq/kg). Although Aziz et al. (2002) reported marginally lower PV, 

this could be attributed to the fact that their samples were only aged for 15 d and during the 

whole period their meat samples were vacuum packaged.  
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Table 6.3 shows the peroxide values and conjugated dienes at 0 d and 21 d for all the treatment groups in in-bag dry aged lean bull beef samples.  

 Treatments Peroxide value (mEq/kg) Conjugated dienes (%) 

0 d T1 2.36
c
 0.09

d
 

 T2 2.67
c
 0.12

cd
 

 T3 2.49
c
 0.11

cd
 

 T4 2.83
c
 0.14

c
 

21 d T1 7.42
a
 0.20

a
 

 T2 6.22
b
 0.18

b
 

 T3 6.43
b
 0.17

bc
 

 T4 6.95
ab

 0.22
a
 

 SEM 0.22 0.03 

P values Age-time 0.001 0.000 

 Treatment (air velocity) 0.035 0.089 

 Age-time*Treatment (air velocity) 0.214 0.448 

abc
 Means within the same column with different superscripts were significantly different at p < 0.05. 
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Iron containing proteins such as haemoglobin, myoglobin and ferritin can also directly 

catalyse lipid oxidation, supporting the notion that peroxides can be generated concurrently 

with secondary oxidation products in meat as it ages (Soyer et al., 2010). Furthermore, over 

the ageing period, it is known that iron and other transition metals are released from high 

molecular weight compounds such as haemoglobin (found in low amount in meat), 

myoglobin and ferritin and are able to chelate low molecular weight compounds such as 

amino acids and phosphates (Decker et al., 1993). These chelates and modified 

metalloproteins in the meat matrix can catalyse lipid oxidation through hydrogen abstraction 

from PUFAs, leading to formation of hydroperoxides for the catalysis of lipid oxidation in 

biological tissues (Guyon, Meynier, & de Lamballerie, 2016; Raes et al., 2004; Halliwell & 

Gutteridge, 1986)   

Another important consideration is the PV at 0 d (Table 6.3), which is attributed to 

biochemical changes accompanying the conversion of muscle to meat. As a result, oxidation 

of highly unsaturated phospholipids in subcellular membranes is no longer tightly controlled, 

and the balance between oxidants and antioxidant capacity results in oxidation. The 

development of the peroxides early post-mortem is likely due to loss of the cell defensive 

mechanisms normally present in the live animal. 

The ageing treatments significantly affected the peroxides contents in the samples (p < 0.05). 

Control samples (T1) had significantly (p < 0.05) higher PV values compared with T2 and T3 

treatment groups at 21 d (Table 6.3). The extended exposure of T1 samples to air (21 d) may 

explain the higher peroxyl generation compared to the T2 and T3 treatment groups that were 

only exposed to air for 7 d. However, it is interesting to note that there was no significant 

difference between the T1 and T4 treatments groups (p > 0.05). This would suggest that at 

the higher air velocity of 2.5 m/s in T4 would have comparable oxidative interactions with 

control samples at 0.5 m/s for 21 d. The enhanced air circulation/velocity enabled increased 
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air/meat interaction that facilitated the generation of peroxyl free radicals and thus of the 

hydroperoxides. These results suggest that air velocities of 0.5 - 1.5 m/s did not have a direct 

effect on the PV, but the length of the exposure to air during dry ageing in permeable bags 

did have an effect, as shown with the control samples.  

Conjugated dienes 

 The extracted lipid from the lean bull beef had low concentrations of conjugated dienes (CD) 

present ranging from 0.09 - 0.14% for 0 d samples and 0.17 - 0.22% for the 21 d aged 

samples (Table 6.3).  

Ageing time (from 0 d to 21 d) had a significant effect across all treatment groups (p < 

0.001). During ageing of the meat samples, lipid oxidation occurred with generation of 

peroxides. Fatty acids with non-conjugated double bonds (C=C–C–C=C), such as linoleic and 

linolenic acids, which are present naturally in the unsaturated lipid fraction, are converted to 

conjugated double bonds (C=C–C=C) that could be observed at wavelengths of 232 – 234 nm 

(Lukešová et al., 2009; Teets et al., 2008; Kulås et al., 2001). The control group T1 reported 

the CD values (0.20% at 21 d, Table 6.3). Similar observations were found in pork samples 

aged for 8 d, with CD values increasing with increasing ageing time (Paiva-Martins et al., 

2009). The lower CD values for T2 - T3 indicate that the vacuum packing after dry ageing 

step significantly retarded CD formation.  

6.4.3 Determination of lipid oxidation using TBARS 

The build-up of secondary oxidation by-products was analysed using the traditional TBARS 

technique (Figure 6.3).  Ageing time significantly affected lipid oxidation (p < 0.001); the 

samples subjected to the highest air velocity (T4) generated the highest accumulations of 

secondary oxidation products after 21 d ageing (350.1 µg MDA/kg, Figure 6.3). The TBARS 

values were also determined at 0 d to clearly establish the baseline lipid oxidation level and 
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compare the differences at 21 d. Different treatment groups had an effect on the TBARS 

values (p < 0.003, Figure 6.4). There were no significant differences among 0 d samples from 

all treatment groups. After 21 d, T2 (lower air velocity for short time) was significantly 

different from T1 (longer dry ageing time) and T4 (high air velocity treatment) treatment 

groups (Figure 6.4). This suggests that the higher air velocity (T4) enhanced the aerobic 

exposure of the meat samples, leading to increased free radical formation initiation steps, 

further enhancing lipid oxidation (Ismail, Lee, Ko, & Ahn, 2008). The T3 treatment samples 

were not significantly different from the other treatment groups. The increase in TBARS 

value with ageing time can be explained by the depletion of endogenous antioxidants with 

ageing and exposure to oxygen as a result of the aerobic conditions, leading to increased 

oxidation (Mungure et al., 2016; Bekhit et al., 2005). The changes in the cellular and 

molecular structure during ageing play a critical role as the cell membranes become less able 

to provide a barrier to enzymes and substrates, leading to cellular lipid oxidative 

modifications (Teets el al., 2008(Monahan, 2000); (Morrissey et al., 1998).  
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Figure 6.3 TBARS values for in-bag dry aged lean bull beef on 0 d and 21 d. in young bull 

loins dry aged at air velocity of 0.5 m/s for 21 d at 2°C (T1); 0.5 m/s for 7 d 

followed by 14 d of vacuum packaging at 2°C (T2); 1.5 m/s for 7 d followed by 

14 d of vacuum packaging at 2°C (T3); and 2.5 m/s for 7 d followed by 14 d of 

vacuum packaging at 2°C (T4). a-bBars with different superscripts are 

significantly different (p < 0.05).   
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Figure 6.4 Average increase in TBARS value (µg MDA/ kg)  in young bull loins dry aged at 

air velocity of 0.5 m/s for 21 d at 2°C (T1); 0.5 m/s for 7 d followed by 14 d of 

vacuum packaging at 2°C (T2); 1.5 m/s for 7 d followed by 14 d of vacuum 

packaging at 2°C (T3); and 2.5 m/s for 7 d followed by 14 d of vacuum 

packaging at 2°C (T4). 
a-b

Bars with different superscripts are significantly 

different (p < 0.05).   

The TBARS in the T1 treatment group (338.6 µgMDA/kg) was comparable with that of the 

T4 treatment group (350.1 µgMDA/kg). This implies that similar oxidative effects could be 

resulted from exposing meat to low air velocity (0.5 m/s) for long time (21 d) and to high air 

velocity (2.5 m/s) for short time (7 d). Lipid oxidation is recognised to be associated with an 

undesirable off-flavour and discolouration of meat (Gray, Gomaa, & Buckley, 1996). TBARS 

value of more than 1000 µgMDA/kg meat have been reported as a good indicator threshold 

of rancidity and odour in meat products by sensory panellists (Kim et al., 2011); (Zakrys et 

al., 2008), and TBARS values of 3000 µgMDA/kg meat have been reported on fresh beef to 

be associated with oxidative rancidity of meat (Chouliara et al., 2008). It should be noted that 
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the TBARS values reported in the present study were relatively low and within acceptable 

thresholds mentioned above. A recent study by Lee et al. (2018) on dry aged Hanwoo beef 

sirloin, reported TBARs values of up to 980 µg MDA/kg after drying for 28 d at 2°C (75% 

RH), which is approximately 2.8 times more than that found in the present study. This is an 

interesting comparison, as their study involved an out-of-bag dry ageing process, indicating 

an improved benefit of the in-bag stepwise process used in the present study, which is able to 

control exposure of the meat to air and limit oxidative modification. Another study conducted 

on low value Hanwoo beef sirloins by on dry aged for 21 d had TBARs values means of 780 

µg MDA/kg meat (Lee et al., 2015). Although the TBARS value in this study was  lower than 

that reported by Lee et al. (2015), it was still twice the concentration obtained in the present 

study, which possibly could be due to sex differences, bulls are lean and cows have higher fat 

content thus more oxidation. To a lesser extent, pre-slaughter stress (caused by handling, and 

relocation distance covered from farm to abattoir) and diet of the animals from which the 

Hanwoo beef sirloins were obtained (Falowo, Fayemi, & Muchenje, 2014), compared to the 

present research. 

6.4.4 Lipid oxidation analysis using aliphatic to diallylmethylene proton ratios 

The results of aliphatic to diallylmethylene (=HC-CH2-CH=) proton ratios for the samples at 

0 d and 21 d are reported in Figure 6.5 below.  The results below show that ageing time had a 

significant effect on the Rad (p < 0.003). 
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Figure 6.5 Aliphatic to diallylmethylene (Rad) proton ratio for young bull loins in-bag dry 

aged at air velocity of 0.5 m/s for 21 d at 2°C (T1); 0.5 m/s for 7 d followed by 14 

d of vacuum packaging at 2°C (T2); 1.5 m/s for 7 d followed by 14 d of vacuum 

packaging at 2°C (T3); and 2.5 m/s for 7 d followed by 14 d of vacuum 

packaging at 2°C (T4). a-b Bars with different superscripts are significantly 

different (p < 0.05).   

In other words, the bis-allylic (diallylmethylene) protons (with chemical shift δ = 2.88 - 2.70 

ppm on Figure 6.6 below) of linoleic and linolenic acyl groups declined with ageing time 

(indicating lipid oxidative modifications of PUFAs in the beef lipid). These results showed 

similar trend with earlier results as shown by the fatty acid profiles (in section 6.3.1) showing 

the PUFA significantly declining with ageing time. The results  show the consistent baseline 

oxidation at 0 d (mean Rad proton ratio = 38.4) with no differences across all 4 treatment 

groups indicating the animals used in the present study were exposed to very low  pre-

slaughter oxidative stress (Fayemi & Muchenje, 2013; McCord, 2000). At 21 d the means of 

Rad went up to 51.7.  The loss of the linoleic and linolenic acyl groups would lead to 

increased fatty acid (alkyl) radical formation in the oxidation initiation phase with ageing 
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time as it progresses, also the exposure to oxygen during the in-bag dry ageing period would  

encourage more formation of peroxy radical (ROO•) in propagation reactions. This in part 

explains and supports the reported increased formation of peroxide values, CDs and carbonyl 

values (Section 7.3.4) still at 21 d of ageing (reported in previous sections) suggesting that 

such reactions are still occurring and potentially not having yet attained their peak values 

(Hwang, Winkler-Moser, & Liu, 2017). The results on ageing time effect are in agreement 

with a previous study (Mungure et al., 2016) on hot boned M. semimembranosus beef where 

Rad proton ratio assessment was applied to monitor oxidative modification through ageing 

time and display time. 

In terms of the air velocity, the Rad was affected by the processing in the treatment groups 

(Figure 6.5), and it can be seen that the T1 and T4 treatment groups were significantly 

different compared to T2 treatment group (p < 0.05). The higher air velocity used for the T4 

treatment group appears to trigger more free radical formation due to enhanced oxygen 

exposure, thereby resulting in a higher level of PUFAs oxidation. It could also be that the 

increased moisture/weight losses resulting from the T4 treatment, in effect increased the 

concentration of components in the T4 treated meat, thereby facilitating more interactions of 

the linoleic and linolenic acyl groups with pro-oxidants (Zhang et al., 2019).  
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Figure 6.6 Representative 
1
H NMR spectrum of dry aged lean bull beef lipid extract (from T1 

treatment group) for analysis of lipid oxidation.  

As for the T1 treatment group (Rad proton ratio increased from 38.33 at 0 d to 53.58 at 21 d) 

the oxidative decline of the PUFAs can possibly be explained by the extended exposure time 

of the control group to aerobic conditions during the ageing time thereby providing 

comparable PUFA losses to those of the T4 treatment group that were exposed to the highest 

air velocity.  T3 was not different to T1, T2 and T4. The interaction of ageing and treatment 

did not affect the Rad ratios. 
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6.4.5 Lipid oxidation analysis using aliphatic to olefinic proton ratios and 

olefinic proton moles 

The aliphatic to olefinic proton ratio (Rao) was not affected by ageing time (p > 0.05). The 

change in the ratio was statistically insignificant compared to the Rad, because the olefinic 

protons are attached directly to the double bonded carbons contributed by the oleic acyl group 

(-CH=CH-, monounsaturated fatty acid, MUFA) which are not as readily oxidised in 

comparison to the diallylmethylene group in PUFAs (Yang et al., 1998). Rao was also not 

affected comparing between the treatment groups (p > 0.05). Unlike the PUFAs, the 

activation energy required for hydrogen abstraction in the MUFAs is higher (Janero, 1990). 

Oxidation of the MUFAs requires more rigorous conditions (such as exposure to higher 

temperature and extended exposure to light and aerobic conditions), and from the results 

obtained it appears that the processing steps are not rigorous enough for the removal of the 

hydrogen from the methene carbon in the fatty acids (Guillén & Ruiz, 2004). 

The olefinic proton moles were not significantly different between the ageing times (p < 

0.05). This confirmed the loss of unsaturation with ageing and display time. When the 

unsaturation decreased in the beef lipid due to oxidation, the number of olefinic proton moles 

declined numerically but was not statistically significant (p > 0.05) (Yang et al., 2002a). The 

olefinic proton moles closely follow the trend of Rao ratio, showing the low propensity of 

MUFAs to oxidation compared to PUFAs with the Rad ratio (Mungure et al., 2016). No 

treatment effect or ageing time and treatment interaction effects were observed (p > 0.05). 

6.4.6 The oxidative stability of conjugated linoleic acid (CLA) 

Figure 6.7 depicts an 
1
H NMR spectrum of a lipid extract profile from one of the T1 

treatment group samples of aged lean bull beef samples spiked with 1,4 dioxane as an internal 

standard for CLA quantitation.  
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Figure 6.7 
1
H NMR spectrum for one of T1 treatment group samples of  the lean bull beef 

lipid extracts highlighting important chemical shifts used in determining the CLA 

present in a sample. 

In the present study, CLA stability was not affected by the ageing time (p > 0.05, see Table 

6.4). The concentrations of the CLA ranged from 3.15 to 3.51 mg/g lipid across both ageing 

times. These concentrations were low compared to the findings of Raes et al. (2003) and 

Shantha et al. (1994) on beef, who found CLA levels ranging from 4.0 to 10 mg/g lipid and 

5.8 to 6.8 mg/g lipid, respectively. The results obtained in the present study are, however, 

within the range of CLA content in beef reported by Ma et al., (1999). It appears that the 

process of dry ageing does not have any detrimental effect on the CLA content in lean bull 

beef, as indicated by the similarity of values across all treatments. 
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Table 6.4 Summary of the Rao, Rad, olefinic proton moles, CLA and α-tocopherols across all treatment groups for 0 d and 21 d ageing times for 

lean bull beef samples. 

 Treatment groups Rao Olefinic proton moles CLA  

(mg/g Lipid) 

α-tocopherol 

(µg/g meat) 

0 d T1 22.15
c
 3.96

a
 3.39 6.65

a
 

 T2 23.05
b
 3.74

ab
 3.34 6.81

a
 

 T3 21.96
c
 4.03

a
 3.27 7.10

a
 

 T4 23.23
b
 3.79

ab
 3.31 6.84

a
 

21 d T1 22.52
bc

 3.55
b
 3.42 4.64

d
 

 T2 23.97
ab

 3.69
b
 3.16 5.32

c
 

 T3 23.12
b
 3.83

ab
 3.51 5.73

bc
 

 T4 24.44
a
 3.42

bc
 3.39 4.89

cd
 

 SEM 1.43 0.27 0.34 0.42 

p-values Age-time 0.071 0.1099 0.200 0.001 

 Treatment group (air velocity) 0.184 0.262 0.411 0.032 

 Age-time*Treatment group (air velocity) 0.223 0.546 0.592 0.278 

abc
 Means within the same column with different superscripts were significantly different at p < 0.05. 
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Many factors have been reported in the literature that can contribute to variations in CLA 

levels in meat. In addition to natural biological variation among animals, variation in CLA 

levels can also be attributed to different seasons and differences in climatic conditions and 

animal production systems such as different feeding regimes between countries (Schmid et 

al., 2006). In the present study, CLA levels were not affected by either the ageing treatments 

(p = 0.411), or the interaction of ageing time and treatments (p = 0.592). This is quite 

interesting, considering that CLAs are a polyunsaturated fatty acid, but they did not follow 

the same trend of other PUFAs in terms of oxidative degradation during ageing and due to 

treatments. These results suggest that CLAs have a higher stability compared to other PUFAs 

containing a methylene interrupted double bond. A possible explanation for the apparent 

CLA stability over treatment ageing time is related to the predominant positional distribution 

of CLAs on the glycerol backbone of the triglyceride molecule (Mir et al., 2004). Previous 

investigations on positional distribution of CLAs on the triglyceride molecule showed that 

they were mainly esterified at the sn-2 position (Mir et al., 2003). Fatty acids esterified at the 

sn-2 position have been reported to be more stable to oxidation compared to the sn-1 and 3 

positions  (Wijesundera et al., 2008; Mir et al., 2004). 

6.4.7 Tocopherol contents in-bag dry aged lean bull beef 

In meat  tissue, tocopherols protect cellular components from oxidation as they act as free 

radical scavengers, and as a result contribute to the extension of product shelf-life (Bertolín et 

al., 2018). In other words, the oxidative stability of meat lipids depends on the balance 

between antioxidant and pro-oxidant components in the muscle (Descalzo & Sancho, 2008). 

In the present study, the α-, β-, γ-, and δ- isomers of the antioxidant tocopherol were 

investigated, and only the α-tocopherol isomer was detected above detection threshold. Table 

6.4 summarises the α-tocopherol contents of all of the treatments at 0 d and 21 d of ageing. 
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This is in agreement with previous reports, as α-tocopherol is the main antioxidant available 

to animals in their feed, particularly those raised on grass based production systems (Pouzo et 

al., 2016). The α-tocopherol content was significantly affected by the ageing time (p < 0.001). 

The α-tocopherol content of the treatment groups ranged from 6.13 to 7.46 µg/g meat at 0 d 

and after ageing time (21 d) it declined to a range of 4.04 – 5.94 µg/g. The α-tocopherol 

contents in the present study were similar (on similar muscle) to those reported for pasture 

fed Hereford cross steers in Australia (4 - 6 µg/g LD muscle) (Yang et al., 2002b). This is due 

to the diet that the Hereford cross steers had been exposed to, as α-tocopherols are not 

synthesized by animal tissues and are obtained from dietary sources; as such, tocopherol 

content in skeletal muscle is largely dependent on diet, with animals raised on pasture having 

higher α-tocopherol levels compared with grain (Pouzo et al., 2016). 

Most studies investigated the effect of simulated retail display conditions and showed a 

decline in the α-tocopherol content of LD muscles over the display time (Insani et al., 2008; 

Dunne et al., 2005). In all of these studies the meat was exposed to aerobic conditions and 

this may explain the depletion of the α-tocopherol content with time, where the antioxidant 

capacity is consumed.  In terms of the ageing effect, other studies have reported lower α-

tocopherol contents, which would indicate that there was an α-tocopherol decline.  

In the present study, air velocity treatment groups were significantly different between the 

control treatment group T1 with T2 and T3, however there was no significant difference 

between the control (T1) and T4 treatment group. There was no effect for the interaction 

between ageing time and treatment (p = 0.278).  The lower α-tocopherol content in T1 

treatment group may in part be explained by the lower oxidative stability in that particular 

group at 21 d as indicated by its highest TBARs value, section 6.3.3). This may be attributed 

to the prolonged exposure to O2, which led to high reactivity and lower stability of α-

tocopherol   in the control treatment group compared to the other 3 treatment groups (Decker 
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et al., 2010). α-tocopherol is stable in the absence of oxygen and oxidising agents, but the rate 

of degradation increases in the presence of molecular oxygen and free radicals (Quaresma et 

al., 2012). There was an observable trend shown in Table 6.4 of decreased α-tocopherol 

content from 0d to 21d ageing with treatment groups subjected to increased air velocity. This 

would suggest that there was increased competition (under higher aerobic conditions) by 

tocopherols reacting with lipid peroxyl radicals, rather than unsaturated fatty acids, which 

would result in slowing down oxidative modification (Tena et al., 2019). 

6.4.8 The effect of ageing and minerals profile of lean bull beef 

This part of the present study was concerned with evaluating the amount and presence of 

essential macro- and micro-minerals in lean bull beef and the effect of the in-bag dry ageing 

process on their retention. Another important aspect of this research was to investigate the 

pro-oxidant transition elements and examine how their levels are influenced by the dry 

ageing process. Some aspects addressed include understanding how the difference in dry-

ageing process, such as the stepwise in-bag process, would compare with dry ageing for 21 d 

“the control T1 treatment group”. Determination of the mineral content in dry aged meat has 

not been reported and obtaining this information is important from an eating/nutritional 

aspect, and is of interest to consumers. This is desirable as drying will lead to concentration 

of components in the meat, which will increase the uptake of certain beneficial minerals. 

However, it could also be detrimental for certain elements/minerals if consumed above 

recommended thresholds. A few studies have conducted trace mineral analysis to determine 

whether the not toxic levels exist in meat products (Reykdal et al., 2011; Blanco-Penedo et 

al., 2010). Knowledge of trace minerals in dry aged meat products is of importance from both 

a nutritional and safety perspective. 



 226 

Macro-minerals content 

In the present study, a total of seven macro-minerals (namely Na, Mg, P, K Ca, Fe and Zn) 

were identified and quantified above detection limit in the lean bull beef samples.  Of the 

seven identified and quantified macro-minerals, Zn and Fe are classified as essential elements 

that are regarded as nutritionally important (Khan et al., 2017). The mineral contents are 

reported both as a wet and a dry weight basis (mg/kg) and the results are presented in Tables 

6.6 and 6.7 below to provide some insights for the changes that occurred during the process 

as well as the concentration in the final product. The concentrations of Na, Mg, P, K and Fe 

increased over the ageing time (p < 0.002). Na concentrations increased from a mean value of 

961.8 mg/kg wet-weight on 0 d to 1307.1 mg/kg wet weight after 21 d. For Mg, the 

concentration was increased from a mean value of 518.8 mg/kg wet-weight to 549.2 mg/kg 

wet weight after 21 d. The macro-mineral K had the highest concentration across both 0 d 

and 21 d (p < 0.05, Table 6.6).  This is illustrated by the T1 treatment group at 0 d having a 

mean of 9340.2 mg/kg wet-weight basis and at 21 d a mean value of 11254.9 mg/kg on a wet-

weight basis. Ca and Zn were the only macro-minerals that were not affected by the ageing 

time (p > 0.05; Table 6.6). In terms of treatment effects, only P and K were influenced by the 

variations (p < 0.003). For P, the highest concentrations were once again in the T1 treatment 

group with average means increasing from 4383.7 to 4796.3 mg/kg on a wet weight basis (p 

< 0.05). The higher concentrations of P and K shown in the control treatment group (T1) 

could possibly be explained by the extended length of moisture removal (21 d) in this group 

that would increase the mineral concentrations per kg of the beef samples compared to the 

stepwise treatment groups (T2, T3 and T4). This corroborates with a study published by 

Zhang et al (2019), in which the highest weight (moisture) losses were reported in the control 

treatment group (T1). The interactions of ageing time and treatment groups did not have an 

effect on all the reported macro-minerals (p > 0.05). 
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Micro-minerals content 

In the present study, a total of seven micro-minerals namely Cr, Mn, Ni, Cu, Rb, Sr and Cs 

were identified above their respective detection threshold and quantified. Of the identified 

micro-minerals, Cu, Cr, Mn and Ni are classified as essential trace elements (López-Alonso 

et al., 2016). Concentrations of Cu, Ni, Rb and Cs were affected by ageing time (p < 0.003). 

For instance, Cu, on 0 d had a mean of 1.52 mg/kg wet weight, increasing to a mean of 1.97 

mg/kg wet weight (p < 0.05), and Rb increased from 30.2 to 37.9 mg/kg wet weight. 

However, there was no effect on the concentration of the other micro-minerals across the 

treatment groups (p > 0.05).  

In terms of the interactions of ageing time and treatment groups showing no significant effect 

(p > 0.05). 
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Table 6.6 Concentrations of macro and micro minerals (mg/kg
 
dry-weight basis) of in-bag step-wise dry aged lean bull beef M. longissimus et 

lumborum muscle from various treatment groups, 0 - 21 d.  

  Minerals (mg/kg dry basis)  

 Treatments Macro  Micro 

  Na Mg P K Ca Fe Zn  Cr Mn Ni Cu Rb Sr Cs 

0 d T1 1828bc 953ab 7668ab 14633bc 221 106b 169  0.1 0.3 0.20c 2.6c 53.1c 0.1 0.7bc 

 T2 1693c 862.3b 6901b 13750c 171 89c 166  0.5 0.3 0.18c 2.3d 44.2d 0.1 0.6c 

 T3 1546c 906.5ab 7245b 14750bc 184 106b 179  0.1 0.3 0.20c 3.1bc 50.8c 0.1 0.7bc 

 T4 1661c 909.0ab 7187b 14685b 187 104b 167  0.1 0.3 0.21bc 2.6c 53.9c 0.1 0.7bc 

                 

21 d T1 2452ab 986a 8336a 19560a 184 115a 189  0.1 0.3 0.21bc 3.7ab 58.3bc 0.1 1.0a 

 T2 2210abc 945ab 7578ab 15783bc 165 96bc 178  0.1 0.2 0.26b 3.3b 50.3c 0.1 0.7bc 

 T3 2522a 951ab 7560ab 15966bc 194 114a 189  0.3 0.3 0.33a 4.3a 56.0bc 0.1 0.9ab 

 T4 1872abc 923ab 7484ab 15640bc 167 119a 193  0.1 0.3 0.25b  4.4a 60.0a 0.1 0.8ab 

 SEM 149 24 186 560 12 11 9  0.08 0.03 0.07 0.51 4.87 0.10 0.08 
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Table 6.6 continued… 

  Minerals (mg/kg dry basis)  

 Treatments Macro  Micro 

  Na Mg P K Ca Fe Zn  Cr Mn Ni Cu Rb Sr Cs 

P values Age-time 0.000 0.018 0.002 0.000 0.223 0.036 0.915  0.324 0.955 0.003 0.002 0.115 0.176 0.118 

 Treatment 

(air velocity) 

0.115 0.071 0.003 0.000 0.123 0.275 0.643  0.062 0.076 0.452 0.331 0.219 0.200 0.581 

 Age-time* 

Treatment 

(air velocity 

0.105 0.568 0.659 0.215 0.410 0.948 0.091  0.209 0.579 0.109 0.832 0.999 0.298 0.996 

Reference 

material 

 14550 951 7825 14300 2391 328.5 51.5  1.86 3.08 0.05 15.0 2.85 9.6 - 

Experimental 

obtained 

values 

 2400.0 

± 70.7 

910 ± 

17.0 

8000.0 

± 162.6 

15500 

± 141.4 

2360.0 

± 19.8 

343.0 ± 

6.4 

51.6 ± 

1.2 

 1.87 ± 

0.04 

3.17 ± 

0.04 

0.03 ± 

0.001 

15.7 ± 

0.1 

2.6 ± 

0.1 

10.1 ± 

0.2 

0.07 ± 

0.001 

Recovery (%)  104 105 98 92 101 96 100  99 97 N/A 96 95 95 N/A 
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Table 6.7 Concentrations of macro and micro minerals (mg/kg
 
wet-weight basis) of in-bag step-wise dry aged lean bull beef M. longissimus et 

lumborum muscles from various treatment groups, 0 - 21 d. 

  Minerals (mg/kg wet weight basis) 

 Treatments Macro  Micro 

  Na Mg P K Ca Fe Zn  Cr Mn Ni Cu Rb Sr Cs 

0 d T1 1046bc 545ab 4384ab 9340.2b 126.2 60.5b 96.5  0.03 0.16 0.05c 1.41c 31.26c 0.06 0.34c 

 T2 968c 493b 3947b 7862.7c 97.7 50.7c 95.2  0.027 0.15 0.04c 1.74d 28.50d 0.05 0.28d 

 T3 886c 519ab 4149b 8445.5b 105.1 60.6b 108.2  0.07 0.16 0.06bc 1.69bc 31.55c 0.06 0.26c 

 T4 948c 518ab 4100b 8379.1bc 106.9 59.2bc 109.8  0.05 0.15 0.05c 1.25c 29.48c 0.06 0.36c 

                 

21 d T1 1412ab 568a 4796a 11254.9a 105.81 66.9a 108.6  0.04 0.17 0.06bc 2.2ab 33.49bc 0.09 0.56a 

 T2 1270ab 543ab 4355ab 9070.9bc 95.2 54.1b 102.4  0.04 0.13 0.07bc 1.92b 39.20c 0.09 0.35c 

 T3 1458a 550ab 4370.6ab 9230.7bc 112.7 66.3bc 103.7  0.16 0.17 0.09a 1.78a 34.72bc 0.09 0.34ab 

 T4 1088abc 536ab 4344.8ab 9075.5bc 97.1 68.6bc 97.5  0.03 0.15 0.07bc 1.98a 44.36a 0.09 0.32ab 

 SEM 92.9 14.2 116.2 325.1 7.6 5.3 3.8  0.02 0.02 0.02 0.25 2.94 0.03 0.06 

p values Age-time 0.000 0.004 0.000 0.000 0.121 0.033 0.869  0.347 0.094 0.002 0.003 0.003 0.176 0.042 

 Treatment 

(air velocity) 

0.213 0.079 0.002 0.000 0.293 0.262 0.618  0.061 0.801 0.452 0.219 0.219 0.200 0.581 

 Age-time* 

Treatment 

(air velocity) 

0.685 0.568 0.760 0.215 0.405 0.944 0.130  0.108 0.502 0.109 0.567 0.999 0.298 0.996 
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Table 6.7 continued… 

  Minerals (mg/kg wet weight basis) 

 Treatments Macro  Micro 

  Na Mg P K Ca Fe Zn  Cr Mn Ni Cu Rb Sr Cs 

Reference 

material 

 14550 951 7825 14300 2391 328.5 51.5  1.86 3.08 0.05 15.0 2.85 9.6 - 

Experimental 

obtained 

values 

 2400.0 

±70.7 

910 

±17.0 

8000.0 

±162.6 

15500 

±141.4 

2360.0

±19.8 

343.0 

±6.4 

51.6 

±1.2 

 1.87 

±0.04 

3.17 

±0.04 

0.03 

±0.001 

15.7 

±0.1 

2.6 

±0.1 

10.1 

±0.2 

0.07 

±0.001 

Recovery (%)  104 105 98 92 101 96 100  99 97 N/A 96 95 95 N/A 
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General discussion on mineral analysis  

Lean red meat can play an important role in a healthy balanced diet because of the nutrients 

that it contains. The higher abundance of essential trace elements in red meat such as iron 

(which can help prevent anaemia) and zinc (important for immune system functioning and 

fertility), are more readily available in beef compared to other food products (Pereira et al., 

2018; López-Alonso et al., 2016). In the present study, of the 39 minerals analysed, only 14 

were found to be above their respective detection limits. The concentrations of the identified 

and quantified minerals in lean bull beef were comparable with the findings of previous 

studies. Khan et al. (2018) investigated the concentration of macro- and micro-minerals in NZ 

beef and the results (reported on dry-weight basis) are similar to that of the present study. For 

example, in the present study, Na at 0 d for lean bull beef averaged 1828 mg/kg on a dry-

weight basis, was very similar to the mean of 1875 mg/kg dry weight reported by Khan et al., 

(2018). Similar results were identified with other macro-minerals such as Mg, and such 

similarities were expected as the meat samples were all from the same M. longissimus et 

lumborum muscle and animals raising under similar conditions in NZ. As reported above, the 

mineral content across 11 of the 14 measured minerals increased with the ageing process. This 

trend is quite different compared to that reported for wet-aged cold boned beef by Khan et al. 

(2017), that was aged for 14 d, for which a decline in the macro-minerals P, K and Fe was 

reported. In that study, P values declined from 7438 mg/kg to 7100 mg/kg on a dry weight 

basis, K had means declining from 16123 to 15883 mg/kg dry-weight basis. There is the 

possibility that loss in mineral content in sarcoplasmic factions is due to drip loss. With in-bag 

dry ageing, any sarcoplasmic losses would be limited as the dry ageing bags would allow 

moisture to exit and minimal drip losses (containing sarcoplasmic fractions) collected as the 

losses would be in the form of moisture only. This also would make sense as shown with Fe 

contained in haemoglobin, which would collect in the purge loss in the wet aged samples 

compared with dry aged were it appears more retention is attained. 
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Increases in mineral concentration after meat processing involving moisture removal 

/treatments have been reported for beef (Lombardi-Boccia, Lanzi, and Aguzzi, 2005) in which 

a 61% and 40% increase Fe and Zn concentrations was found, respectively (on a wet sample 

basis) in beef sirloin following pan-cooking. The apparent increase in Fe and Zn 

concentrations were 42% and 40% in beef fillet under the same cooking conditions. Also, 

grilled beef ribeye and boiled beef brisket had a relatively lower increase in concentration of 

these minerals due to cooking (16.6% and 25.4% for Fe and 2.2% and 17.9% for Zn, 

respectively) (Gerber et al., 2009). The reported increase in mineral concentrations as a result 

of cooking is clearly related to the reduction in the moisture content of meat during cooking 

process. 

In the present study, the retention of minerals is a positive from a nutritional perspective. 

When a consumer of the dry aged beef portion, for instance from T1 treatment group would 

be in consuming increased mineral content per kg on average compared with the 

conventionally aged samples. Commercially, the increase in nutritional minerals could be 

seen as a value addition to the meat considering the lean bull beef is regarded as a low value 

product.  In terms of potentially toxic elements, such as As, Hg, Cd and Pb, their levels were 

not detectable (< 0.008 mg/kg dry weight). None of the lean bull beef samples analysed in the 

current research exceeded the maximum allowed levels for Cd and Pb (0.050 and 0.01 mg/kg 

wet-weight weight, respectively) established by the European Commission (2001) (Blanco-

Penedo et al., 2010).  

With regard to the effect of treatment group, it can be identified that the only 2 minerals (P 

and K) out of the 14 quantified minerals were significantly affected by T1 (p < 0.05). This 

indicates that these two macro-minerals were significantly influenced by the extended time of 

in-bag dry ageing (p < 0.002). For the other treatments, T2, T3 and T4 did not seem to 

influence the patterns of mineral concentration. From a lipid oxidative perspective, the 

increase in concentration of transition metals such as Fe, Ni and Cu from 0 d to 21 d across 
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the treatment groups could possibly in part explain the increased lipid oxidation. Over the 

ageing time there is concentration of these transition elements/ minerals, coupled with 

increased antioxidant depletion (as presented in section 6.8.4) and breakdown of cellular 

compartmentalisation in intact muscle, increasing the interactions of labile polyunsaturated 

lipids with peroxyl and other radicals, thereby increasing the build-up of oxidative by-

products (Carlsen, Møller, & Skibsted, 2005). The micro-mineral Ni is known to participate 

in oxidative reactions such as nickel induced lipid peroxidation (LPO). Nickel is also known 

for its inhibition of enzymatic cellular systems such as glutathione (SH), glutathione reductase 

(GSSG-R) and catalase potentially increasing oxidative damage (Rodriguez & Kasprzak, 

1989). The treatment groups (T1 - T4) seem to not have a significant effect on these transition 

elements with ageing only being the main influencer on mineral concentrations. 

Conclusion 

Stepwise in bag dry ageing process is a novel smart packaging technology to obtain premium 

traditional product with lower oxidative by-products. The results of the present study 

highlighted some key findings, there is a high abundance of monounsaturated fatty acids 

(MUFAs, particularly C18:1cω-9) in these NZ raised lean bulls analyzed here and one key 

observation on this process is high retention of their oxidative stability over ageing time and 

across all in-bag dry ageing treatments (varying air velocities 0.5 - 2.5 m/s). This is an 

advantage for the industry as the dry ageing can be performed with minimal compromise on 

nutritional value of oleic acid in the meat product. Higher presence of vitamin content (α-

tocopherol) made the product more stable to oxidative modifications. The results show T1 

treatment (0.5 m/s In bag dry age 21 d) and T4 (2.5 m/s, 7 d in-bag dry age +14 d wet ageing) 

provided more conducive environment for oxidation reactions but the oxidative by-product 

generated were well within recommended/acceptable thresholds (for secondary oxidation by-

products), confirming the results from sensory studies of high product acceptability (personal 

communication Dr Farouk/Renyu Zhang AgResearch).  This stepwise process adds value and 
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export potential to lower grade meat without compromising the stability of bioactive 

compound CLAs. This finding further confirms the high oxidative stability of bioactive CLA 

compound to various beef processing conditions. The results show that primary oxidation 

products (PV and CD are still been generated at 21 d, however future work needs to explore 

the intermittent sampling during the ageing process to determine succinctly the peaking and 

decline in their formation. The stepwise in-bag dry ageing process increased the trace mineral 

concentrations, including some pro-oxidant transition elements (Fe, Cu, and Ni), this was 

probably not a desirable but the controlled moisture loss concentrated some essential, 

nutritional minerals per kg in meat, thereby increase the value of the product.   
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Chapter 7 

Metabolite profiles and targeted analysis of protein oxidative 

modifications in lean bull beef dry aged using stepwise in-bag 

technique 

7.1 Introduction 

The dry ageing process, as described in chapter 3, is important in the development of unique 

flavour profiles and causes changes in metabolite profiles of meat (Kim et al., 2016; Li et al., 

2013). Most of the metabolite profiling conducted in meat has been used for fingerprinting 

meat, determination of geographical origin (for conservation purposes) (Castejón et al., 2015; 

Jung et al., 2010), determination of fraudulent administration of synthetic corticosteroids for 

growth promoting purposes (Leporati et al., 2013), postmortem ageing (Kim et al., 2016) and 

irradiation doses. In chapter 6, the primary focus was on the effects of applying a novel smart 

packaging technology in a stepwise process coupled with varying air velocity in a chilling 

chamber and the effect that this had on lipid oxidation, antioxidant activity, and mineral and 

trace elements. This current chapter builds on this work to investigate the basal metabolites 

profile, assess changes over the ageing time, and how the levels of metabolites are modified 

under the different treatment regimens of varying air velocity and the stepwise ageing 

process. The ability to regulate the air velocity in the dry ageing process is critically important 

as it offers the processor the ability to control the drying rate and weight loss in the meat 

product (Lee et al., 2017; Khan et al., 2016b). One of the fundamental questions that was 

addressed in this chapter was how the variations in moisture loss and different O2 exposure 

amongst the treatment groups affected the metabolite profiles. 

The second objective of this chapter was to investigate protein oxidation using traditional 

methods (e.g. the 2,4-dinitrophenylhydrazine DNPH method) and also the accumulation of 

targeted, specific protein oxidation biomarkers, γ-glutamic semialdehyde (GGS) and α-
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aminoadipic semi-aldehyde (AAS), in dry aged lean bull beef similar to that reported in 

chapter 5. As elaborated in the introduction section of chapter 5, oxidation products contribute 

to the unique flavour development of dry aged meat products, but their monitoring is 

important as excessive protein oxidative modifications followed by aggregation and 

denaturation of proteins could lead to increased meat toughness after packaging in aerobic 

systems and a release of a series of aldehydes and ketones, which can adversely affect the 

flavour perception of the meat product (Fuentes et al., 2010). In addition, protein oxidation-

induced changes may decrease the bioavailability of amino acid residues and modify the 

digestibility of proteins, which negatively affects the nutritional value of meat proteins (Lund 

et al., 2010). A schematic presentation of the experimental design and the analyses carried out 

in this study is shown in Figure 7.1. 



 238 

 

Figure 7.1 Schematic overview of experimental analyses performed and discussed in chapter 7. 
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7.2 Methods and Materials 

7.2.1 Reagents and chemicals 

All chemicals and reagents used were as reported in Sections 3.2.1 and 5.2.1 for metabolite 

profiles and protein oxidation analyses.  

7.2.2 Instruments and Equipment 

The instruments and equipment were as reported in Sections 3.2.2 and 5.2.2. 

7.2.3 Meat samples 

 Meat samples were those reported in chapter 6, Section 6.2.3. 

7.2.4 Metabolite profile analysis  

Extraction process 

The analysis of metabolites was replicated as reported in Section 3.2.6. 

NMR spectroscopy: metabolite identification, verification, quantitation and data 

processing 

NMR spectra were obtained on a Varian 500 MHz AR Premium Shielded NMR spectrometer 

equipped with a 14.09 T superconducting magnet, and VNMRJ 4.2 software was used to 

acquire spectra at a set temperature of 25°C. The spectrum was acquired for each sample as 

reported in section 3.2.7. 

Metabolite quantification and data processing 

Quantification of 31 identified metabolites in samples from the in-bag stepwise dry aged lean 

bull beef was done using the following equation: 
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Molarity (Met) = [intensity (Met) ∕intensity (Ref)] × [number of protons (Ref) ∕number of 

protons (Met)] × molarity (Ref) 

Where Met denotes metabolite, Ref denotes Sodium trimethylsilylpropanesulfonate (DSS), 

molarity (Ref) = 5 mmol/L and number of protons (Ref) = 16. 

The resulting metabolite concentration table was exported to Excel where sample identifiers 

were added. The final result was then calculated and reported as µmol/g of beef meat. 

7.2.5 Protein oxidation - total carbonyl content determination using 

dinitrophenylhydrazine (DNPH) method 

The total carbonyl content determination in stepwise in-bag dry aged lean bull beef using the 

DNPH method was as described in Section 5.2.4. 

7.2.6 Targeted protein oxidation analysis 

7.2.7 HPLC-FLD analysis of α-aminoadipic and γ-glutamic semialdehydes 

(AAS and GGS)  

The quantification of protein oxidation biomarkers AAS and GGS was as reported in 

Sections 5.2.7 and 5.2.8 respectively. 

The resulting AAS-ABA and GGS-ABA were purified by using silica gel column 

chromatography (Chapter 5, Figure 5.5) and ethyl acetate/acetic acid/water (20:2:1, v/v/v) as 

elution solvent. The purity of the resulting solution and authenticity of the obtained 

compounds following the aforementioned procedures were checked using mass spectrometry 

MS and 
1
H NMR (Akagawa, Suyuma, & Uchida, 2009; Estévez et al., 2009). 
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Optimization of HPLC separation of standards 

HPLC -FLD analysis of AAS and GGC in the aged venison samples 

7.2.8 HPLC- FLD analysis of α-aminoadipic acid (AAA) 

The concentration of AAA in lean bull beef was determined using the protocol as described 

in Section 5.2.8. 

7.2.9 Fluorescence measurement of Schiff base structures (SB) 

Determination of Schiff bases in lean bull beef was as described in Section 5.2.9. 

7.2.10 Statistical analysis 

A complete randomised trial was designed with 30 striploins from 15 beef carcasses (n = 30) 

that were randomly assigned to four different treatment combinations (1 control dry-ageing; 

T1: n = 6 and 3 stepwise ageing regimes; T2 – T4: n = 8 for each). Linear mixed effect 

regression analyses were performed on the data using the “lme4” package in R (version 3.4.1) 

to determine the difference between four treatment combinations across the ageing time. The 

ageing treatments (T1 – T4) and ageing time (0 and 21 d) were included as fixed effects, 

where the sample ID (loin number) was included as a random effect to account for the uneven 

number of samples between the control and other treatments. Data for metabolite profiles, 

total carbonyl content, α-aminoadipic semialdehyde (AAS), γ-glutamic semialdehyde (GGS), 

α-aminoadipic acid (AAA) and Schiff base structures (SB) concentrations were tabulated 

using Microsoft Excel spreadsheets. One-way analysis of variance (ANOVA) using (version 

3.4.1), R Core Team (2019), was performed to determine the effect of air velocity, stepwise 

ageing, and ageing time. Pairwise multiple comparisons were performed using the 

“Predictmeans” package. Correlation analysis was done by using pairwise complete 
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observations. Principal component analysis (PCA) for the metabolite profiles was performed, 

and the first and second principal components were plotted with points coloured by ageing 

time and treatment. Post hoc comparison of means was performed using Fisher’s least 

significant differences (LSD) and Tukey’s (HSD) test at the 5% significance level. 
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7.3 Results and discussion 

7.3.1 Identification, quantification and ageing effect on metabolites in stepwise 

in-bag dry aged lean bull beef 

A total of 31 metabolites were identified and quantified in the dry aged lean bull beef. The 

identified metabolites were 11 amino acids (alanine, glutamine, glutamate, leucine, 

isoleucine, methionine, phenylalanine, threonine, tyrosine, tryptophan and valine), a 

dipeptide carnitine, three organic acid derivatives (lactate, succinate and acetate), four sugar 

compounds (mannose, glucose, glucose-1-phosphate and glucose-6-phosphate), three alcohol 

compounds (methanol, ethanol and glycerol) nucleotide niacinamide, imidazole dipeptide 

carnosine, purine derivatives (inosine, inosine monophosphate (IMP), hypoxanthine) and four 

other compounds (creatine, o-acetyl-carnitine, creatinine and betaine). The number of 

identified metabolites in this present study is slightly higher (by 3) than that reported by 

Graham et al., (2010) for beef M. longissimus et. dorsi stored for different periods 

postmortem. The increase in identified compounds may be due to improved instrumentation 

used in the present study, coupled with higher number of scans applied (256 scan and 96k 

data points). Kim et al., (2016) recently identified 32 metabolites in beef short loins (M. 

longissmus et. lumborum; bone-in), obtained from 2-year-old steers. A selection of prominent 

metabolites identified in the present study are presented in the NMR spectrum presented in 

Figure 7.3 below.  
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Figure 7.2 A representative 500 MHz 
1
H NMR spectrum of an extract taken from a Holstein-

Friesian lean bull beef muscle (M. longissimus et. dorsi) dry aged for 21 d. All 

chemical shifts were referenced to that of DSS at 0.00 ppm with the residual 

water chemical shift partially subdued (δ = 4.8 - 4.6 ppm).  

The two most prominent resonances at δ 1.32 (doublet) and δ3.04 (singlet) correspond to 

lactate and creatine (with pooled means of 49.2 and 21.1 µmol/g meat, respectively).  Lactate 

represented the single most dominant metabolite.  The high abundance of lactate (which 

provides the characteristic sour taste in meat) in the beef samples occurring following 

exsanguination is due to anaerobic post-mortem glycolysis (Lawrie 1992).  The means 

obtained for lactate were in agreement with previous publications (Kim et al., 2016) that 

reported pooled means of 53 µmol/g meat in dry ageing beef LD (bone-in). Higher 

concentrations of creatine, up to 40 µmol/g meat, have been reported in previously published 

work with beef LD muscle compared to the present study (Polak, Gašperlin, & Žlender, 
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2007). Creatine is a critically important metabolite compound that contributes to the 

characteristic flavour in aged red meat (Kodani et al. 2017). Creatine is converted to a brothy 

taste compound, N-(4-methyl-5-oxo-1-imidazolin-2-yl) sarcosine, through an amino-carbonyl 

reaction with methylglyoxal during the cooking process (Kodani et al., 2017; Shima et al., 

1998). Other highly abundant metabolites found in this investigation included dipeptide 

carnosine and imidazole dipeptide carnitine (10.36 µmol/g and 3.76 µmol/g meat, 

respectively). This is consistent with previous reports for pooled samples of aged beef loins 

(Kim et al., 2016; Dragstead, 2010; Shimada et al., 2004). 

All of the identified metabolites were affected by the ageing time (p < 0.05), with 24 out of 

the 31 metabolite concentrations increasing over the 21 d ageing period. Metabolite 

concentrations, and in particular the concentration of free amino acids were increased as a 

result of the increase in proteolysis (Koutsidis et al., 2008b). The myofibrillar proteins are 

likely hydrolyzed into polypeptide fragments by muscle proteinases (calpains, cathespins and 

multi-catalytic proteinases), and the generated polypeptides are exposed to the action of 

dipeptidyl and tripeptidyl peptidases which generate small peptides (Koutsidis et al., 2008b). 

The last step of these proteolytic reactions in post-mortem meat is the generation of free 

amino acids by muscle aminopeptidases and carboxypeptidases (Moya et al., 2001). The 

concentration of free amino acids in meat will be affected by the extent of water loss during 

the ageing process (Graham et al., 2010).  

A trend of increasing concentrations of phenylalanine, methionine and isoleucine correlating 

with longer ageing time was also found by Koutsidis et al. (2008a, b) for beef aged from 3 d 

to 21 d. Other compounds such as hypoxanthine have been reported to increase with ageing 

time that is likely to arise from the enzymatic breakdown of ribonucleotides to free ribose, 
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hypoxanthine and phosphate, resulting in their significant increase over ageing time 

(Koutsidis et al., 2008b).  

7.3.2 Principal component analysis 

Principal component analysis (PCA) has been widely applied in metabolite profiling studies 

comparing NMR spectral data obtained from various sources (animal tissue and fluid 

secretions) to determine whether spectral differences exist between various groups (Weljie et 

al. 2006). In the present study, PCA was applied to determine if ageing time and the 

treatment group effects lead to clear separation for the meat samples from various treatment 

groups. Figure 7.3 shows the PCA scores plot for the 0 d and 21 d beef samples. A 92.6% of 

the variance among the various treatment groups was explained by the ageing time and the 

treatments, with principal component one (PC1) explaining 88.3% of the variation and PC 2 

explaining 4.3%. PC 1 gives the contrast between ageing times (d) with PC 2 giving the 

contrast between treatment groups T (1, 4) and (2, 3), although only low variation was 

explained by the treatment groups (1%).  
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Figure 7.3 Scores plot from the principal component analysis (PCA-correlation method, PC1 

vs. PC2) of the NMR-derived metabolite profiles of the stepwise in-bag dry aged 

lean bull beef extracts at 0 d and 21 d. Circled (in blue), a cluster showing 

metabolites affected by treatment group regimens (p < 0.05). 

As seen in the PC1, the negative shift (a negative correlation with ageing time) observed with 

sugar derivative metabolites such as glucose, glucose-6-phospate, and glucose-1-phosphate 

showed a decline from 0 d to 21 d in their quantities (P < 0.05). For instance, glucose 

decreased with ageing time from an overall mean of 4.29 µmol/g meat at 0 d to 3.63 µmol/g 

meat at 21 d (p < 0.001). The glucose level in lean bull beef at 0 d declined across all the 

treatment groups after 21 d of ageing. This in part would draw a parallel with the increase in 

lactate resulting from glycolysis utilising glucose as a precursor (Graham et al., 2010). 
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Glucose 6-phosphate, a glucose sugar phosphorylated at the hydroxy group on carbon 6, a 

metabolite common to the glycolysis and the pentose phosphate pathways, decreased with 

ageing time from an overall mean of 2.24 µmol/g meat at 0 d to 1.80 µmol/g meat (p < 

0.001).  It is most likely that depletion of glucose would occur via glycolysis over the 21 d 

ageing time. Purine derivatives, such as inosine and inosine monophosphate (IMP) were also 

decreased after the 21 d ageing. IMP is produced by the deamination of adenosine 

monophosphate (AMP) and is a ribonucleoside monophosphate intermediate in purine 

metabolism. Further hydrolysis of  IMP  produces inosine (Davies et al., 2012). In terms of 

PCA separation based on treatment group, low variation is explained but some groupings can 

be identified, particularly for free amino acids released over the ageing time. Leucine, 

isoleucine, tyrosine and methionine had high loading, and clustered in the 2
nd

 quadrant (for 

PC2), showing a treatment group effect coupled with an increase in concentrations as a 

function of ageing time (p < 0.05).  In the current investigation, the levels of leucine were 

found to be at a much higher level than that reported by Feidt et al. (1996) in 20-month-old 

Friesian bull M. longissimus et. dorsi muscle. Other compounds found to be affected by the 

treatment groups were betaine and lactate as shown on the PCA and are discussed in detail in 

the following section. 

7.3.3 Deciphering the treatment effect on the metabolite profiles of stepwise in-

bag dry aged lean bull beef 

Table 7.1 below shows the metabolites that were significantly affected by the treatment 

groups (p < 0.05). Of the 31 metabolites identified in the study, 8 metabolites (leucine, 

isoleucine, methionine, phenylalanine, tyrosine, lactate, betaine and creatinine) were affected 

by the treatment groups (p < 0.05). Lactate (an organic acid derivative) contents were not 

different on 0 d across all treatment groups, however differences were found at the 
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completion of the 21 d ageing process (p < 0.05), and as well as the interaction of the ageing 

time and treatment group was evident (p < 0.05). The control group (T1), interestingly with 

similar air velocity (0.5 m/s) to T2 treatment group, was significantly different to the other 3 

treatment groups as it recorded the lowest concentration at 46.17 µmol/g meat , the other 3 

treatment groups (T2, 51.33 µmol/g meat) (T3, 49.65 µmol/g meat) and (T4, 49.33 µmol/g 

meat).  The low concentration in the T1 treatment group could be attributed to the extended 

exposure to aerobic conditions that would less support the glycolytic pathway compared with 

the T2, T3 and T4 treatment groups that would have been exposed to the aerobic conditions 

for only the first seven days in the stepwise process and then vacuum packed, where the 

conditions are anaerobic conditions, conducive to lactate production (anaerobic glycolysis). 

As for the amino acids leucine, isoleucine, methionine, phenylalanine and tyrosine identified 

to be affected by treatment groups, one key observation is their higher abundances in the T1 

treatment group, and the increased moisture loss recorded (in a study conducted by 

AgResearch Centre, T1= 20.48%; T2 = 9.80%; T3 = 10.92%; and T4 = 11.54% moisture 

loss, personal communication - Dr Mustafa Farouk) in that particular treatment group may 

increase the concentrations of the released free amino acids. Further, the increased exposure 

to aerobic conditions could possibly have increased the proteolytic activity in the treatment 

group leading to more release of the amino acids in the treatment group. The interaction of 

ageing time and treatment group appeared to have an effect on the leucine, isoleucine and 

tyrosine (Table 7.1, p < 0.05) 
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Table 7.1 The mean concentrations of metabolites affected by the group treatments for 0 d and 21 d stepwise in-bag dry aged lean bull beef. 

abcd
 Means within the same row with different superscripts were significantly different (p < 0.05). 

(µmol/g meat) 0 d 0 d 0 d 0 d 21 d 21 d 21 d  21 d SEM Ageing-

time 

Treatment group 

(air velocity) 

Ageing time* 

Treatment group 

 T1 T2 T3 T4 T1 T2 T3 T4     

Amino acids             

Leucine 0.85
d
 0.81

d
 0.87

d
 0.85

d
 1.44

a
 1.11

c
 1.20

b
 1.15

bc
 0.03 0.001 0.001 0.000 

Isoleucine 0.23
c
 0.22

c
 0.24

c
 0.23

c
 0.48

a
 0.41

b
 0.40

b
 0.37

b
 0.015 0.001 0.006 0.003 

Methionine 0.47
c
 0.46

c
 0.42

d
 0.45

cd
 0.64

a
 0.66

a
 0.57

b
 0.66

a
 0.013 0.000 0.000 0.221 

Phenylalanine 0.18
d
 0.21

c
 0.20

cd
 0.20

cd
 0.26

b
 0.29

ab
 0.33

a
 0.32

a
 0.015 0.001 0.030 0.454 

Tyrosine 0.25
c
 0.25

c
 0.25

c
 0.26

c
 0.54

a
 0.44

b
 0.39

b
 0.42

b
 0.02 0.000 0.001 0.000 

Organic acids             

Lactate (derivative) 42.17
c
 42.00

c
 40.51

c
 40.5

c
 46.17

b
 51.33

a
 49.65

a
 49.33

a
 0.83 0.000 0.030 0.001 

Other compounds             

Betaine 0.36
b
 0.33

c
 0.31

c
 0.30

c
 0.42

a
 0.38

ab
 0.38

ab
 0.35

b
 0.02 0.000 0.001 0.863 

Creatinine 0.93
c
 0.83

c
 1.10

c
 1.14

c
 2.19

a
 1.98

b
 2.21

a
 2.23

a
 0.08 0.001 0.001 0.902 
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Other compounds affected by the treatment group regimes were betaine and creatinine (p < 

0.05).  Betaine, as shown in the PCA in Figure 7.3 had a negative correlation with the 

treatment groups as shown by PC 2 with the amount of betaine declining over the T1 to T4 

treatments at 21 d). Betaine is used as an organic nutritional supplement to ameliorate the 

effects of heat stress in cattle (Huang et al., 2008; Bock et al., 2004). Betaine is biologically 

synthesized as a metabolite of choline and is also used as a food additive because of its useful 

taste modification effects (Kodani et al., 2017). The primary source of betaine identified in 

muscle would likely have been from dietary intake of sugar beet by young bulls prior to 

slaughter. Physiologically, mammals utilise the consumed betaine as a methyl donor able to 

participate in protein and lipid metabolism, or when not catabolised, betaine acts as an 

organic cellular osmo-protectant (DiGiacomo et al., 2014); Huang et al. 2007). It is plausible 

that betaine would be present at a higher concentration in T1 due to moisture loss.  Creatinine 

concentration, a cyclic derivative of creatine, a breakdown product of creatine phosphate in 

meat, increased from  0 d to 21 d with  the T2 treatment group (1.98 µmol/g meat), and was 

significantly lower with the T1 (2.19 µmol/g meat), T3 (2.21 µmol/g meat) and T4 (2.23 

µmol/g meat) treatment groups (p < 0.05). The creatinine content in the present study is 

higher than that reported by Kim et al. (2016) of 1.2 µmol/g meat. It would appear in the 

present study that there was an increased breakdown of creatine phosphate occurring in the 

treatment groups subjected to higher air velocity (T3 and T4), or extended exposure to low air 

velocity (T1). 
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7.3.4 Determination of total carbonyl content in stepwise in-bag dry aged lean 

bull beef. 

Metabolic and proteolytic processes occurring in muscle tissue as it ages give rise to 

formation of reactive oxygen species and other oxidative compounds (Rowe et al., 2004). 

These oxidative species include hydroxyl radicals, peroxyl radicals, superoxide anions, 

hydrogen peroxide, and nitric oxide, leading to the formation of protein oxidised by-products 

(Rowe et al., 2004). In this section, total carbonyl content was determined using the DNPH 

method. Oxidation of proteins that was found during the ageing period is shown in Table 7.2 

below. The amount of protein carbonyls increased significantly from 0 to 21 d across all of 

the treatment groups (p < 0.001). The initial overall mean of protein carbonyl content for day 

0 samples was 0.84 nmol/mg protein. The basal level of carbonyl content reported in this 

study was lower compared to previous reported studies on unaged beef by Rowe et al., (2004) 

who reported approximately 2 nmol/mg protein at 0 d. This can be explained by the 

differences in the content of antioxidants, such as vitamin E present at 0 d point, as presented 

in chapter 6 (section 6.7.6), with high α-tocopherol determined in samples of the present 

study. Protein carbonyls are formed mostly by the interaction between protein and aldehydes 

formed as a result of lipid oxidation (Batifoulier et al., 2002). In the present study the results 

are consistent with the low TBARS recorded at 0 d (Chapter 6, Section 6.8.3), that show 

minimal generation of oxidative products of aldehydes and ketones (significant in initiating 

protein oxidation) at that early stage of the ageing process. 
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Table 7.2 Total protein carbonyls measured in stepwise in-bag dry aged lean bull beef using the DNPH method. 

 Treatments Total carbonyl content (nmol/mg protein) 

 0 d T1 0.81
c
 

 T2 0.82
c
 

 T3 0.82
c
 

 T4 0.89
c
 

21 d T1 1.58
ab

 

 T2 1.54
b
 

 T3 1.53
b
 

 T4 1.64
a
 

 SEM 0.04 

P values Ageing-time 0.000 

 Treatment (air velocity) 0.039 

 Ageing-time*Treatment (air velocity) 0.08 

abc
 Means within the same column with different superscripts were significantly different (p < 0.05). 
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The carbonyl content increased after 21 d of dry ageing and storage in vacuum packs as 

expected, across all samples increased to a mean of 1.55 nmol/mg protein accounting for a 2-

fold increase in carbonyl content between 0 d and 21 d treatment groups. It is reasonable to 

suggest that the muscle proteins were subjected to oxidative stress during processing, leading 

to oxidative degradation of amino acid side chains such as lysine, proline, arginine and 

histidine residues (Stadtman et al., 2003). These results are in agreement with reports 

showing the oxidative modification of these AA (Martinaud et al., 1997). In chapter 6, 

Section 6.7.7 it was found that there was an increase in the concentration of transition metals 

(Fe, Cu and Ni) from 0 d to 21 d. The increased combination of these transition metals with 

H2O2 (through the Fenton reaction) is a proven effective pro-oxidant of muscle proteins 

(Martinaud et al., 1997). In addition, H2O2 is not required as transition metals can generate 

ROS from oxygen. The ascorbic acid present in muscle also can create a redox cycle by 

converting the oxidised form of the metal ion to the reduced counterpart, which in turn can 

sustain ROS formation from oxygen that enters the in-bag dry-ageing bags over the 21 d 

ageing time (Lund et al., 2011; Kanner, Hazan, & Doll, 1988). 

The total carbonyl contents in this study was found to be comparable to the wet aged venison 

samples reported in chapter 5 (section 5.3.1) for both studies that had range between 1.51 and 

1.66 nmol/mg protein. The means reported for the dry aged venison in chapter 5 are however 

higher (1.98 nmol/mg protein), supporting the higher susceptibility of venison to oxidative 

modifications compared with the lean bull beef animal model (Farouk et al., 2007) due to 

higher iron content. 

The air velocity treatment groups had an effect on the total carbonyl content (p < 0.05). The 

highest carbonyls were reported in the treatment groups T4 with means of 1.64 nmol/mg 

protein at 21 d. In terms of treatment effects, T4 was significantly different from T2 and T3 
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(p < 0.05). No differences were identified between T1, T2 and T3. The higher air velocity 

employed for the T4 group treatment could possibly be the reason for the increased 

carbonylation. As previously mentioned, the novel in-bag dry ageing smart packaging allows 

oxygen passage into the bag and moisture out. The increased velocity (2.5 m/s) appears to 

correlate with the higher moisture loss, thereby concentrating the pro-oxidants (transition 

metals), and increasing oxidative interactions of amino acid side chains of myofibrillar 

proteins with the metallo-catalysts and lipid oxidation by-products, to cause increased protein 

(carbonylation) oxidation. Despite this significance, however, the carbonyl contents were still 

low across all of the treatment groups after 21 d ageing, This is perhaps due to the heightened 

pro-oxidant presence (once again, the higher abundances of antioxidant α-tocopherol content, 

chapter 6, section 6.7.7), and the effect of the packaging material that would regulate protein 

oxidative modifications.  

The lipid soluble Vitamin E prevents peroxidation chain reactions in cellular membranes by 

interfering with the propagation of free radicals generated (Ryan et al., 2010). In the present 

study the α-tocopherol content was found to be high and this appears to have enabled the 

meat samples to retain the ability to maintain an antioxidant defense system, which can result 

in a reduced accumulation of reactive oxygen and nitrogen species, thereby reducing the level 

of protein carbonylation in lean bull beef (Zhang et al., 2013).  

7.3.5 Accumulation of α-aminoadipic semi-aldehydes (AAS) in stepwise in-bag 

dry aged lean bull beef 

The specific protein oxidation marker (AAS) was quantified to assess the oxidative 

deamination of the amino acid lysine from 0 d to 21 d and treatment effects on the in-bag dry 

aged lean bull beef with results presented in Figure 7.4 and 7.5 below. As expected, AAS 

content was affected by the ageing time (p < 0.000), as proteolytic changes over the ageing 
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time, reduction in water activity and increased concentration of solutes and pro-oxidants lead 

to increased reactive interactions in the meat product, increasing AAS accumulation. This 

result is in agreement with the above result from total carbonyl content determination using 

the DNPH method. The treatment groups at 21 d had an effect (p < 0.05) with the interaction 

of the ageing time and treatment groups not influencing the generation of AAS (p > 0.05). As 

expected for raw and uncooked meat, the samples had small amounts of the semialdehydes. 

The treatment groups at 0 d had means of 0.11 nmol/mg protein and increased to 0.37 

nmol/mg protein at 21 d. This was a 3-fold increase but comparatively similar with other 

previous studies and these contents are of a low level (Ganhão, Morcuende, & Estévez, 

2010).  The venison (80% RH trial) DAHPEF samples reported in chapter 5, (Section 5.3.3) 

had an AAS content mean of 0.47 nmol/mg protein at 21 d. The lean bull beef samples had 

lower contents, perhaps as a result of limited oxygenic exposure due to the packaging barrier, 

and secondly due to the lower quantities of long chain unsaturated fatty acids such as linoleic, 

linolenic, and arachidonic acids of which their subsequent radicals are ideal precursors of 

protein carbonylation (Lund et al., 2011). Venison is known to be rich in oxidative fibres that 

are prone to oxidative modifications. This effect can be attributed to the reported larger 

amount of phospholipids and myoglobin in oxidative muscles (Wiklund et al., 2006).   

The treatment groups at 0 d were not significantly different from each other (p > 0.05). 

Differences were identified at 21 d, with the T1 treatment group having a significantly higher 

content compared with the T2 (0.5 m/s) and T3 (1.5 m/s) treatment groups. The difference 

between T1 and (T2 & T3) groups is not primarily due to the air velocity (as the T1 treatment 

group was subjected to 0.5 m/s), but more due to their extended exposure to aerobic 

conditions. The trends of the lysine residue oxidations in these treatment groups linearly 

followed the DNPH results reported above (Section 7.3.4) for total carbonyl content. The 

treatment group T1 had an increased moisture removal (based on a study conducted by 
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AgResearch Centre, T1= 20.48%; T2 = 9.80%; T3 = 10.92%; and T4 = 11.54% moisture 

loss, personal communication-Dr Mustafa Farouk), which would result in concentration of 

the pro-oxidants, hence increasing the modification of the amino acid lysine side chains. As 

for the T4 treatment group, exposure to an air velocity of 2.5 m/s appeared to have a 

comparable effect to that of T1 and T3. In this treatment group it is evident that air velocity 

has an effect with an increase from 0.5 to 2.5 m/s (for treatments T2 - T4), and as a result had 

an effect on the accumulation of AAS. Two factors possibly could have had an effect on the 

reaction mechanism. The increased O2 interaction at higher air velocity with the surface of 

the meat (where meat sampling what collected). The small amounts of O2 allowed through 

the bags consumed during this stage was likely converted to free radical ROS and it is 

plausible that more radicals were generated in the T4 compared to T2 treatment group, 

thereby oxidising more of the lysine residues (Moylan et al., 2014). It appears the degradation 

of unsaponifiable and PUFA fraction meat lipids reported in chapter 6, and conversion of 

oxy(Mb(Fe
2+

) to metmyoglobin pigment as reported by personal communication (Dr. 

Mustafa Farouk, AgResearch group, 2019) would increase generation of more free radicals, 

leading to more lysine attack  producing more AAS in the T4 compared to the T2 treatment 

groups.    
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Figure 7.4 Pairwise comparison across the treatment groups. Key 0:1= 0 d, treatment group 

1; 0:2 = 0 d, treatment group 2; 0:3 = 0 d, treatment group 3; 0:4= 0 d treatment 

group 4; 21:1 = 21d, treatment group 1; 21:2 = 21 d ,treatment group 2; 21:3 = 21 

d, treatment group 3;  21:4 = 21 d, treatment group 4. 
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Figure 7.5 Effects of ageing time and air velocity treatment groups on accumulation of AAS 

from stepwise in-bag dry aged lean bull beef. The data shown are presented as 

mean ± standard error. Significant differences (p < 0.05) are indicated by the 

different letters. 

An increased oxidative degradation of lipids in oxidative muscles may lead to increased 

oxidative reactions of lysine amino acid side chains from such muscles, because oxidative 

reactions between lipids and proteins appear to be timely connected in this study. The high 

abundance of non-heme iron in the T1 and T4 treatment groups (Chapter 6) potentially 

contributed to the higher oxidation of lysine.   

 



 260 

7.3.6 Accumulation of γ-glutamic semi-aldehydes in stepwise in-bag dry aged 

lean bull beef  

The protein oxidation biomarker γ-glutamic semi-aldehydes (GGS) accumulation was 

determined alongside AAS content in the in-bag dry aged lean bull beef. GGS content, as 

expected was affected by the ageing time as shown in Figures 7.6 and 7.7. (p < 0.00). The 

concentrations of GGS were lower compared to the concentrations of AAS, which is in 

agreement with work reported in chapter 5, (Section 5.3.6) on wet and dry aged venison 

samples, and also previous reports by Rysman et al. (2016) and Mitra et al. (2018), for pork 

proteins under the influence of varied time and temperature treatments. A report on protein 

oxidation during 4 weeks of storage of different beef muscles by Utrera et al. (2014c), found 

a significant increase in GGS over time, but was consistently lower than the AAS content, 

perhaps indicating the higher susceptibility of lysine to oxidation compared to that of proline 

and arginine.  The formation of GGS involves proline and arginine undergoing an oxidative 

de-amination by an initial abstraction of a hydrogen atom by free radicals and then a 

decarboxylation by a transition metal (Utrera et al., 2012b).  
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Figure 7.6 Effects of ageing time and air velocity treatment groups on accumulation of GGS 

from stepwise in-bag dry aged lean bull beef. The data shown are presented as 

mean ± standard error. Significant differences (p < 0.05) are indicated by the 

different letters. 
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.  

Figure 7.7 Pairwise comparison of each treatment group for the stepwise in-bag dry ageing 

lean bull beef at 0d and 21 d. Key 0:1  = 0 d, treatment group 1; 0:2 = 0 d, 

treatment group 2; 0:3 = 0 d, treatment group 3; 0:4 = 0 d treatment group 4; 21:1 

= 21d, treatment group 1; 21:2 = 21 d, treatment group 2; 21:3 = 21 d, treatment 

group 3;  21:4 = 21 d, treatment group 4. 

At 0 d there was no difference in GGS between the treatment groups with means averaging 

0.09 nmol/mg protein (p > 0.05, Figure 7.7). Results showed significant oxidation of proline 

and arginine resulting from the treatments in stepwise in-bag dry aged lean bull beef at 21 d 

(p < 0.05), with particular differences evident between the (T1, T4) and the (T2 and T3) 

treatment groups. However, the interaction of ageing time and treatment groups did not have 

an influence on the generation of GGS (p > 0.05). The significant difference observed 

between the T1 and T2 treatment groups (both with the same air velocity of 0.5 m/s) 

highlighted the importance or the benefit of the stepwise process, as the accumulation of 

GGS was significantly lowered. At the 7 d stage of in-bag dry ageing, desirable flavours due 

to dry ageing have developed (confirmed with sensory work performed by AgResearch panel 

with no differences reported by the panel, personal communication Dr M Farouk).  The 

subsequent wet ageing for the T2 treatment group in the stepwise process diminished the 
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extent of oxidative reactions in the dry aged meat lean bull beef through the exclusion of 

oxygen and protection against UV light (Fuentes et al., 2010).  

In terms of understanding pro-factors of GGS formation, heme-iron has been recognized as 

one of the most efficient promoters of protein carbonylation in meat systems (Estévez, 2011). 

By the end of the ageing time, 21 d, higher amounts of GGS were found in the TI and T4 

treatment groups, which were reported earlier to contain higher heme-iron content (Section 

6.7.7). This aspect, alone though, does not explain the results obtained in the present study. In 

fact, the activity of the antioxidant α-tocopherol likely played an essential role in modulating 

protein oxidation in the different treatment groups. A lower protein oxidation was found in 

the treatment groups with lower air velocity and coupling with the high level of antioxidant 

activity, it can be attributed to a probable protective effect displayed in those particular 

treatments.  
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7.3.7 Accumulation of α-aminoadapic acid (AAA) in stepwise in-bag dry aged 

lean bull beef 

The oxidative biomarker AAS, in particular, undergoes a further oxidative degradation in the 

presence of peroxides to yield α-aminoadipic acid (AAA) (Estévez et al., 2011). In the 

present study, the AAA content was monitored to gather information on its accumulation as a 

function of the ageing time and the treatment effects in the lean bull beef. The AAA 

increased with 21 d of ageing time (p < 0.001), as shown in Table 7.3 below, and with the 

conversion mechanism of AAS has been previously discussed in chapter 5 (Section 5.3.5). 

Table 7.3 Analysis of AAA in stepwise in-bag dry aged lean bull beef at 0 d and 21 d. 

 Treatment groups Α-aminoadipic acid (AAA) 

(pmol/mg protein) 

Day 0 T1 1.09
c
 

 T2 1.00
c
 

 T3 1.04
c
 

 T4 1.05
c
 

Day 21 T1 3.09
b
 

 T2 3.18
b
 

 T3 3.02
b
 

 T4 3.40
a
 

 SEM 0.06 

P values Age-time 0.012 

 Treatment (air velocity) 0.001 

 Age-time*Treatment (air velocity) 0.071 

abc
 Means within the same row with different superscripts were significantly different (p < 0.05). 

In the treatment groups at 0 d, no significant difference was found between the groups, but 

significant changes were identified across the treatment groups at 21 d (p < 0.01). The T4 
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treatment group had significantly higher AAA content with 3.40 pmol/mg protein. These 

findings and results on mineral analyses in chapter 6, indicate that AAA accumulation is 

potentially related to the heme-iron content and antioxidant enzyme activity in muscles. In 

fact, heme-iron has been reported to be involved in the formation of superoxide anion and 

hydrogen peroxide in meat systems (Utrera et al., 2014c) with the latter peroxide being 

required for the formation of AAA. Therefore, treatment groups with reported higher heme 

iron content were expected to produce larger amounts of AAA (Descalzo et al., 2008). The 

interaction of the ageing time and treatment group did not influence the generation of AAA 

(p < 0.01). The results obtained in this section are interesting. The formation of AAA has 

been suggested to occur under intense oxidative conditions (i.e., induced by hydroxyl radical 

generating systems coupled with meat processing steps such as cooking, and mincing). 

Recent research, including the present study, have shown that the presence of heme-iron in 

myoglobin in aged meat is sufficient to create suitable oxidation conditions for the formation 

of AAA from the corresponding semialdehyde (Utrera et al., 2014c; Utrera et al., 2012c).  
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7.3.8 Schiff base structure production in stepwise in-bag dry aged lean bull beef 

The interaction of the aldehydic products of lipid oxidation with the side chain amino groups 

of proteins gives rise to cross links as assessed by Schiff bases (SB) which emit fluorescence 

(Chelh et al., 2007). The formation of SB is important to monitor as its formation and other 

crosslinks have been linked with diminished digestibility, altered texture and impaired 

functionality of myofibrillar proteins (Sante-Lhoutellier et al., 2007). The SB found in both 

fresh and aged lean bull beef reflects the formation of basal fluorescent products derived from 

either lipid or protein oxidation and the interactions between the two processes (Ganhão et 

al., 2010). The formation of SB was affected significantly by the ageing time (p < 0.000) 

(Figure 7.8). At 0 d the baseline SB content mean across all sample treatment groups was 

307.7 AU. The SB formation increased as shown with an average mean of 735.3 AU across 

all treatment groups at day 21. The means at day 0 were lower compared to previous reported 

SB contents in different beef muscle patties quadriceps femori QF (500 AU), longissimuss 

dorsi LD (1100 AU), psaoas major PM (2300 AU) (Utrera et al., 2014c). Perhaps it is 

important to take into consideration that the determination done by Utrera et al., (2014) at day 

0 was on beef patties, which would have undergone considerable mechanical modification, 

and as such the processing would increase the release of the amino acids and more 

interactions of the aldehydic compounds causing formation of more SB. As meat is ageing 

the formation of SB could be partially attributed to the increased reaction of AAS with the 

increased release of free amino acids, this is highlighted by the concordance between the 

AAS and the SB content (Utrera et al., 2014b).  
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Figure 7.8 Levels of Schiff base in stepwise in-bag dry aged lean bull beef (from day 0 to 21). 

The data shown are presented as mean ± standard error. Significant differences (p 

< 0.05) are indicated by different letters. 

The air velocity treatment groups had an effect on SB formation (p < 0.01) with interaction of 

ageing time and treatment group not having an influence on the generation of SB (p > 0.01). 

In terms of treatment groups, T1 and T4 were significantly different from the T2 and T3 

treatment groups. The higher air velocity in the treatment chamber appears to have increased 

the formation of SB. The higher SB formation potential observed in the T4 treatment group 

compared to other treatment groups after chilled storage, can be attributed to likely increased 

interactions between proteins and lipid oxidation products (mainly aldehydes and ketones) 

that might result in generation of polymerized products (Hidalgo, Alaiz, & Zamora, 1998). 

With the lipid oxidation results presented in the previous chapter (section 6.7.3) the aldehydic 

compounds were reported in the higher velocity treatment groups, implying more aldehydes 

were produced. The higher levels of aldehydes and ketones formed would thus result in more 

reaction with protein bound lysine side chains to produce more SB (Nieto et al., 2013).  
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As for the control group, the air velocity in T1 was low but the time of exposure to oxygen 

was longer, possibly explaining the higher and comparable SB in that particular group that 

was comparable to the T4 treatment group. 

7.4 Conclusion 

The present study provides insights that show air velocities within the 0.5 - 2.5 m/s range 

result in very low formation of protein oxidation carbonyls in dry ageing that is well within 

acceptable thresholds compared to the control treatments studied. The increased levels of 

metabolites found in the higher air velocity treatment groups indicates that there is an 

opportunity to generate useful precursors for enhanced flavour in dry aged meat products. 

The application of novel smart technology offers an opportunity to reduce moisture loss and 

potential microbial contamination, but still enable retention of unique chemical modifications 

that can enhance dry aged meat products. The results are encouraging from an industrial 

application perspective as meat processors can have the possibility of retaining higher 

product yields without overly compromising unique dry ageing characteristics, as 

demonstrated by the results obtained from the metabolite profiling in the present study. 

However, at elevated air velocities, particularly 2.5 m/s, an incremental effect on 

development of protein oxidation by products (carbonylation) was found, verified both by 

traditional and by more novel targeted approaches. The stepwise in-bag dry ageing process 

provided a viable opportunity to regulate the accumulation of protein oxidative by-products, 

as evidenced by the reduced levels of the biomarkers GGS and AAS found in the present 

study. Future investigations, should also investigate the effect of frozen storage post the 

ageing period, in relation to how that impacts on the accumulation of protein carbonyls and 

affects the metabolite profiles. This will offer more information on how the shelf life storage 

affects oxidative stability of stepwise in bag-dry aged lean bull beef. 
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Chapter 8 

General conclusions 

The research presented in this thesis was designed to provide insights on the effects of 

applying the novel technologies of non-thermal technology PEF and smart ageing packaging 

technology on dry ageing of venison and beef, respectively. To achieve this goal the research 

was structured into two major research trials that aimed: 

1.) To understand the effects of various PEF treatments (HPEF, LPEF, No-PEF control 

and heated control), on the meat quality attributes, metabolite profile, lipid and 

protein oxidative stability of wet and dry aged venison.  

2.) To investigate the stepwise in-bag dry ageing of lean bull beef and its effects on the 

metabolite profiles, lipid and protein oxidative stability.  

Since this was a project in collaboration with an external research partner, the preparation and 

analysis of lean bull beef meat quality attributes were done at Meat Quality Centre 

(AgResearch Ltd, Ruakura campus, Hamilton). 

The rationale of animal model selection and brief experimental plan 

overview 

Venison and lean bull beef were chosen as the animal models for this research because of 

their low fat content (both models had intramuscular fat of less than 1.5g/100g meat). Most of 

the research on dry ageing has been conducted on premium and highly marbled beef. Little to 

no work has been done on venison and bull lean beef and it was interesting to investigate the 

dry ageing of low marbled meat. Using lean bull beef can add value to the bull meat and dry 

ageing of venison could modify the mild venison taste found in farmed venison (Dr. Aladin 

Bekhit, personal communication from Dunedin Science festival sensory trials). The study on 

lean bull beef was designed to establish lipid, protein and metabolite profile changes during 
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ageing under standard operating conditions for in-bag dry ageing (stored at 2°C, 75% RH, 

with air velocity in chiller set at 0.5 m/s for 21 d). This was then compared to treatment 

groups that used a stepwise process where air velocities were set at 0.5 m/s (T2), 1.5 m/s (T3) 

and 2.5 m/s (T4) all for 7 d and then the samples were vacuum packed for another 14 d. 

Comparisons were made of analyses with 0 d, across the different treatment groups and the 

control group.  

No research has been reported in the literature for the dry ageing of venison and to the best of 

our knowledge; the present study is also the first to apply various PEF treatments to enhance 

meat quality of venison.  The dry ageing of PEF treated venison was conducted over two 

trials, with the first trial conducted at 80% RH with the dry ageing process compared to the 

more mainstream process of vacuum (or wet) ageing process. The meat samples were 

allocated to four treatment groups; temperature control, No-PEF control, Low PEF(2.5 kV, 

50 Hz, 20 μs) and high PEF (10 kV, 50 Hz, 20 μs). All samples were aged for 21 d at 4°C. 

The second trial was conducted at 65% RH with a stepwise process on the dry aged samples 

(10 d dry aged and then 11 d under vacuum packing at 4°C). Comparisons were made across 

all PEF treatments and wet aged samples vs dry aged samples. Key findings of this research 

are presented in Table 8.1 below. 
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Table 8.1 Summary of findings of results presented in thesis Overall summary of the research studies undertaken in this project 

Objectives Research tasks Key findings Evidence 

1 To study the effect of 

PEF treatment, on 

morphology, meat quality 

attributes and metabolite 

profiles of wet and dry aged 

venison 

The following assays were carried out on the samples 

 Microstructure visualization using TEM,  

 Determination of drying rates, 

 Meat tenderness  

 Metabolites profiles of wet and dry aged  

red deer venison using NMR 

 High PEF (HPEF-10kV, 50Hz, 20µs) treatment had sufficient pulsed strength 

to cause cell electroporation and myofibrillar structural changes with ruptures 

along the z-lines that was supported by the TEM results 

 HPEF and 65% RH provided the highest drying rates across all treatments 

 HPEF improved meat tenderness across by up to 9% for both 65 and 80% RH 

trials 

 Glucose and mannose flavour precursors were higher in dry compared with 

wet aged venison 

Figure 3.3 

Figure 3.4 

Section 3.3.6 

2 To study the effect of 

PEF treatment on  lipid 

oxidative stability of wet 

and dry aged venison 

The following assays were carried out on the samples 

 Fatty acid composition,  

 CLA content 

 Lipid oxidation products 

 Antioxidants- content (tocopherols) ,  

 Minerals and trace elements of wet and dry 

aged red deer venison using ICP-MS 

 HPEF and dry ageing decreased PUFAs but did not influence the oxidation of 

CLA for both trials. 

 Accumulation of secondary oxidation products was not affected by PEF 

treatment. 

 PEF treatment had no effect on mineral content (including transition elements) 

but their concentration increased on dry ageing. 

Table 4.2 

Section 4.3.7 

Section 4.3.9 

3 Targeted analysis of 

protein oxidative 

modifications in PEF 

treated wet- and dry-aged 

venison 

The following assays were carried out on the samples 

 Total carbonylation,  

 Accumulation  of targeted protein 

oxidation biomarkers (AAS and GGS 

 Schiff bases   

 Thiol oxidation of PEF treated wet and dry 

aged venison. 

 Oxidative modification was increased on dry ageing but PEF treatment had no 

effect. 

 

 

Table 5. 1  

Table 5.2 

4 To investigate the  effects 

of ageing time and chiller 

air velocity on the lipid 

oxidative stability  of 

stepwise in-bag dry ageing 

of lean bull beef; 

The following assays were carried out on the samples 

 Lipid oxidation by products 

 vitamin E content (tocopherols) 

 Mineral  and trace element analysis of 

stepwise in-bag dry aged lean bull beef 

 PUFAs declined with exposure to higher air velocity, with changes 

comparable to the control treatment group. 

 CLAs were not affected by the ageing time or treatment groups (air velocity). 

 Ageing concentrated the minerals in the meat. 

 Lean bull beef retained high antioxidant content after ageing time 

Table 6.2 

Section 6.4.6 

Table 6.4 

Section 6.4.7 

5 To investigate the 

metabolite profiles and 

protein oxidative 

modifications in lean bull 

beef dry aged using 

stepwise in-bag technique 

The following assays were carried out on the samples 

 Total carbonylation,  

 Accumulation  of targeted protein 

oxidation biomarkers Schiff base structures  

of stepwise in-bag dry aged lean bull beef 

 Metabolites were higher at the end of ageing time with key flavour and taste 

precursors characteristic to dry ageing higher. 

 Treatment groups with high air velocity increased the total carbonyl content , 

lean bull beef  in lower air velocity treatment groups had lower carbonylation 

(T2and T3) 

 The carbonylation showed similar trends with the oxidative depletion of  

PUFA indicating simultaneous degradation of the oxidative modifications of 

lysine, arginine and proline in the ageing process. 

Section 7.3.3 

Table 7.1 

Table 7.2 
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8.1 Key findings on PEF induced modification on microstructural, drying 

rates, overall meat quality attributes and metabolite profiles of dry 

and wet aged venison 

The electrical field strength for HPEF with (0.6 kV/cm, 10 kV, 50 Hz, 20 µs) provides 

sufficient strength to cause cell electroporation that was confirmed by the TEM results (as 

evidenced by deformation of the z-discs and overall reduced integrity of myofibrils in HPEF 

treatment meat samples).  The PEF parameters were acceptable as they did not allow for 

significant temperature increases, as this can have a negative impact on meat quality, and 

cause degradation of nutritional and sensory characteristics of meat product. The drying rates 

were significantly influenced by PEF treatment, and were increased with intensity. The lower 

RH (65% RH) facilitated increased drying rates (chapter 3, Figure 3.3), where an increase 

with HPEF was found (section 3.3, Figure 3.3). The increase in PEF from an electric field 

strength of 0.2 kV/cm led to increased permeability facilitating an increase in the cellular 

material movement. This allowed a faster rate of moisture loss which could be an advantage 

toward improving the product stability (microbiologically, due to rapid reduction of free 

water) and reduced processing time as shown again in Figure 3.3. The use of PEF and 

controlled RH can improve mass transfer and enhance drying kinetics leading to reduced 

processing time and improved control over weight loss. This is potentially beneficial to the 

meat processing industry, as reduced time can facilitate faster movement of meat product on 

the production line and with increased energy savings as well. 

Meat quality was improved by PEF treatment, due to reduced myofibril organisation and 

direct mechanical disruption observed with samples exposed to HPEF treatments across both 

RH trials (section 3.3.5). These microstructural changes could have contributed to the 

improved meat tenderness that was found (Figure 3.6). Ageing method alone (wet vs dry 
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ageing) appears to have no effect on tenderness, however, the application of HPEF with dry 

ageing improved meat tenderisation compared with conventional NO PEF vacuum (wet 

ageing) this was evidenced by the significantly lower shear force found in that treatment 

(Table 3.5). The cellular disruption due to HPEF and increased proteolytic activity in the dry 

aged would explain to this benefit. 

 PEF influenced the dry ageing weight losses significantly. The relative humidity (RH) 

coupled with PEF treatment had a significant effect on the dry ageing weight loss, although 

the 65% RH dry aged samples that were aged in a stepwise process lost weight quite rapidly 

(approximately half of the 80% RH). This combination of treatments enhanced the drying 

kinetics leading to reduced processing time. One interesting observation would be the 

increased tenderness for dry aged HPEF venison compared with standard control wet aged 

venison across both trials (Bekhit et al., 2014). 

The metabolite profiling conducted in the present study provides new information of the 

distribution of metabolites in dry aged venison compared with the wet aged counterparts as 

this had not previously been reported for venison. Both the 65 and 80% RH trials clearly 

showed that PEF treatment did not affect the metabolite profiles and most of the 

modifications/differences are due to the ageing method. Metabolites are linked to meat 

quality attributes as they contribute to meat taste, in some cases both directly and indirectly, 

by being substrates in some chemical modifications during the cooking process (Kodani et 

al., 2017). One key finding that the research showed is that water soluble compounds such as 

glucose and mannose are in higher abundance in dry aged venison (Table 3.6). Such 

compounds have dual roles, on the one hand as a flavour precursor and secondly also 

possessing sweet taste properties that contribute to the characteristic sweetness in dry aged 

red meat (Kim, Kemp, & Samuelsson, 2016). These higher concentrations are likely 

attributable to evaporation of water and increased protein hydrolysis during the dry-ageing 
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treatment, leading to increased concentrations and enhanced release of amino acids. These 

flavour precursors are critically important to meat processors as they contribute the 

characteristic tastes that drive the consumer to purchase the product again. 

8.2 Key findings of PEF induced modifications on fatty acid composition 

and lipid oxidative stability of wet and dry aged venison 

It is important to note that a variation in the fatty acid composition was identified between the 

two trial groups (80 and 65% RH trial), this was due to the samples coming from two 

different geographical locations. Although both of the sample groups were obtained from red 

deer (Cervus elaphus), there was a variation in the content of identified PUFAs. This was 

dictated by the logistical limitations of not being able to run the two trials concurrently. 

However, the key results attained from both trials showed that the PUFAs were affected by 

PEF treatment (p < 0.05) in both trials. Fatty acid composition, particularly the PUFA 

content, was influenced by the HPEF treatment. Some of the key PUFAs affected included 

the linolenic acid isomers (C18:3 ω-3 and C18:3ω-6) and docosapentanoic acid (C22:5 n-3) 

(DPA) that were found to be significantly different (p<0.05) (Chapter 4, Table 4.2). The 

disruption of muscle cell membranes possibly facilitated the interaction between PUFAs and 

pro-oxidant catalysts such as heme and non heme iron that increased in concentration in dry 

aged compared to wet aged samples, Table 4.8, causing the enhanced generation of free 

radicals and primary oxidation products leading to the observed decline in PUFA content. 

The MUFAs across both trial groups were stable across the controls  for all wet aged 

samples. This is a desirable aspect as there is noticeable limitation of oxidative processes as 

MUFAs, in particular C18:1cω-9, constitute a very high proportion of the fatty acids. The 

MUFAs contribute health benefits, as for instance C18:1cω-9 is associated with decreased 

low-density lipoprotein (LDL) cholesterol (Sales-Campos et al., 2013). 
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The accumulation of secondary oxidation products, however, appeared not to be affected by 

the PEF treatment (p > 0.05, Figure 4.3). This indicates that the PEF parameters in this study 

can be used to improve other aspects such as acceleration of proteolysis, increasing meat 

tenderisation and improved moisture removal rate, without excessively oxidising the meat 

product. 

This study also provided insights into the oxidative stability of CLA bioactive compounds 

and it can be observed that the treatment/ageing method did not influence their stability. 

Industry could therefore apply such PEF treatment techniques without compromising the 

nutritional benefits. This also confirms known knowledge of CLA oxidative stability and how 

there is a preference for esterification at the sn2 position on the triacylglycerol backbone 

making them oxidatively stable compared with other PUFAs (Mungure, 2015; Wijesundera et 

al., 2008). The products used have high antioxidant capacity at 21d (Chapter 4, Section 

4.3.1, and Figure 4.9) and that would provide more antioxidant protection in the meat. 

Mineral and trace elements were not affected by both PEF treatments across all treatment 

groups. The dry ageing increased the mineral content the minerals per kg, with an observed 

increase in the transition metals. Any Joule heating in the HPEF treatments did not affect the 

level of α-tocopherol in venison. The results from the two venison study trials had high 

contents of the antioxidant, providing more stability to the final product with lower oxidative 

by-products in the stepwise process in the 65% RH trial. In conclusion, fatty acid 

composition in both trials seems to have been affected in a similar way, comparing the 

treatments and ageing methods.  
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8.3 Key findings on PEF effect on protein oxidation on wet and dry aged 

venison 

PEF treatment did not directly influence the oxidative modification of proteins, however, the 

electroporation in the HPEF treatment group would have likely increased the interactions of 

the pro-oxidant coupled with the dry ageing process. Most of the oxidation processes 

emanated from the ageing method with the dry ageing dominating the front (chapter 5, 

section 5.3.1, Table 5.1).  The results from the targeted analysis using AAS and GGS were 

applied in chapter 5 section 5.3.3 and showed no PEF effect, with a higher accumulation in 

dry aged with the highest content in DAHPEF, once again correlating the trends reported on 

total carbonyl content. These protein oxidative biomarkers emanate from the deamination of 

lysine, proline and arginine. These amino acid residues, particularly lysine, are very sensitive 

to oxidative modification (carbonylation).The fact that the PEF treatments did not have any 

influence is a positive from a processing perspective. It would suggest that the meat can be 

treated by PEF at such threshold and not inducing a degradative effect. 

Other key identifiers of protein oxidative modification such as loss of sulfhydryl groups 

further supported that PEF did not contribute markedly to oxidation, although dry ageing 

likely accelerated/ exacerbated the oxidative changes. More thiol oxidation occurs as a result 

of dry ageing compared with the wet ageing, due to the increased propensity of oxidation by 

ROS, in the out of bag ageing process.  
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8.4 Key findings on stepwise in-bag dry ageing of lean bull beef on the 

lipid oxidation processes 

The stepwise in bag dry ageing process, a novel smart packaging technology, offered an 

opportunity to obtain premium traditional processed meat product with lower oxidative by-

products. The rationale behind utilising these new smart ageing bags is fundamentally to 

control the weight loss, thereby improving yield and allow the processor to have the freedom 

of controlling the moisture changes, while at the same time retaining the dry ageing aspect to 

the meat process steps. The dry ageing bags also act as protective barriers to prevent 

contamination from the surroundings and reduce the proliferation of spoilage microorganisms 

during the ageing process, which in turn reduces the need for excessive trimming (Babol et 

al., 2013). Most, if not all, of the research reported to date has focused on the effects of dry 

ageing on meat quality and sensorial attributes, with minimal research on lipid oxidation 

modifications resulting from such treatments.  The standard procedure employed with in-bag 

ageing is ageing the meat for 21 d at 2°C at 0.5 m/s. The trial was conducted with this as the 

control group (T1) and with the stepwise process of 7 d dry ageing plus vacuum ageing for 14 

days. The treatment groups had variation of air velocity (T2 = 0.5 m/s), (T3 = 1.5 m/s) and 

(T4 = 2.5 m/s). The key observation in particular was with the polyunsaturated fatty acids 

(PUFA), which showed comparable levels of fatty acid composition change between control 

groups and the treatment group subjected to the highest air velocity. The stepwise treatment 

groups also offered the opportunity to evaluate whether there was a reduction in loss of 

PUFAs (chapter 6, table 6.2). This was corroborated with the 
1
H NMR results of aliphatic to 

diallylmethylene  proton ratios (Rad), that showed the bis-allylic protons of linoleic and 

linolenic acyl groups declined with higher air velocity treatment (Figure 6.5). The regulated 

oxygen in the air passing over the samples and reduced cellular solute concentration in T2, 

resulted in reduced fatty acid modifications. Another key observation with the fatty acid 



 278 

composition lies with the MUFAs that were not affected by the all the treatment groups. This 

information indicates that they are stable under control conditions and the different dry ageing 

air velocities employed. This is in agreement with publications referred to in the literature 

review (Chapter 2) that report the low propensity of MUFAs to oxidative changes. Although 

the production of primary oxidation products (both conjugated dienes and peroxides) were 

found to be higher in the air velocity treatment group T4, the stepwise process reduced their 

production to comparable levels with control groups (Table 6.3.). 

One of the key observations in this research chapter relates to the CLA oxidation. The 

selected pool of the lean bull beef contained high CLA content at 0 d. This was expected due 

to the Holstein-Friesian bulls being raised on pasture. The CLAs were consistently stable 

across the treatment groups and over the ageing time as shown in (Table 6.4). This can be 

considered to be a nutritional and commercial bonus for the meat industry as these results 

suggest that the high CLA content in NZ meat products, retain CLA bioactive compounds 

even after the exposure to the meat processing conditions. This stability can be attributed to 

the preference of the fatty acid to esterify at the sn2 position which is reported to be 

oxidatively more stable (Wijesundera et al., 2008). Another key contributing factor as shown 

with present study is the high antioxidant content in the form of α–tocopherol in the samples 

across all the treatment groups (Table 6.4). 

The mineral analysis provided some insights into the profiles of lean bull beef, including the 

finding of an increased concentration of some of the trace transition metals. However, this is 

consistent with the moisture levels, as the control samples had the highest moisture losses 

during ageing, and hence a higher concentration of some trace minerals in the lean bull beef 

meat. This increase in the minerals (Table 6.6) also explains the increased lipid oxidative 

products in that particular treatment grouping as the interaction of the pro-oxidants and the 

lipid would be increased due to the concentration effect. 
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8.5 Key findings on stepwise in-bag dry ageing of lean bull beef on 

metabolite profiles and  the accumulation of protein oxidation 

products 

Research reported in Chapter 7 provided insights on the metabolite profiles of lean bull beef 

from first day post-mortem to 21 d post-mortem. Metabolites are key flavour precursors in 

aged meat and work done in th present study show increased metabolite contents in the higher 

air velocity treatment groups, indicating there is an opportunity to manipulate flavour 

precursors involving air velocity, for enhanced flavour in dry aged lean bull beef. 

As for protein oxidation, the present study provided insights that show air velocities within 

the 0.5 - 2.5 m/s range result in very low formation of protein oxidation carbonyls in in-bag 

dry ageing that is well within acceptable thresholds compared to the control treatments 

studied. Although there was a relatively low abundance of protein carbonyls, an observable 

trend was identified with the higher protein carbonyl content being found in treatment groups 

subjected to higher air velocity (T4), compared with, for instance, the T2 treatment group 

(Table 7.2). Although these results were significantly different, all of these differences were 

comparable with the control treatment group (T1). It also needs to be taken into account that 

some of the unique dry ageing flavour emanating from protein oxidative by-products can be 

beneficial, as long as they are not excessive. At the same time, keeping their development in 

check is important as protein carbonylation has often been associated with changes in 

solubility and protein functionality affecting properties such as gelation and emulsification, or 

water holding capacity and impact on flavour, although the mechanisms involved are still the 

subject to further research. 

Noticeable similar trends with lipid oxidation were reported in Chapter 6. One key 

conclusion to take from this is the possible link in the high MDA content in the higher air 

velocity treatment indicating the possibility of interactions of protein carbonyls with lipid 
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oxidative by-products generated in the dry ageing process. The total carbonyl content in the 

highest air velocity treatment group T4 had an equivalent accumulation compared with the 

control group in meat, so their analysis is of critical importance. To get a clearer and more 

targeted analysis of the protein oxidation, the protein oxidation biomarkers (AAS and GGS) 

were analysed to investigate their levels in each of the sample treatments. The results obtained 

showed a strong correlation with the results obtained using the DNPH method, showing that 

there was an increased oxidative change in the higher velocity air treatment groups. 

8.6 Potential for use of PEF and smart packaging in industry and 

translation into industrial practice 

8.6.1 PEF technology in dry ageing 

This project has demonstrated that there are opportunities for applying PEF technology to 

make novel products and add value to venison. The improvement of meat tenderness in dry 

aged meat would be the prime benefit of PEF treatment. Although this study focussed 

primarily on dry ageing, the findings also provide information on meat quality improvement 

for generic wet aged meat product. The application of PEF technology in industry could be 

expensive on initial set-up, but the running cost would be relatively low, as the energy 

required to run the equipment would be low if the PEF parameters used are similar to that 

used in this project (HPEF-10 kV, 50 Hz, 20 µs).  The most significant downside apparent 

from the current study would be the high trim losses associated with the dry ageing process. 

With no PEF effect being found on metabolite profile is a key finding, as the meat processor 

could therefore apply PEF technology for regulating/enhancing mass transfer without 

introducing an external factor that alters the metabolite profile. The results are encouraging 

from an industrial application perspective, as the results obtained indicate that PEF treatments 

can be applied prior to both ageing methods to improve meat quality of venison, as the 

amount of carbonylation generated with these ageing regimes is low compared to thresholds 
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reported from the treatment groups, and from previous research studies of other meat 

products.  

8.6.2 Smart packaging with stepwise processing 

Smart packaging provides a significant opportunity for controlling the dry ageing process as 

shown in this research. Besides the reported improvements in yield, potentially a more 

microbiological safe dry aged product, with an improved ease of handling the process, can  

reduce the extent of oxidative processes because of the surface barrier created by the 

packaging. The meat industry could therefore produce a product with dry aged qualities (in 

relation to metabolite profile), as well as the possibility to reduce meat trimming loss. In-bag 

dry-aged lean beef from the process therefore has potential as a value-added product for the 

low marbled fresh and frozen processed beef market, both locally and globally. 

 

8.7 Future work and considerations 

This research project has demonstrated that PEF treatment has the potential to improve meat 

tenderness with the HPEF processing conditions used in the project. However some studies on 

microbial analysis would be beneficial to fully establish and gather benefit of rapid changes in 

moisture particularly with 65% RH treatment group. What is also not known about is how 

PEF treatment and dry ageing process would affect the meat quality after extended frozen 

storage. It will be imperative to study to what extent there is build-up of protein and lipid 

oxidative products after long term storage. Secondly there is a need to investigate the 

cholesterol oxidation products, as the current study did not comprehensively evaluate the 

implications of PEF treatment and dry ageing on their interactions. Work has already 

commenced in this laboratory to investigate untargeted analysis of protein oxidative 

modifications via a proteomic approach. The work was not included in this thesis as the 
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results obtained are preliminary and require substantial bio-informatics analysis. In addition, 

future work that would extend the current study could involve a full sensorial analysis. As 

earlier elaborated, lipid and protein oxidative modifications are not necessarily undesirable. 

HPEF treatment increasing lipid oxidative by-products may enhance characteristic dry age 

flavour in the meat product. 

Another aspect that could be studied would be the application of both PEF treatment and in–

bag dry ageing as this would encompass some of the benefit of the novel non-thermal 

technology and the smart packaging recently developed to make sure the meat processor can 

optimise meat product quality and added value. 
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